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ABSTRACT

Direct numerical simulations for channel flow have been
performed and analysed in an effort to illuminate the funda-
mental mechanisms contributing to the reduction in tuniule
friction drag, observed when an oscillatory spanwise waH m
tion is imposed. A range of statistical data are discussed,
and structural features are investigated by reference o th
response of streak properties to the oscillatory forcinge T
unsteady cross-flow straining is shown to significantlyatist
the near-wall turbulence structures, leading to a pronedinc
reduction in the wall-normal momentum exchange in the vis-
cous sublayer, hence disrupting the turbulence contdhuti
to the wall shear stress. Furthermore, a modulating “tep-to
bottom” effect, associated with large-scale outer-layarcs
tures, is highlighted and deemed responsible for the obderv
reduction in the actuation efficiency as the Reynolds number
is increased.

INTRODUCTION

Efforts to develop strategies for reducing friction drag
constitute a particularly active research area in aeradjce
A major motivation for this work is societal pressure to reglu
fuel consumption in the transport sector. One interestmg a
proach to achieve significant net reductions in turbuleim sk
friction is through oscillatory wall motions (see Quadriaé,
2009, and references therein). While gross reductionsefel
up to 40% are often reported (Jung et al., 1992), maximum
net power savings, when accounting for the power needed to
move the wall, are closer to 18% in the case of spanwise oscil-
lations combined with streamwise wave motions (see Quadrio
et al., 2009). Although these figures pertain to low-Reysold
number channel flows, the technique nevertheless attracts m
jor interest in the transport sector.

Lateral wall oscillations are known to lead to the forma-
tion of a so-called Stokes boundary layer. In the case of alam
inar channel flow, the Stokes layer is limited to the spanwise
velocity component (denoted Herein), which is fully decou-
pled from both the streamwisa)(and wall-normal {) veloc-
ity components. In the case of turbulent channel flows, how-
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ever, the modulation of the turbulent stochastic fluctuesio
(", V', w") can contribute to the diffusion of the phase fluc-
tuations (I W—V is strictly zero) makings andw depart from
their respective laminar values. In cases where maximum dra
reduction is achieved, the phase modulation of the turloglen
is weak, and the laminar solution for the phase fluctuations
is an excellent approximation (see Touber and Leschziner,
2011). Weak periodic modulation of the turbulence does not
imply the absence of modification of the turbulence, however
as manifested by the modification of the mean-velocity peofil
through significant modifications of the shear stress. Tlgs s
gests that the Stokes layer affects directly the stochpatic

of the velocity fluctuations, and it is important, therefoie
investigate the interaction of the Stokes-layer with thbuu
lence structure.

The present study aims to shed light on the dynamic
mechanisms through which spanwise wall oscillations can
lead to efficient modifications (specifically damping) of the
near-wall turbulence structure. In particular, attenfiocuses
on the detailed mechanisms by which oscillation affects the
strength and organisation of the streaky structures (d&fine
here as regions of velocity deficits with respect to the local
mean value), held to be central to drag reduction.

METHODOLOGY AND CONFIGURATIONS

This study employs direct numerical simulations (DNS)
of turbulent-channel flows, performed using a variant of the
in-house incompressible Navier—Stokes solver “Strear8'LE
(Temmerman et al., 2003). This is based on a general non-
orthogonal-grid, block-structured, finite-volume methwith
a fully co-located storage. The algorithm advances the ve-
locity field in time by means of a fractional-step method in-
corporating fourth-order approximations for the fluxes and
a third-order Gear-like scheme shown to possess advanta-
geous stability and accuracy properties relative to a eorre
sponding second-order time-advancement scheme (Fishpool
and Leschziner, 2009). Zero divergence is secured by gplvin
the pressure-Poisson equation, which combines the applica
tion of an implicit successive over-relaxation method wath



multigrid scheme. Pressure-velocity decoupling, arisiogn

the fully-collocated storage of velocity and pressure oigre
teracted by employing the so-called Rhie & Chow interpola-
tion scheme.

Results reported herein arise from simulation®at =
urh/v =500 whereu; is the friction velocity and the chan-
nel half height. The grid is #h x 2h x 27th in size with
384 x 256 x 384 grid points. The forcing is a simple sine
wave applied to both walls (in phase) with amplitut =
Win/ur = 12 and periodl * = Tu?/v set to 100 and 200. In
all cases, the flow in the channel is maintained by enforcing a
constant mass flow rate.

