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We study turbulence in the asymptotic suction boundary layer at low Reynolds
numbers using direct numerical simulations. An adiabatic protocol is employed,
where the Reynolds number is decreased in small steps starting from a fully
turbulent state. Performing computations in a large numerical domain we allow
for the possible co-existence of laminar and turbulent regions. However no
laminar regions are identified even at the lowest Re with sustained turbulence.
The magnitude of the small-scale fluctuations in the near-wall region is shown
to be modulated by the large-scale motion in the log region. Events leading to
laminarisation are discussed in details. A robust quantitative estimate for the
critical Reynolds number Re, ~ 270, below which turbulence is not sustained,
is obtained.

Boundary layers, turbulence, amplitude modulation, laminarisation

1. Introduction

Despite a large amount of studies, wall turbulence remains one of the few sub-
jects of classical physics and engineering, which is still not fully understood.
Over the last few decades numerical experiments saw a tremendous increase
of importance in the field, with the emphasis usually being on going higher in
Reynolds number Re. However, understanding the mechanisms driving turbu-
lence close to the threshold Re,, below which it cannot be sustained, is also
important for explaining fundamental concepts of turbulence. Studying tur-
bulence at low Re has shown to be of great value in unravelling the details of
coherent structures regeneration in the near-wall turbulent region (Jiménez &
Moin 1991; Hamilton et al. 1995; Jeong et al. 1997). As those studies were
all focused on isolating single regeneration events, they were performed in the
framework of the so-called minimal flow unit (MFU), which is the smallest nu-
merical domain in which turbulent motion can be sustained (Jiménez & Moin
1991).
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On the contrary to this temporal minimal-box approach, another interest-
ing aspect is the study of turbulence in large domains from the spatio-temporal
perspective, as in addition it may provide valuable insight into realistic transi-
tion processes. In this regard, turbulent spots simulations (Henningson et al.
1987; Lundbladh & Johansson 1991; Schumacher & Eckhardt 2001; Levin &
Henningson 2007) and experiments (Carlson et al. 1982; Tillmark & Alfredsson
1992) are aimed at understanding how localised turbulence spreads spatially
and invades the whole domain. For most wall-bounded flows at low Reynolds
numbers turbulence is not space-filling and co-existence of laminar and turbu-
lent zones is possible provided large enough domains. Furthermore, turbulent
zones usually form oblique bands with the range of different angles, and the
whole structure organises in a form of a laminar—turbulent pattern. This was
first observed in counter-rotating regimes of Taylor—Couette flow (Coles 1965;
Atta 1966; Hegseth et al. 1989; Prigent 2001), where the structure was named
“barber-pole turbulence”. Later, the same behaviour was discovered in rotor-
stator flow (Cros & Le Gal 2002), and also in plane Couette flow and plane
Poiseuille flow by the means of both laboratory and numerical experiments (Pri-
gent et al. 2002; Barkley & Tuckerman 2005; Tsukahara et al. 2005; Duguet
et al. 2010). Barkley & Tuckerman (2005) introduced an inexpensive numerical
technique for studying turbulent stripes in plane Couette flow. It bypassed the
large-domain requirement, taking advantage of the stripes obliqueness by using
tilted domains, extended in only one direction. However, in this case the incli-
nation angle of the turbulent band is fixed by the employed geometry. Using
large computational domains, Duguet et al. (2010) showed that a large range
of angles is in fact possible. Working with the same flow, Philip & Manneville
(2011) obtained a comprehensive bifurcation diagram, which gives a range of
Reynolds numbers and domain sizes were pattern formation is expected. Later,
Brethouwer et al. (2012) showed that the patterned regime can be shifted to
higher Reynolds numbers by the addition of an external forcing which stabilises
the flow, e.g. system rotation, density stratification or Lorentz forces. Recently,
laminar—turbulent stripes were also found in the case of a strongly stratified
Ekman layer (Deusebio et al. 2014). The obliqueness of the laminar—turbulent
interfaces was explained with the large-scale flow by Duguet & Schlatter (2013)
on the example of Couette flow, however the same mechanism can in principle
be extended to all of the other above mentioned flows.

