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ABSTRACT

Drag reduction by wall oscillations in turbulent flows has
recently been shown to be a promising technique. The reduc-
tion of the near wall streaks amplitude is known to play a sig-
nificant role in the drag reduction mechanism. To gain a bette
understanding of the effect of wall oscillations on the aite
the Generalised Optimal Perturbation (GOP) approachdbase
on the linearised Navier-Stokes equation, is used. Resem-
blance between drag and certain quantities arising in the GO
context is observed. It is found that for harmonic wall dseil
tions the streaks have an approximately constant angleeto th
main flow direction, with a jump in sign twice in the period.
The mechanism of this phenomenon is clarified. The results
are in a reasonable agreement with direct numerical simula-
tions.

INTRODUCTION

Recent results have shown that the turbulent friction drag
reduction by transverse wall oscillations is a promisinchte
nigue. It has been shown that drag reduction of up to 40%
and energy gain up to 18% can be achieved (Quadrio et al.,
2009). However, the mechanisms leading to drag reduction
are not yet well understood. To make a step towards improv-
ing the understanding of these mechanisms, this work fecuse
on the organised structures in turbulent flow past a trassver
oscillating wall and particularly on the near-wall streaks

The near wall streaks in turbulent flow are well known
to have an important role in sustaining turbulence. Streaks
are structures elongated in the streamwise direction amd co
posed of regions of low instantaneous velocity as compared t
its mean value. In the present work the Generalised Optimal
Perturbation (GOP) approach is used to study the near-wall
streaks in turbulent flow with wall oscillations. The GOP ap-

spanwise spacing in turbulent channel flow without wall os-
cillations. The flow past an oscillating wall is considesabl
more complicated, and whether GOP can predict some of the
features of the streaks in this case is an interesting quresti
Another important question is whether there is a corretatio
between the parameters of the solutions arising in GOP and
the drag reduction, since, if such a correlation is confirmed
GOP can be used to improve the drag reduction techniques.
The present work answers the first question and gives a pre-
liminary indication of what the answer to the second questio
can be.

GOP APPROACH

For clarity, we will consider the case of a fully devel-
oped turbulent flow in a plane channel, as usually calculated
in direct numerical simulations, that is in a finite domairtrwi
periodic boundary conditions. Generalisation of GOP toynan
other cases is straightforward.

The GOP theory is based on a particular idea of the rea-
son why the linearised part of the Navier Stokes equation has
the well-known ability to predict some of the turbulent stru
tures, and particularly the near wall streaks in fully tue
flows. If the turbulent velocityu is represented as the sum
of the mean flowUJ and a fluctuatioru’, the Navier-Stokes
equation can be written as
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where the left-hand side is the linearised Navier-Stokes op
erator andF contains all the remaining terms including the
terms nonlinear i’. The main idea of GOP is that the linear

proach was developed by Chernyshenko and Baig (2005) and part of (1), on the left hand side, has strong enough seigctiv

used to explain the existence of streaks and to predict their
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properties to predict the streaks almost independentiyef t



form of the right hand sid&. If the nonlinear ternf is re-
placed by any reasonable representation, the streakstiill s
be present as a result of the simulation. Once this observati
is made, only the selectivity properties of the linear opera
tor need to be studied in order to predict the streaks. GOP
then assumes that for the quantity of interest given (say, fo
the spanwise spacing of streaks at a certain distance frem th
wall) the selectivity properties will be reflected by theigain

of the optimisation problem where the appropriate measiure o
the magnitude of the solution of (1) is maximized over all-pos
sible forms offF of a unit amplitude. Crucially, the measure of
the solution should be selected in such a way that it measures
the amplitude of that part af that determines the quantity of
interest (thus, for streak spacing at a given distance twétle

this might be the energ)ju’||2 averaged over a plane at this
distance to the wall.)