RESULTS AND DISCUSSION
Preliminary observation of flow structures

One key characteristic feature of near-wall turbulence
structures is the presence of elongated regions of alteenat
streamwise-velocity excess and defect, referred to as near
wall streaks, as shown in figure 1a (where the visualisation
window width is about 3000 wall units). These streaks, which
weaken substantially with forcing, are statistically seped
by a distance\; of order 16 wall units (based on the two-
point-correlation function oll in the spanwise direction).
Figure la also brings to light the existence of outer “super-
streaks” separated by a distance about five times larger than
that pertaining to the near-wall streaks (Ag= &' (h)).

One of several effects of the actuation is a distinct peri-
odic tilting of the streaks, as is illustrated in figure 1b.isTh
has been previously observed by means of smoke/laser visu-
alisations by Choi (2002), but the interpretation of thegiri
of tilting given therein is at variance from the present abse
vations. The orientation approximately follows the phate o
the shear angle around™ ~ 10, as will be shown later in
figure 5. The streak angle is also observed to change ori-
entation rapidly, to decay during rapid changes in the rstrai
and to revive when the strain “lingers”, the last suggesting
the relevance of a streak-amplification time scale. Neither
streaks, nor their re-orientation, appears to be linkechéo t
concept of inclined hair-pin-vortex legs. In particuldrete is
aremarkable degree of wall-normal uniformity (cohererie)
the streak angle across the viscous sublayer, which apgears
be disproportionate to the wall-normal variation of theashe
induced by the Stokes layer.

Figure 1c illustrates that the streaky structure almost dis
appears at the close-to-optimum actuation period tf=
100, as also found from two-point spanwise correlations,
where the first minimum, pertaining to near-wall streaksspa
ing, has effectively vanished for this period (not showrefer
At this state, turbulence levels in the viscous sublayesgye
nificantly weakened, reflecting a decline in wall-normal fluc
tuations and hence turbulent shear stress. Importanéyeth
duction in both turbulence activity and intensity of theesks
is virtually independent of the actuation phase, and this is
so at all actuation periods. In other words, the effect of the
time-dependent actuation is to progressively and cunvelsti
weaken the near-wall turbulence activity and the intensity
the streaks, with the wall-averaged streamwise skinidmict
being effectively divorced from the temporal variation bét
spanwise actuation.

Statistical properties

A global view of the effects of the actuation on the
skin friction is conveyed by figure 2. Choi et al. (2002);
Quadrio and Ricco (2004) argue that the composite parame-
ter S (defined in Quadrio and Ricco, 2004) can be correlated
linearly with the drag-increment level (see figure 2). How-
ever, Quadrio and Ricco (2004) have also demonstrated that
the correlation does not seem to hold well for actuation pe-
riods T greater than 150, as is also illustrated by figure 2.
Within the range of conditions examined, the maximum drag
decrease is 38.5%, and this is achieved at= 100. At the
higherRe; value, the maximum suppression is lower, around
32%. Figure 2 shows that the present drag-reduction values
are broadly in line with the correlation, as longTas remains
near or below the optimal value. The effectiveness of the-act
ation diminishes rapidly whef* rises beyond the optimum
value. Indeed, as the actuation approaches a state nohdissi
lar to a uni-directional wall motion in the spanwise direatj
the drag increases slightly.

With attention focusing on the data fér" < 150, there
is a clear indication of a decline in drag-reduction leveithw
increasing Reynolds number. This lower effectiveness @f th
actuation at the higher Reynolds number points to a dimin-
ishing influence of the processes in the viscous sub-layer on
the drag, and (probably) to an increasing impact of larger-
scale structures in the outer log-law region, in which the tu
bulent shear stress rises progressively with Reynolds eumb
towards the wall-shear-stress level, with the high leveded-
ing over an increasing range wf. A trend thus emerges for a
“top-down” influence becoming more important to wall fric-
tion with increasing Reynolds number.