All those studies show that the size of the computational domain plays a
significant role in describing the dynamics of the wall-bounded flows near the
critical Reynolds number. In the case of large domains, spatio—temporal aspect
becomes important, pointing out the possibility of considering transition to
turbulence and laminar—turbulent co-existence in terms of phase transition and
spatio-temporal intermittency concepts (Pomeau 1986; Chaté & Manneville
1987; Manneville 2009; Shi et al. 2013).

In this work we aim at studying turbulence in low-Re boundary-layer flows,
which were not given much attention with respect to the aspects discussed
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above. When considering a boundary-layer flow above a solid flat plate, two
major obstacles are the slow spatial growth of the layer and the need to intro-
duce disturbances at low Re. This renders the asymptotic regime inaccessible at
any Reynolds number, disqualifying at least at first sight the Blasius boundary
layer for such a study. One of the possible solutions is to apply suction at the
lower wall in order to counteract the spatial growth. If the suction is constant
and homogeneous, the boundary-layer thickness eventually equilibrates, making
the flow independent of the streamwise direction. In this case the flow is called
the asymptotic suction boundary layer (ASBL) (see Schlichting 1987). Apart
from being one of the few analytical solutions of the incompressible Navier-
Stokes equations, this flow case is also realisable in experiments (Antonia et al.
1988; Fransson & Alfredsson 2003). Piomelli et al. (1989) simulated channel
flow with uniform suction. A true ASBL was first simulated numerically by
Mariani et al. (1993), who were interested in describing the turbulent regime.
Different transition scenarios were studied by Levin et al. (2005) in the tem-
poral framework. Later, Levin & Henningson (2007) performed turbulent spot
simulations in ASBL, providing an estimate for the critical Reynolds number
Regy = 367 using specific initial conditions. In the most recent turbulent ASBL
study, Schlatter & Orlii (2011) showed that the 99% boundary layer thickness
in the turbulent case saturates at much higher values compared to the laminar
one. Furthermore, the final value depends on the box dimensions for periodic
domains of small to intermediate size, but becomes (as expected) independent
on the box size for larger domains.

We present here a numerical investigation of turbulent ASBL flow at low
Re by slowly decreasing the Reynolds number from a fully developed turbu-
lent regime until full relaminarisation. These annealing or cooling experiments
are similar to those by Prigent (2001) and Philip & Manneville (2011). The
goal is to characterise turbulence near Re, and analyse laminarisation events.
The paper is structured in the following way. The details of the numerical
approach are provided in § 2. In § 3 the results of the lowering procedure are
presented. They are complied with the description of the laminarisation events.
Conclusions and an outlook are given in § 4.

2. Flow case and numerical methodology
2.1. Asymptotic suction boundary layer

The asymptotic suction boundary layer (ASBL) is a boundary-layer flow above
a porous flat plate subject to constant homogeneous suction. In the laminar
case the incompressible Navier—Stokes equations admit a simple analytical so-
lution

U=Uyx(l—e¥s/vy,  V=-Vs, W=0, (1)
which is independent of the streamwise direction, thus rendering a constant
boundary layer thickness (see figure 1). Here (U, V, W) is the laminar velocity
field in the streamwise, wall-normal and spanwise directions (x,y,2), Ux and Vg
are the free-stream and suction velocities, respectively, and v is the kinematic
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FicUre 1. Sketch of the computational domain highlighting
the main features of the asymptotic suction boundary-layer
flow.

viscosity. The Reynolds number

is defined using the displacement boundary—layer thickness

N ()
0" = /0 (1 Un ) dy

Using the laminar solution (1) 6* = v/Vs. Thus, the Reynolds number becomes
the ratio of the free-stream and suction velocities Re = U /Vs. The flow
is linearly stable for Reynolds numbers up to Re. = 54370 (Hocking 1975),
however subcritical transition can be observed at as low as Re = 300 (Schlatter
& Orlii 2011).