The same simplification as in (Chernyshenko and Baig,
2005) is used in the present study, namely, instead of optimi
ing over all possiblé(t,x) the optimisation is performed only
over right hand-sides of the forf= uf(x)3(t —tj). Then the
optimal perturbation is the solution of an initial value pro
lem for (1) with F = 0 such that it experiences the biggest
possible transient growth (for such optimal perturbatitms
exist it is necessary that the base profilés linearly stable).
The perturbation starts at an initial tihe and its maximum
magnitude will be attained at the "final timef. To define
the magnitude a quantity has to be used to measure the am-
plitude of the perturbation at any time> t;. The problem
being linear, this quantity will be the ratio of a certain moof
the solution taken at timeto the (in general different) norm
of the initial condition imposed at the initial tinte In the
present study, as the structures to be predicted are the near
wall streaks, and as their characteristics vary with thiadise
to the wall, a volume energy nori ||; is used for the ini-
tial condition, and a surface energy nofjnfj  is used for the
solution. Ifx, y, andz are the streamwise, wall normal and
spanwise coordinates respectively, with the correspgnein
locity vectoru’ = (u,v,w), the initial and solution norms are:

(22)

(2b)

whereV is the volume of the flow domain arRis the area of
the cross-section = yq of the flow domain.

The choice of the surface energy norm as the solution
norm means that more importance is given to the structures
which have high energy in the plage- yg and which, there-
fore, will dominate the flow in this plane. If, instead, both
the solution norm and the initial value norm were chosen as
the volume average af?, the resulting problem would be the
widely known optimal perturbation problem, but then there
would be no reason for the corresponding structure to domi-
nate in the particular plang= yg. The GOP at a given dis-
tance to the wall is a solution of the maximisation problem
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The optimisation is performed here over all possible ini-
tial conditions and all possible initial times If the base
profile is independent of time then the optimal perturba-
tion is essentially independent of. This was the case in
(Chernyshenko and Baig, 2005), but the case of oscillating
wall is more general. The structure predicted by the GOP is
considered as the most probable streak at tim®f course
other structures will also be present in a real flow, but the flo
structure in each of the plangs= yg will resemble the most
prominent features of the corresponding GOP.

GOP in the spanwise-oscillating wall case

To apply the GOP approach to the flow with wall oscil-
lations the mean velocity profild was taken to be the sum
of the mean profile in a turbulent flow in a plane channel
along a non-oscillatory wall (Reynolds and Tiederman, 1967
and the time-dependent velocity profile correspondingre la
inar Stokes layers due to the spanwise-oscillating waltbef
channel oscillating in phase. Using Stokes layer as a repres
tation of the phase-averaged spanwise velocity components
is justified by the observations of the behaviour of the solu-
tion obtained using direct numerical simulations (DNS) for
regimes when the drag reduction is substantial, see the com-
panion paper (Touber and Leschziner, 2011). The transverse
component of the wall velocity is given by the formula

Wivall =Wmcos(2mt/T) (4)

whereT is the period of oscillations. The resulting phase-
averaged mean velocity depends on time and the wall-normal
coordinate, but is independentxondz

The optimisation for (3) is done in two steps. Fitsgnd
t¢ are fixed, and the most amplified initial perturbatigit; )
for this set of parameters is calculated. Then the optimisa-
tion overtj is performed. The first step of the optimisation is
calculated using an adjoint optimisation algorithm. A digsc
tion of the adjoint optimisation procedure is not given hese
an abundant literature on this subject exists (Hill, 19%;-F
rell and Moore, 1991). The turbulent incompressible Navier
Stokes solver (Laizet and Lamballais, 2009) was modified to
solve the linearised and adjoint equations and to perfoen th
adjoint optimisation.

Since the mean flow is independent of the transverse co-
ordinate, the solution of the linearised Navier-Stokesatign
can be expanded into the Fourier serieg,iand the numeri-
cal problem can be solved in 2D for each wavelength ifihe
adjoint loop finds the optimal solution for given initial tet,
final timet;, and spanwise waveleng#y. Then, the second
step the optimisation is performed ovgrand A;. The code
was thoroughly validated by comparisons with Chernyshenko
and Baig (2005) and by other means.