Possible reasons far™ = 100 being close to the most
effective value, and for higher values being much less sib, wi
be discussed later. First, the influence of actuation onttire s
tistical fields is considered. To this end, the followinglei
decomposition for any time-varying quanteyis adopted:

)

whereais the time-averaged value afd is the periodic com-
ponenta”’ is the stochastic (turbulent) contributici denotes
the total fluctuation, andh) is the phase averaged value.

Profiles of stochastic second moments, plotted in terms
of inner scaling, are shown in figure 3. Although not obvious,
because scaling is based on the actyalalue, the general
response to the actuation is a substantial decline, edigecia
close to the wall, of all the normal stresses and the shesssstr
At the close-to-optimum actuation period, all stressesiced
by at least 30% throughout the entire channel height. Most
important is the decrease in the wall-normal stress — up to
80% in the viscous sublayer — as this is primarily respoasibl
for the production of the shear stress (throug¥t'v’ du/dy).
This reduction in turbulence levels is accompanied by &thic
ening of the viscous sublayer, indicating that the flow isetni
towards a laminar state. One further important respondeeof t
flow to the actuation, conveyed by figure 3, is the progressive
convergence of’ andw” asT ™ is increased.

This is due to two effects. First, as will be shown be-
low, by reference to budgets, the Stokes-layer strain caase
extra production term fow’w’, which reaches a maximum
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Figure I Instantaneous snapshots of the streamwise velocity fliohsal aty™ ~ 6. The same colormap is applied to (a), (b)
and (c) after clipping the data td/Upk € [—0.12,0.45]. Blue (bright) regions correspond to pronounced veloo#faits relative
to the mean value. Note the virtual absence of small-scadalst in (c), where the skin friction drops by 32% (25% in (b))
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aroundy™ ~ 10, and which is a significant (indeed, a ma- Yy

jor) contributor to the budget of the spanwise stre%s/’ at .
T+ —200. AtT* = 100, this production is much lower, be- Figure 3 Reynolds-stress tensor normal components based

cause the wall-normal fluctuations are much weaker. Second, on stochastic velocity fluctuations (in actual wall units)

the spanwise forcing introduced a periodic realignmenhef t
streaks (figure 1). This gives rise to a spanwise component of
the streak-oriented fluctuations and thus to an enhanceshent
the spanwise stress as well as to a reduction in the stre@mwis

sponding equations are:

fluctuations. Again, the effect is weaker®t = 100, as the ovvv' —N’ﬂ
streaks are much weaker. ay ay

Of_ the complete set of_budgets available and t_o be re- 5 3 W 1 027
ported in Touber and Leschziner (2011), only two are inaude - = Zl (_) =—— (2
and discussed herein, namely ¥6v/ andw’w”. The corre- Rei5 \ 9% Re dy
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A key feature of equation 2 is that its only connection with
other equations is via the pressure-velocity interactesmt
As is shown in figure 4a, this term feeds energy imte’”
above the viscous sublayer, with dissipation and turbulent dif-
fusion providing the bulk of the balance. Remarkably, it is
diffusion that is responsible for feedingv’ into the viscous
sublayer, in response to the pressure-velocity processdeut
this layer. Very close to the wall, viscous diffusion takego
this role. Forcing is seen to substantially reduce the press
velocity term. Dissipation declines to a lesser extent,tand
turbulent diffusion has to reduce materially. Within the-vi
cous sublayer, the pressure-velocity term is a minor daoumri
tor, but there is nevertheless a noteworthy decline in grimt
especially aff* = 100 (about 75% relative to the unforced
case). In the presence of forcing, the strong decrease in the
pressure-velocity interaction also depresses the diffugio-
cess and hence the near-wall level/§’ .

The depression in the pressure-velocity term inwhe’
budget is, arguably, at the heart of the drag-reductionga®c
An analysis not reported herein shows that forcing reduces
markedly the wall-normal gradient of the stochastic pressu
fluctuations. This, as well as studies of structural featuee
ported below, suggest that the strong (unsteady) shearing p
duced by the Stokes motighields the near-wall region from
eddies penetrating from the outer region, thus depreshimg t
pressure-velocity interaction.