An interesting property of the ASBL follows directly from the integral
momentum conservation. Both in laminar and turbulent cases the skin friction
cs = 2(ur /Us)? is fixed once the asymptotic state is reached

ur \’ 1
LI 2
< Us > Re @)
where wu, is the friction velocity. Consecutively, the inner lengthscale I, = v/u,
used for the viscous scaling becomes [, = 6*/v/ Re.
The laminar displacement thickness d* together with the free-stream ve-

locity Uy are used as the characteristic units for the non-dimensionalisation.
From the next section on, all quantities are non-dimensional.
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2.2. Numerical method

The ASBL is studied numerically using a fully spectral code developed at KTH,
called SIMSON (Chevalier et al. 2007). The streamwise z and spanwise z ve-
locity components are decomposed in N, and N, Fourier modes, respectively,
whereas the wall-normal component is expanded using N, Chebyshev modes.
Dealiasing with the 3/2 rule is performed in the wall-parallel directions. The
time evolution is carried out by a third-order Runge-Kutta method for the non-
linear terms and a second-order Crank-Nicolson method for the linear terms.

The simulations are performed in a channel geometry Q = [—L,. /2, L,./2] x
[0,L,] x [-L./2,L./2] (see figure 1). Periodic boundary condition are imposed
in the wall-parallel directions as a natural consequence of using a Fourier de-
composition. As a result of the finite wall-normal extent the free-stream is
forced at the upper wall, whereas no-slip conditions are prescribed at the lower
wall, using Dirichlet boundary conditions in both cases

(u7vaw)y:0 = (07_V570) 9

(w,v,w),_; = (1,-Vs,0).

The code is parallelised using both shared and distributed memory par-
allelisation with the Open Multi-Processing (OpenMP) and Message Passing
Interface (MPI), respectively. Moreover, two different versions of the MPI par-
allelisation are implemented, with domain decomposition in one z and two xz
directions (Li et al. 2008). All of the described parallelisations were used for
this work.

2.3. Study protocol

We chose to study the low Reynolds number turbulence using the adiabatic
protocol (Schmiegel & Eckhardt 2000; Prigent 2001; Barkley & Tuckerman
2005; Tsukahara et al. 2005; Moxey & Barkley 2010; Philip & Manneville 2011)
by slowly lowering Re from a fully turbulent regime. At each value of Re
we wait for a statistically steady regime before continuing. This approach
allows us not only to investigate turbulence close to the onset and the events
leading to laminarisation, but also is one of the most robust ways to determine
the value of the threshold Rey, especially compared to e.g. costly localised
triggering approaches. The Reynolds number is decreased by changing the
suction velocity Vg, keeping the free-stream velocity and the viscosity constant.
This would be the natural way to proceed in a laboratory experiment, enabling
opportunities for future comparison. As the Reynolds number is varied, the
value of the laminar displacement thickness * changes as well. Therefore, the
displacement thickness at the starting Reynolds number of the procedure 67 is
used as the reference length in the system.

Previous numerical results were used to estimate the starting Re for the
procedure. Mariani et al. (1993) reported sustained turbulence at a value of Re
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TABLE 1. Simulations performed with different resolution and height.

Simulation \ Domain height L, \ Resolution
R1 300 256 x 201 x 256
R2 90 512 x 97 x 512
R3 70 1024 x 129 x 1024

as low as 278, when expressed as the more common ratio between the free-
stream and suction velocities, despite using a different definition for the Rey-
nolds number in their paper. Performing turbulent spot simulations, Levin &
Henningson (2007) did not observe spot growth below Re = 367 when using a
specific type of localised initial disturbance. Finally, Schlatter & Orlii (2011)
reported sustained turbulence at Re = 333 and laminarisation at Re = 280
starting from a localised perturbation inside the boundary layer. We chose to
continue from the latter study, by first obtaining a turbulent field at Re = 333
and increasing the suction velocity from there.

As was discussed in the introduction, the size of the domain plays an im-
portant role in correctly capturing the dynamics from a spatio-temporal per-
spective. Moreover, in turbulent ASBL the final asymptotic state becomes
independent of the aspect ratio of the system only for large enough domains
(Schlatter & Orlii 2011), with the final 99% thickness saturating at comparably
high values for even moderate Reynolds numbers. Thus, using the results of
Schlatter & Orlii (2011) as guidelines, we chose the box dimensions as L, = 800,
L, = 400, and enormous L, = 300 in terms of 0} (at Re = 333), with the do-
main only becoming larger in terms of the local §* at lower Re. Since in most
other flows at low Re turbulent regions tend to organise in the form of oblique
bands, this computational box appears sufficient to fit at least one band, as-
suming it has the same extent in viscous scaling for ASBL and plane Couette
flows. In order to increase the computational efficiency, the domain height L,
was reduced for the lowest values of Re by using spectral interpolation with
the Clenshaw recursive algorithm (Clenshaw 1955).