For the wall velocity given by (4) a similar decomposi-
tion is also possible im. Hence, the optimal solution should
have specific wavelengths both in transverse and streamwise
directions. Therefore, the GOP will be an infinitely longustr
ture in a direction that has a given angle with the mean flow
axis.



RESULTS

The GOP was calculated for different oscillation periods
and Reynolds numbers. The results are compared with DNS
results obtained in the equivalent configuration by Touber a
Leschziner (2011). Three cases are considered: the baselin
case of no wall oscillation, the case with a period of ostidla
T+ =200 in which case prominent organised structures and
moderate drag reduction are observed in DNS, and the case
T* =100 for which the drag reduction is close to the maxi-
mum but the structures can hardly be seen.

Comparison of the oscillating and non-

oscillating wall cases
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Figure 1. Maximum ratio|u’||¢ /|[u}|i after adjoint opti-
misation,t = 0, Re; = 180, wall distanceyg =11, non-
oscillating wall case.

In the case of non-oscillating wall the optimal perturba-
tion is the same (up to a shift in time) for aty, but in the
case of an oscillating wall optimal perturbations for diffe
ent values ot; differ. To illustrate an important point, we
first arbitrarily fixt; = 0, thus determining the phase of the
wall oscillation at which the final time is. The features we
are going to discuss are similar for all valuestpf An ad-
joint optimisation is performed for a range of values of the
initial time t; < tf and the spanwise wavenumbetr The ob-
tained maximum ratigu’||¢ /[|ug|li as a function of; andA,
is plotted in figure 1 for non-oscillating wall and in figure 2
for oscillating wall. The GOP corresponds to the points on
these plots at which the ratjp’ (0)|| /|| up|li attains its max-
imum. For non-oscillating wall the maximum ratio is about
180 and it is attained &#,",t;") = (80, —50). Note how dif-
ferent the gain plots are. In the non-oscillating wall cdmee
is only one well defined maximum which corresponds to the
GOP. In the oscillating wall case the figure shows two local
maximums. The highest one corresponds to the GOP, but the
maximum ratio for the second one is not much different from
the first. This means that even if the structure correspgndin
to the GOP is more likely to be seen in the turbulent flow,
the likelihood to see the structure corresponding to the sec
ond maximum is close to the likelihood of seeing the GOP.
Hence, at equal to thid; it is likely that in the turbulent flow

1Subscriptst denotes quantities expressed in wall units (non-
dimensional units based on wall shear, density and visgosit

two structures will be seen at the same time; the one corre-
sponding to the GOP and the one corresponding to the second
maximum. Many simulations have been run in wall oscilla-
tion configurations with an oscillation period &f- = 100 and

T = 200, for different distance to the wall and for different
ts. This kind of behaviour with two maximums is found in
many cases, and the presence of two dominant structures will
be compared with DNS results in a later section.
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Figure 2. Maximum ratio|u’||¢/||uf]li after adjoint opti-
misation, ty = 0, Re; = 180, yo+ = 11, oscillations period
T+ =100, and amplitudey;, = 12.