The budget fow’w’ is shown in figure 4b. Its most in-

teresting feature is the large product@gg due to the Stokes
motion. This is especially high @+ = 200, as a consequence
of the combination of higher Stokes straining gndVv’) lev-

els in the upper part of the viscous layer, the latter refiecti
the elevation ofv’ by the Stokes strain. This production is
responsible for the peak iw’w’ seen in figure 3. It will
also be shown later how the periodic actuation generatéspea
in w/w'’ when the gradient of the Stokes motion periodically
reaches a maximum. Predictably, the response of this produc
tion is a substantial elevation in the diffusion procesghbo
transferringw’w”’ from the high-production region towards
the wall, and of the dissipation process, followed by a decli

in all the above terms as the production diminishes strongly
atT* = 100. Interestingly, the pressure-velocity contribution
seems to be essentially decoupled from the production; inso
far as the former declines monotonically with forcing, desp
the introduction of production.

Insights from near-wall structures

The response of the streaks to forcing is described, in
principle, by the equations governing the stochastic flactu
tions. These are not given here in detail. In the context of
a double-periodic channel flow, two terms that are of partic-
ular relevance to the behaviour of the streakswdci/dy in
the u” equation and/’dw/dy in the w’ equation. The for-
mer is associated with the streak-generation process in an
unforced flow. For a low-velocity streak, like in figure 7a,
u’ <0, Vv >0, andVv’du/dy > 0, will tend to further re-
duceu’, thus enhancing the streak strength. This amplifi-
cation is one important constituent in the paradigm progose
by Chernyshenko and Baig (2005), also involving convection
and diffusion and inter-component redistribution, to expl
the streak-generation mechanism. Based on this argument,
streaks are expected to align with the mean shegdyd as
they indeed do in canonical channel flows (see figure 1a), and
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Figure 5 Streak and shear angles as a function of phase for
yt €{2,6,10} andT* = 200

not necessarily with the flow direction. Of course, in theshas
line case, mean-shear and flow directions coincide.

With actuation turned on, ternw iS seen to take a role
similar to u and thus to have an analogous impact on the
streak-generation process. Howewerarid 0w/dy are peri-
odic, change sign, and do so at different phase values. There
fore, while the role ofvis mathematically similar to the one

time than the amplification mechanism, the streaky struc-
tures are not given the opportunity to grow and form. In
the case of a canonical channel flow, the amplification
timescalet; is of the order of 58. The periodic trans-
verse componentWw/dy varies in time as shown in fig-
ure 5. It is readily recognised that this strain is approxi-
mately constant for the longest time about its extrema. If
Ts= {t € [0, T]: aW(yp)/dy > r-maxdW(yp)/dy]}, wherer

is say 09 andyg = 10, then the requirement ig > 15 for the
streaks to form. Based on figure&/T ~ 1/4 and therefore
for T+ =100 and 20014 ~ 25 and 50, respectively. With
T4 ~ 50, TT = 100 is not expected to allow enough time for
the amplification to occur and the near-wall streaks are not
visible, as demonstrated in figure 1c. WiEH = 200, streaks
have just enough time to form and grow whe/dy is near

its extrema and the pattern shown in figure 1b is clearly visi-
ble, just before fast-changindyv/dy disrupt it again.

The choice of actuation period is not only important in
allowing the amplification mechanism to occur, but it is also
crucial for the requisite variation @/dy in the viscous sub-
layer. For very small * values, the strain is high at the wall,
but the Stokes layer does not penetrate far enough to gener-
ate significant cross-flow straining it ~ 10. AsT™ is in-
creased, the Stokes layer thickens and penetrates furher o
but the amplitude of the strain rate declines at the wall.

Figure 1 brought to light the presence of two disparate
sets of streaks, the more widely spaced residing in the outer
turbulent region. The fact that the two sets interact is ghou
out in figure 6, where large-scale structures and smalkscal
structures have been separated by filtering, and then brough

of U, its capacity to generate streaks is altered by the temporal Pack into one composite plot where near-wall streaks are
dependence and the sign changes. Moreover, the amplitude of lighten up depending on the presence of large-scale struc-

0W/dy at the wall for the actuation values considered here can
be up to three times larger than that af/dy, so the former
will make a significant contribution to the streak-formatio
process.