Being unaware of the final Re, value and the observation periods required
at each Reynolds number, we begin with a number of preliminary low resolution
runs. Thus, we start by performing direct numerical simulations with the
resolution typically used for large eddy simulations. In particular, we chose
AzT ~ 60 and Az ~ 30, which gives N, x N, x N, = 256 x 129 x 256 spectral
modes (case R1 in table 1). We also used a case with doubled resolution in
the wall-parallel directions but lower box (case R2 in table 1). The other
related under-resolved studies (Willis & Kerswell 2009; Manneville & Rolland
2011) suggest this to be the cause of some quantitative changes, shifting the
critical Regy, however giving qualitatively the same behaviour as in the well-
resolved case. To follow these mentioned studies we chose not to use a subgrid-
scale model, but rather just solve the underresolved Navier—Stokes equations
using our spectral method. We use these simulations in an exploratory manner
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in order to obtain a rough estimate of Re, and, more importantly, to generate
low Reynolds number cases, which can be continued with higher resolution.
This is exactly what is done with the case R3. This third series of runs with
higher resolution corresponds to Az™ ~ 15 and AzT =~ 7.5, which is considered
to be a well-resolved case.

3. Results
3.1. Exploratory runs

With the adiabatic protocol for the lower resolution R1 case we proceed as
follows. Starting from a localised initial condition, we obtain a fully turbulent
regime at Re = 333 (see figure 2(a)). Expecting the threshold Reynolds number
to be somewhere close to Re = 300, we first lower to Re = 315 and from there
in steps of 5 down to Re = 295. At each value of Re the flow is simulated
for about 200000 convective time units §%/Us in order to ensure that the
transients are over and the statistically steady regime is reached. Since the flow
stays turbulent and does not look qualitatively too different at both Re = 333
and Re = 295 (see figure 2(b)), it was decided to make a sharp decrease from
Re = 295 down to Re = 270 and Re = 260, with the former one staying
turbulent and the latter one laminarising. From Re = 270 (see figure 2(c))
we again continued in steps of 5. The flow laminarised between Re = 260
and Re = 255, and with subsequent refinements we obtained the value of
Rey ~ 257 (see figure 2(d)), as the lowest Reynolds number at which turbulence
is sustained for the case R1.

The time evolution of the 99% boundary layer thickness dgg in the statis-
tically steady regime is shown in figure 3(a) for all the considered Reynolds
numbers, with the time-averaged quantity as a function of Reynolds number
in figure 3(b). It decreases from dg9 = 160 at Re = 333 down to dgg ~ 20
at Re = 257, which justifies the use of lower values of L, at Re close to the
threshold. The laminar value at Re = 333 is dgg ~ 4.6. Note that the interme-
diate values between Re = 290 and Re = 275 were computed later by lowering
from Re = 295 in order to map the whole considered Re range with the same
spacing. In figure 3(b) the values of dg9 are also shown for the cases R2 and
R3 at Re = 270. The increase of resolution corresponds to a shift of about 8 in
the Reynolds number, as expected. We can conclude that lowering of the res-
olution corresponds to a down-shift of Rey, which agrees well with the results
of Manneville & Rolland (2011) for the plane Couette flow. In figure 3(c¢) the
friction Reynolds number Re, = 5;9 is plotted against the conventional Rey-
nolds number Re. Close to the threshold the values of Re, are still quite large,
with Re, = 500 considered to be a high turbulent value in other wall-bounded
flows. For comparison, the friction Reynolds number in the turbulent regime
close to the onset varies between Re, ~ 80 — 180 (Tsukahara et al. 2005) and
Re, ~ 30 — 50 (Brethouwer et al. 2012) for plane Poiseuille and plane Couette
flow, respectively. In the case of a spatially developing turbulent boundary
layer, a value of Re, = 140 was obtained close to the inflow by Schlatter &
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FIGURE 2. Three-dimensional visualisation of the flow fields
at different Reynolds numbers obtained with the lowering pro-
cedure for the case R1: (a) Re = 333; (b) Re = 295; (c)
Re = 270; (d) Re = 257. Low- and high-speed streaks are
visualised using isosurfaces of the streamwise velocity fluctua-
tions u'* = £1.46 (red and blue) and vortices are shown using
the Ay criterion with the isosurface AJ = —0.0005 (green).
Flow from left to right.
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FIGURE 3. Characteristics of the lowering Reynolds num-
ber procedure for the case R1. Time evolution in statistically
steady regime of (a) 99% boundary layer thickness dgg; (d)
wall-shear stress in the form of (uT/Uoo)_2 at Re = 333