Correlation with drag reduction

It is well known that when drag reduction is achieved by
wall oscillations streaks also become weaker. Howeverdewhi
GOP was successful in predicting the existence and spanwise
scale of the streaks (Chernyshenko and Baig, 2005), it&yabil
to predict the response of the streak amplitude to wall oscil
lation and thus to predict drag reduction is far from obvious
Indeed, since GOP is a solution to a homogeneous problem for
a linear equation, its amplitude is arbitrary. If one woun
ertheless try to find a link between GOP and drag one might
expect that there will be a correlation between the draglaad t
maximum amplification factof{u’|+ /||ug|li. The results ob-
tained in the present study show that this is definitely net th
case. For exampldlu’| |+ /||ug|li = 180 for the non-oscillating
wall case in figure 1, whereas in the oscillating wall case, th
maximum ratio can be sometimes as high as 400. Comparing
figures 1 and 2 suggests an explanation: the maximums in fig-
ure 2 are narrower. If there could be a link between optimal
perturbations and drag it should be a link between the drdg an
some integral characteristics of optimal perturbatioribenra
than the height of a local maximum. Also, averagingsimof
the amplification factor over a period of the wall oscillatio
should be made. This implies introducing a measure

=00
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the behaviour of which can be compared with the behaviour
of the drag. It turns out that in the three cases calculatéukin
present study the behaviour is indeed simifgg;a = 6.4 10*



and the drag reduction is 0% for non-oscillating casgg =
5.1-10* and the drag reduction is 24.6% f&r = 200, and
Actal = 2.5+ 10* and the drag reduction is 31.7% for™ =

100 that is a decrease o5 corresponds to a decrease in
drag. This, however, is only the very first preliminary resul
and the appropriate way of estimating drag reduction on the
basis of GOP, if such a way exists, is yet to be found.

Note that the drag reduction values given above were
obtained from DNS by Touber and Leschziner (2011) for
Rer =500, while most of the GOP calculations described here
are forRe; = 180. However, for the value oi/g considered
here GOP, if expressed in wall units, appears to be almost in-
dependent oRe;.

Energy spectrum and GOP

The characteristic transverse scaling of the structures
in a turbulent flow can be estimated by considering a pre-
multiplied energy spectrurP(A;) = A;E(A;) at a given dis-
tance to the wall, wher€& is the standard energy spectrum
depending on the transverse wavelength In the case of
non-oscillating wall and for small distances to the wal{A,)
has usually a maximum arourg™ = 100, which corresponds
to the dominant structure at this scale, the near wall strdak
the case of an oscillating wall it makes sense to consider the
phase-averaged spectrum, which then is a periodic function
of time. This provides an interesting opportunity for compa
isons with GOP, as it also depends on the timeao that even
if the amplitude of the solution to the linearised equatisn i
determined up to a constant factor, its behaviour as a fumcti
of time can be compared. The small width of the peaks, of
course, represents the same difficulty as in the previous sub
section, and it can be resolved by similar means, namely, by
introducing

Acop(Azt) = Ao (ti, Az te)dt

i <ts

(6)

with Aofti, Az tr) = max([[u'[1¢/[[up i) being the result of an
u/

0
adjoint optimisation for the giveR, t;, andA;. This quantity
is plotted as a function of the transverse wavelemgtho-
gether withd®(A;) scaled for convenience of comparison. Nu-
merous such plots were made for different valueg ralfndyo+
for each of the caséE™ = 100 andT + = 200 Two represen-
tative examples are given in figures 3(a) and 3(b). Figurg 3(a
shows the behaviour typical fat = 200 and for some part
of the period forT™ = 100Q. In these cases the streaks are
well defined and a maximum in the pre-multiplied spectrum

generation of large-scale structures is different frormtieeh-
anism of formation of near-wall streaks, so that GOP does not
describe it. From these two examples, we expect that the GOP
and DNS results should be compared only in the case when
there is a local maximum in the DNS pre-multiplied spectrum
(as in figure 3(a)), but no comparison will be possible when
there is no local maximum in the pre-multiplied spectrum (as
in figure 3(b)).