If streaks are generated through the combination of a
wall-normal disturbance with the “mean” wall-normal shear
forced channel flows should feature streaky patterns aligne
with the local phase-averaged shear veqthr/dy, oW/ dy)
formed on any wall-parallel plane. This is indeed shown in

tures. Small-scale streaks are mostly inclined following t
blue arrow (where “mostly” is based on spectral-energy con-
siderations to be reported in Touber and Leschziner, 2011),
but there exist patches where the streaks are more aligned
with the orange vector, representiidu/dy, dw/dy). The
patches are found to coincide relatively well with the pres-
ence of large-scale outer structures, where lighter sheates
respond to regions of excess streamwise velocity, thexéfer
dicating events where large-scale regions of flow from above

figure 5, where the angle of the most energetic streaks in the &€ pushed towards the wall. In such location, the streaenwis
DNS were extracted and compared with the phase-averaged Shear stress is enhanced, effectively reducing the anplific

shear-vector direction. As already highlighted, stredigna
with the shear agt ~ ¢(10) and show a high degree of wall-

tion time scalery, thus allowing streaks to form faster and be
closely related to the direction of greatest straining.sThay

normal coherence. The fact that the alignment deteriorates Pe referred to as enodulation by the outer structure of the

in the bottom part of the viscous sublayer reflects the weak
production very close to the wall, because of the extremely
low V'’. For both streamwise and Stokes motion, the shear is
maximum at the wall and decays rapidly away from the wall
(exponentially in the case @fw/dy), while v’ vanishes at the
wall. The production maxima are therefore not at the wall
but somewhere aroungl” ~ 10. Thus, the streak generation

near-wall streak formation, an interaction that is likedybie-
come increasingly important at rising Reynolds number and
being responsible for the reduced effectiveness of thealpnt
as indicated in figure 2.

The response of the streaks, in cross-section, may be
clarified by performing streak-specific conditional samgli
and phase-averaging. A variety of interactions between cor

process is the strongest around that layer and dominates the rélations of stochastic fluctuations and the streak distust

streaky pattern across the entire viscous sublayer. Thisds
why streaks re-orientation is relatively coherent acrbesvis-
cous sublayer

The periodicity of the spanwise shear means that the
streak-amplification process is likely to be sensitive te th
ratio of the respective time scales. If the periodic compo-
nent dw/dy changes significantly over a shorter period of
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may thus be studied. An example is given in figure 7 in which
the deformation of the low-speed streak contours is shown
alongside colour contours of the productidf®w/dy and the
Stokes-strain generated spanwise fluctuationsy’Ais pos-

1Private communication with Prof. S.I. Chernyshenko and ®r.
Blesbois (Imperial College London)
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Figure 6 Outer-layer-structure speeding/delaying effects on-meslrstreak re-orientation

(a) forcing off

(b) forcing on,T* = 200,t/T ~ 0.83

Figure 7 Conditionally-averaged streaks obtained by sampling the, fafter application of a high-pass filter to remove super-
streak modulations, such thalt < b aty™ ~ 10 (black and white square), with= —0.20Up in (@) andb = —0.10Upk in (b).
Contour lines give the streamwise velocity contauféu; € {—2.4,—2.0,—1.6,—1.2,—0.8}. The filled contours in the background
give the conditionally-averaged fieldswfdu/dy in (a) andv’dw/dyin (b) (in Ugu"(/h units). Vectors give the transverse velocity
fields. The phase-averaged spanwise velogity ifidicated by the thick black line and the white dots intéaa/dy

itive, the spanwise fluctuations oppose the Stokes strain an
are broadly aligned with the Stokes motion itself, enhagcin
the convective distortion of the streaks. The figure showas th
the maximum fluctuations occur @t ~ 10, at which height

spanwise wall oscillation in wall-bounded turbulent flows.
AIAA Journal, 40(5), 2002.

K.-S. Choi. Near-wall structure of turbulent boundary laye

with spanwise-wall oscillationPhys. Fluids, 14(7), 2002.

the related production also peaks. Analogous plots that in- G. M. Fishpool and M. A. Leschziner. Stability bounds for

clude fields of the wall-normal and the shear stress suggest

strongly that the large lateral displacement of the lowespe

streaks by the combined Stokes and lateral fluctuations, in

particular, cause a disruption of wall-normal motion, reslu

the shear stress, shield the wall from outer sweeping events
and transport low-streamwise-momentum towards the wall,

all contributing to the reduction of the turbulent wall-ahe
stress.
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