)

Re = 315 , Re =310 , Re =305 , Re =300
, Re = 295 , Re = 290 , Re = 285 ——
Re = 280 , Re =275 , Re =270 , Re = 265
, Re = 260 and Re = 257 . Time-averaged

(b) 99% boundary layer thickness dgg (values for the cases
R2 and R3 from table 1 are shown with square and diamond
symbols, respectively); (¢) friction Reynolds number Re,; (e)
boundary layer displacement thickness 6* (blue circles) and
momentum thickness 6 (red squares) and (f) shape factor H.
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FIGURE 4. Probability density function of the local shear
stress in the spanwise direction |dw/dy| at y = 0 for Re = 333
(solid) and Re = 257 (dashed) scaled in inner units on (a)
full grid; (b) coarse grid. The cell size in the coarser grid is
dxt ~ 120 and dzT = 120, which roughly corresponds to 1/2
of the minimal flow unit.

Orlit (2010). Note however that the asymptotic value is out of reach for this
flow.

In figure 3(d) the skin friction ¢y is plotted against Re in the form of

(uT / Uoo)d. This quantity provides a good validation check of the lowering
procedure, as from equation (2) it should be exactly equal to the current Rey-
nolds number. Finally, the displacement §* and momentum 6 boundary-layer
thicknesses are shown in figure 3(e), with their ratio, the shape factor H in
figure 3(f). As the Reynolds number is decreased, H gradually increases from
an empirical turbulent value of H = 1.2, whereas it is exactly H = 2 for the
laminar profile. Typically, changes in the shape factor H indicate structural
changes in the flow.

Three-dimensional visualisations of the flow at key values of Re are shown
in figure 2. Clearly, the large scale high- and low-speed areas become smaller
with the decrease of Re. This observation clearly shows that these larger struc-
tures scale in outer units (i.e. boundary-layer thickness) which is affected by
the decrease in Re. These visualisations could suggest laminar—turbulent co-
existence with a finite turbulent fraction F; for the lowest Reynolds numbers,
however the choice of the isolevels could be deceiving in such a representation.
Therefore, a proper statistical analysis is required to check this impression.

In order to find the size of the laminar zones, we start by choosing the
local shear stress in the spanwise direction, dw/dy at y = 0, as a quantity,
which allows us to clearly distinguish between laminar and turbulent regions.
The probability density function (PDF) of the absolute value of this quantity
is shown in figure 4(a) for the two extreme Reynolds numbers (Re = 333 and
Re = 257), with a clear peak emerging at zero in both cases. Next, following
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FIGURE 5. Mean streamwise velocity (white solid line) ver-
sus the wall-normal position up to the 99% boundary layer
thickness, plotted above the PDF of the instantaneous stream-
wise velocity with contours corresponding to 0.9, 0.7, 0.5, 0.3
and 0.1 of the local PDF peaks (white dashed line). Maximum
and minimum local values are shown with dashed black lines.
Inner scaling is used. (a) Re = 333; (b) Re = 257.

the ideas of Manneville (2009), we define the smallest turbulent cell to be of
the size dz™ x dzt a2 120 x 120, which is roughly half of the MFU (Jiménez &
Moin 1991). The data is then moved from the original grid to such a coarse one.
The corresponding PDF is shown in figure 4(b), with a peak away from zero
corresponding to the most probable turbulent value. As the Reynolds number
is lowered from Re = 333 down to Re = 257 the probability of seeing a laminar
cell gets higher, but still remains low, meaning that the flow is fully turbulent
without the appearance of extended laminar holes in both cases. Moreover,
the increase of the zero-value probability is perhaps due to an inappropriate
scaling, as the two curves look self-similar, however do not have the same range
of |dw/dy| values. The inner scaling that was used is known not to perform
well near the onset of sustained turbulence (Ching et al. 1996; Spalart 1988).