Once again it is worth to point out that comparing quan-
tities related to the amplification factor in GOP with quéias
related to the magnitude of the turbulent fluctuations, &s it
done in this section and the previous section, is new ane quit
different from comparing quantities linked only to the form
but not the amplitude of the linearised solution, as for exam
ple the comparison between the spanwise period of GOP and
the observed streak spacing. The comparisons of this and the
previous section are only tentative, but the results apjdae
promising, and further research in this direction is needed

Figures 3(a) and 3(b) represent only a small fraction of
such comparisons. In order to give a general idea of the de-
gree of agreement or disagreement between the GOP and DNS
curves in these figures we first discard all those cases wiken th
DNS results do not exhibit the local minimum. Then we de-
termine the values of; at which the maximums are attained
in the GOP and DNS curves, and plot all such values against
each other. The result is shown in figure 3(c). If the posgtion
of the maximums of the GOP and DNS curves were exactly
the same, all the points would lie on the diagonal shown with
the solid line. One can see, however, that the discrepanty ca
be as large as 70%. The positions of these maximums can be
considered as a measure of streak spacing, and the agreement
for streak spacing was noticeably better in (Chernyshenko a
Baig, 2005). This might be due to several reasons. First, the
mean profile of the longitudinal velocity used in the present
work is the mean profile of the flow past a non-oscillating
wall, while the prediction is attempted for the case of an os-
cillating wall. Second, Chernyshenko and Baig (2005) used
the weighted initial condition norm requiring the knowledg
of the normal Reynolds stresses in the flow. Third, the pa-
rameter compared in Figure 3(c) is based on the maximum of
Acop as given by (6), rather than on the wavelength of GOP,
as it were in (Chernyshenko and Baig, 2005). This last point
is technical, but the first two are the result of the decisibn o
using only the information on the non-oscillating wall floor f
predictions about the oscillating-wall case.

Comparison for streak angle
After comparing the flow globally, it is interesting to fo-

corresponding to these structures is always present around cuss on the most probable streak itself, and particulasly it

A =200. For the oscillations &+ = 100, the streaks are
more difficult to see in the DNS, and at some points in the
period they seem to disappear completely. Figure 3(b) is rep
resentative for these cases. In figure 3(a) there is a cleal lo
maximum of the pre-multiplied spectrum at relatively small
scales, but in figure 3(b) the pre-multiplied spectrum inses
with A, within the plot range, showing that a large part of the
energy is concentrated in structures having much largde sca

evolution in time. As it has already been discussed, in the
case of oscillating wall the GOP is an infinitely long struc-
ture inclined at a certain angle to the main flow direction in
Xx—z plane. DNS aff* = 200 shows streaks with a rela-
tively well defined angles at most phases in the period (Toube
and Leschziner, 2011). In the ca&e = 100 the streaks are
more difficult to see. To obtain the streak angle at a given dis
tance to the wall, the distance between streaks in the stream

than the typical streak spacing. GOP, on the other hand, does wise and spanwise direction is obtained by extracting tballo
not show this, may be because the mechanism responsible for maximums corresponding to the streak in the streamwise and
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Figure 3. Comparison between the premultiplied energytspacd = E(A;z)A; and the correspoding GOP parametepp =
Ji Po(ti, Az, t)dti. The maximum of each function represents the streaks gpadirfc) the positions of the maximums for the DNS

and the GOP are compared.

spanwise pre-multiplied energy spectra calculated in INS
Then a simple calculation gives the magnitude of the angle,
and the sign of the angle has to be visually confirmed. As in
the previous section, it is not always possible to extraet th
angles, particularly when there is no local maximum in the
pre-multiplied spectrum, which explains the gaps in the DNS
data in figures 4(a) and 4(b). These figures give two repre-
sentative cases, with comparisons between GOP and DNS for
other distances to the wall and periods of oscillationsrgjvi
various degrees of agreement in between the levels of agree-
ment in these two figures.

An obvious comment can already be made. In the case
T* =100, there are more phases in the period where the angle
cannot be properly extracted. This is directly linked to the
fact that in more cases in tiie"™ = 100 simulations the pre-
multiplied spectrum doesn’t have a local maximum. Because
of this issue, we will concentrate more on the observations i
the casd + = 200, as the comparison are more meaningful.