The same conclusion regarding the spatio-temporal structure of the flow
can be made by analysing the PDF of the streamwise velocity profile, together
with the mean, maximum and minimum. They are shown in figure 5 for the two
extreme cases in a similar fashion as in Alfredsson et al. (2011). The increase
of the laminar fraction would result in the thickening of the PDF, but, despite
some small structural changes, the two PDFs look almost the same. Therefore,
we conclude that the flow is fully turbulent even at the lowest Reynolds numbers
close to the threshold value Re,. A natural question of low resolution effect
arises and is addressed in the next subsection.
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FIGURE 6. (a) Three-dimensional visualisation of the well-
resolved flow field at Re = 270. (a) Same isolevels as in fig-
ure 2. (b) Isosurfaces of the streamwise velocity fluctuations
u'T = £1.31 and Ay criterion AJ = —0.00006. Flow from left
to right.
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FicURE 7. Statistical quantities for the well-resolved case
R3 at Re = 270. (a) Mean streamwise velocity profile. Green
dashed lines represent the empirical log law ut = % Iny™ + B
with k = 1 and B = 9.9 and the streamwise velocity in inner
scaling UL. Green dot-dashed line corresponds to the mod-
ified linear law (Piomelli et al. 1989). (b) Reynolds stresses:
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FicURE 8. Two-dimensional visualisation of the well-resolved
flow field at Re = 270. The streamwise velocity is visualised
in the (a) xzz plane at y* ~ 12 with the dashed black line
corresponding to z = 250 (values range between 0.25 and 0.85);
(b) zy plane at z = 250 (values range between 0 and 1) with
the black line representing dgg.

3.2. Well-resolved case

In order to study the influence of the resolution, we compare the cases R1 and
R3 at the same Reynolds number Re = 270. Three-dimensional visualisation of
the well-resolved case R3 shown in figure 6(a) looks qualitatively the same as in
the under-resolved case in figure 2(¢). Choosing lower values for the isosurfaces
depicting the streaks and vortices, we get a typical turbulent flow visualisation
in figure 6(b). Thus, also in a well-resolved case the flow stays fully turbulent
even near the threshold Re,.

In figure 7 we report the usual turbulent quantities at Re = 270. The
results compare well with the same representation in Schlatter & Orlii (2011)
figure 4 for Re = 333. Very close to the wall the profile matches with the
modified linear law, which was derived for the cases with transpiration (Piomelli
et al. 1989). In the log layer, we obtain a good fit with the empirical log law
ut =LIny" + B with k = 1 and B = 9.9. A clear feature of the asymptotic
turbulent regime in a large enough domain is the absence of the wake region
in the streamwise velocity profile. For the Reynolds stresses in figure 7(b) a
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FIGURE 9. Premultiplied energy spectrum ®F (A;, A,) at
yt = 12 for Re = 333 , Re = 295 and Re = 257
Contour lines correspond to 0.08, 0.2 and 0.6 of the

maximum value at Re = 333.

trend similar to the one in Mariani et al. (1993) and Schlatter & Orlii (2011)
is observed. Applying suction decreases all stresses compared to the normal
turbulent boundary layer. This reduction is more pronounced for lower Re.
Still, areas with seemingly laminar or milder dynamics seen in figure 6(a)
suggest that there are different regions in the observed turbulence. In some
of them the turbulent activity is more active, whereas in the others it seems
weakened. In figure 8 the same flow field is visualised using two-dimensional
cuts of the streamwise velocity. Comparing the two an interesting trend can
be recognised, with higher fluctuations in the zz-plane corresponding to lower
values of the boundary-layer thickness dgg. The latter indicate the areas of
higher streamwise velocity away from the wall. A similar effect, when near-
wall fluctuations are enhanced below a high-speed regions, was observed in
turbulent boundary layers at high Reynolds numbers (Hutchins & Marusic
2007b), where it was interpreted as amplitude modulation. The next subsection
is devoted to this phenomenon and its role in the dynamics observed in ASBL.

3.3. Amplitude modulation

Recent studies of the turbulent boundary layers at high Reynolds numbers
revealed the presence of large-scale structures in the log region (Hutchins &
Marusic 2007a; Schlatter et al. 2010). The amount of energy accumulated
in those superstructures for increasing Reynolds numbers becomes comparable
with the one in the near-wall turbulence. Thus, the effect of this large-scale mo-
tion extends also to the near-wall region. Hutchins & Marusic (2007b) showed
that in addition to leaving an energy footprint near the wall, they also influ-
ence the near-wall turbulence by altering the small-scale fluctuations. Below a
high-speed region the magnitude of the fluctuations is increased, while below
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a low-speed region the opposite effect is observed: the fluctuations are sup-
pressed near the wall, however being enhanced in the outer region. Analysing
the acquired hot-wire data, Hutchins & Marusic (2007b) compared the latter
effect with the amplitude modulation, which is a well known communication
technique used in radio transmissions. According to this technique, informa-
tion is transferred using the carrier high-frequency signal, which is modulated
by the low-frequency signal, which bears the data. Similarly when considering
the hot-wire signal for turbulence, the large-scale motion is seen to modulate
the small-scale fluctuations. According to this approach, Marusic et al. (2010)
suggested a model for the near-wall turbulence at high Reynolds number based
only on large-scale information.

In our case we first verify the presence of the large-scale motion, which
leaves a footprint in the near-wall region. Similarly to Hoyas & Jiménez (2006),
we consider the premultiplied spectrum of the streamwise velocity fluctuations
OF (Ao, A2) = kukoduu(As, A2)/u2 inside the buffer layer (see figure 9). Apart
from a clear inner peak at around A} = 10% and A\J = 102, corresponding to
the near-wall fluctuations, the remnant of the outer peak can be also seen close
to A = 10* and A} = 103. It is mostly pronounced at Re = 333, where the
large-scale structures can be also seen in the three-dimensional representation
in figure 2(a). As expected, the outer peak gradually moves closer to the inner
one as the Reynolds number is decreased. The drift of the inner peak to the
right with decreasing Re also indicates irrelevance of the viscous scaling close
to Rey.

To ascertain the amplitude modulation effect, we decompose the stream-
wise velocity in a xz-plane into large-scale u; and small-scale ug fluctuations,
similarly to Hutchins & Marusic (2007b) and Eitel-Amor et al. (2014). The
large-scale component is obtained by applying the low-pass filter with the cut-
off AT = 3200, A\} = 540 to the full velocity field, whereas the small-scale
part is obtained by subtraction of the high-pass component from the full field.
The two components are shown in figure 10. In most cases intense small-scale
fluctuations correspond to the positive large-scale flow, thus confirming the
modulation of the small scales by the large scales.

3.4. Laminarisation

Next we consider events leading to laminarisation. Starting from a fully tur-
bulent regime at the lowest Reynolds number Re = 257 for the R1 case, Re is
directly lowered down to one of the values in the 220 —255 range. The time evo-
lution of the cross-flow energy based on the wall-normal v" and streamwise w’
velocity fluctuations

1
T I /Q(v'2 +w?)drdydz , (3)

is shown in figure 11(a). This quantity measures the intensity of the vortices
and thus allows to clearly determine when the flow is fully laminar. It is also
used for computing the laminarisation time for several Reynolds numbers as

ch =
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FIGURE 10. (a) Large-scale and (b) small-scale flow in the zz
plane at y™ ~ 12 for Re = 270 shown using large-scale stream-
wise velocity u; (values range between 0.4 and 0.7) and squared
small-scale streamwise velocity u? (values range between 0 and
0.08), respectively. The mean value of the streamwise veloc-
ity u = 0.55 is represented with a white line. The correlation
between u; and u? is equal to 0.054.

indicated in figure 11(b). Each point in the figure was obtained by averag-
ing over 10 independent realisations. As expected, the laminarisation time
increases with increasing Reynolds number and diverges near the critical value.