To obtain the angles of the most probable streaks using
the GOP approach, the GOP has to be calculated for different
ts over the period. As the mean flow is symmetric over half
a period, there is also symmetry of the structures predizyed
the GOP over half a period. Because of that, it is possible to
calculate the result over only the first half of the periodd an
the value of the angle will be opposite during the next half
period. The angles plotted in figures 4(a) and 4(b) corredpon
to the GOP for eacky, that is to the higher of the peaks in
figures similar to figure 1.

Figure 4 shows that in both the DNS simulations and
GOP prediction, the streak angle remains relatively close t
two values of the same magnitude but of opposite sign, and
that at some phase in the period the streak angle jumps be-
tween these two values. There is a relatively good agreement
between the angles predicted and calculated, but the mere im
portant fact is that the position of the jump is predictedhwit
a relatively good accuracy by the GOP. As the jump exists
in the DNS results and in the GOP predictions and is at a
similar position, it shows that some of the important physi-
cal mechanisms leading to the streaks formation are capture

2This was done in collaboration with Prof. M.A. Leschzinedan
Dr. E Touber (Imperial College London), whose work is alse-pr
sented at this conference.
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(a) Simulation forT ™ = 200, observation at a
distance to the waly™ = 11
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(b) Simulation forT* = 100, observation at a
distance to the waly™ = 11

Figure 4. Angles extracted from DNS simulations (0), and
calculated using the GOP approach (+-)

by the GOP. The jump in the GOP result might be surprising,
but it can relatively easily be explained by looking at figure
2. In this figuret; = 0, which is just after the jump. It has
already been pointed out that this figure shows two local max-
imums corresponding to two dominant structures, one being
the GOP, and the other one being less likely than the GOP
to be seen but with a large enough energy growth to be a very
probable structure. In the figure for the slightly eartiethere

also would be two local maximums, but the GOP would corre-
spond to another maximum. This shows that each maximum
presents a dominant structure, and depending on which maxi-
mum is higher the GOP will be one or the other of these domi-
nant structures. The jump happens when the global maximum



switches from one local maximum to the the other. From this
result, the two dominant structures would be expected to be
present in the DNS around the position of the jump. Two
structures present at the same time can be expected t@iaterf
and make the DNS picture difficult to analyse. This could ex-
plain why the angle of the structures cannot be calculatéu wi
a good accuracy in the DNS around the position of the jump.
There remain to be explained why the angle remains ap-
proximately constant between the jumps. To do this we will
analyse the growth pattern of GOP corresponding to differ-
ent values ot;. In figure 5, the growth patterns for several

400
350
300
250
200
150
100

50

(U ()l /llu”(t)

0 50
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Figure 5. Growth pattern for the GOP for several values of
ts. Circles are place on each curve at the correspontting
T+ =200andy =11

GOPs in the first half-period are given. It can be seen that
for three of them the growth pattern is similar. Even though
the values ot differ, the initial instants of these GOPs are
within a rather narrow area, and the entire curves are close.
This shows that the structures predicted for these diffdien

ing results for turbulent channel flow in the presence ofdran
verse wall oscillations in the regime when these osciliwtio
give drag reduction.

The calculated values of a certain measure of the streak
energy obtained in the GOP context for three cases (the non-
oscillatory wall case and two cases of wall oscillations)l an
the drag values calculated in DNS for these cases correlate.

The GOP approach predicts that in the flow past an os-
cillating wall the near wall streaks are elongated struggur
inclined to the streamwise direction at a certain angle. The
angle remains approximately constant during certain fudrts
the period and suddenly switches sign twice in the perio@. Th
angle jump position and the value of the angle are in a reason-
able agreement with direct numerical simulations.

The streak angle remains roughly constant between the
jumps because there is a relatively short part of the period
when a significant amplification of a particular initial part
bation occurs, so that this perturbation dominates overge la
part of the remaining time within the period.
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