The time evolution of the skin friction in the form of (uT / UOO) -2 is shown
in figure 12(a). Interestingly, the displayed quantity, which is the multiplicative
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FIGURE 11. (a) Time evolution of the cross-flow energy
E¢ during laminarisation when abruptly changing Re start-
ing from turbulent field at Re = 260. The final Reynolds

numbers are Re = 255 , Re = 250 , Re = 245
, Re = 240 , Re = 235 , Re = 230 ,
Re = 225 , Re = 220 . The threshold value used

to compute the laminarisation time is shown with a dashed
line. (b) Laminarisation times for different Re based on reach-
ing a threshold value of the cross-flow energy FE. = 0.0003.
The data was obtained by averaging through 10 independent
simulations for each Re.
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FIGURE 12. (a) Time evolution of (uT/Uoo)f2 during lam-
inarisation. The colour coding is the same as in figure 11(a).
(b) Evolution of the probability density function of |dw/dy| on
a coarse grid (same as in Figure 4 (b)) as the Reynolds number
is lowered from Re = 257 down to Re = 256. The values are
rescaled with the maximum at each time instance.
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FIiGUure 13. Two-dimensional zz-plane visualisations demon-
strating the flow on its way to laminarisation when the Rey-
nolds number is decreased from Re = 257 down to Re = 256.
The streamwise velocity is shown at y™ ~ 16 at times (a)
t ~ 8700; (b) t ~ 14600; (c) t =~ 17500; (d) t = 20600; (e)
t =~ 23700; (f) t =~ 27200.

inverse of the skin friction, increases shortly before settling to the final value.
This might be associated with the first large laminar regions appearing in the
domain. Initially, this leads to the decrease of the skin friction before it is
compensated by the changes in the mean flow.

Following individual laminarisation events, in most cases a clear two-step
process can be observed. We demonstrate this on the laminarisation event
where the Reynolds number is lowered from Re = 257 to Re = 256. In fig-
ure 12(b) the evolution of the PDF of the local wall shear stress in the span-
wise direction is shown. As the flow adapts to the new Reynolds number, the
most probable values are slowly shifting to the left, towards zero. Sequence
of snapshots of the streamwise velocity corresponding to those events is shown
in figure 13(a)—(d). Apart from weakening of fluctuations, a laminar hole is
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created which progressively grows in the streamwise direction. Eventually it
extends throughout the whole domain (see figure 13(e)), which corresponds
to the rise of the probability of being laminar in figure 12(b). After this the
remaining horizontal turbulent band quickly dies out by first breaking up into
individual turbulent spots (see figure 13(f)), which are not able to spread at
this value of Re, and eventually decay.

In summary, at first the turbulence is weakened, with a laminar hole ap-
pearing which extends throughout the domain in the streamwise direction.
Once this laminar avenue is created, in the second step the remaining turbu-
lent activity quickly dies out.

4. Conclusions

We have studied low Reynolds number turbulence in the asymptotic suction
boundary layer using an adiabatic protocol. The use of a large computational
domain allows us to analyse low-Re turbulence from the spatio-temporal per-
spective. However, we do not see the typical behaviour observed in most other
shear flows, when turbulence co-exists with laminar zones and forms oblique
bands. Thus, comparing the two cases and understanding why the same mech-
anisms are not relevant in ASBL is the focus of our future study.

Interestingly, the observed local weakening of turbulence near the thresh-
old Re, seems to be explained well with the amplitude modulation concept
originally developed in the context of high-Re turbulence. Accordingly, the
amplitude of small-scale fluctuations near the wall is modulated by large-scale
superstructures residing in the log region of a turbulent boundary layer. We
show here that this approach can be applicable also at much lower Reynolds
numbers.

Analysing laminarisation events we have separated them into two phases.
At first, as the laminar zones emerge, they expand, thereby creating a lami-
nar streamwise avenue which extends throughout the domain. Thereafter the
remaining turbulence surrounded by the laminar flow quickly decays.

By lowering Re in small steps we are able to find a firm quantitative
estimate for the critical Reynolds number Re,. In the well-resolved case this
value is Rey ~ 270.

Computer time provided by SNIC (Swedish National Infrastructure for
Computing) is gratefully acknowledged.
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