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Abstract Genuine plane Couette flow is hard to realize
experimentally, and no applications of modern spatially
resolving measurement techniques have been reported for
this flow so far. In order to resolve this shortcoming, we
designed and built a new experimental facility and present
our first results here. Our setup enables us to access the
flow via 3D particle tracking velocimetry and therefore to
obtain truly three-dimensional flow fields for the first time
experimentally in plane Couette flow. Results are analyzed
in terms of basic flow properties, and a clear distinction of
flow regimes (laminar for Re < 320, transitional for
320 < Re < 400, and turbulent when Re > 400) could be
made. Comparison with DNS data shows good agreement
in the turbulent regime and builds trust in our data. Fur-
thermore, vortical coherent structures are studied in detail
with the additional help of kalliroscope imaging, and the
typical vortex spacing is determined to be roughly one gap
width. As a noteworthy result, we find that the onset of the
turbulent regime coincides with the range of Reynolds
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numbers at which a distance of 100 wall units is compa-
rable to the gap width.

1 Introduction

Despite the relative simplicity of its base flow, the linearly
stable plane Couette flow (pCf) still poses a very hard
challenge for the turbulence community in terms of
understanding its transition and turbulence dynamics. In
recent times, research has focussed mostly on the numer-
ical side and has produced fruitful results: Nagata (1990)
was the first to discover exact equilibria and traveling
waves (Nagata 1997) in pCf. Among others (for a recent
review, see Gibson et al. 2009), Waleffe (2003) contrib-
uted exact coherent structures by constructing them along
the lines of his self-sustaining process in shear flows
(Waleffe 1997). These results are stepping stones toward a
dynamical systems theory, where the ultimate goal is to
model turbulent dynamics in the transitional regime
through the dynamics and connections of exact invariant
solutions (Gibson et al. 2008, 2009). However, most of the
exact solutions were obtained on relatively small compu-
tational domains that are barely large enough for turbu-
lence to be sustained. In fact, these numerical studies focus
mostly on temporal evolutions and are typically not able to
capture the growth of localized turbulent regions or the
coexistence of turbulent and non-turbulent patterns
observed in real systems. Due to relaxed requirements on
the resolution and increasing computer power, it has
recently become possible to overcome this issue and to
perform simulations on domains of O(100) times the
minimal size to sustain turbulence. Philip and Manneville
(2011) report an investigation on the minimum domain
size to obtain spatiotemporal dynamics while related late
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work (Rolland and Manneville 2011; Duguet et al. 2010;
Tuckerman and Barkley 2011) scrutinizes the formation
and properties of turbulent-laminar banded patterns.
Schneider et al. (2010) extended the search for edge states,
i.e., flow patterns that lie on the boundary between tur-
bulent and laminar regimes in state space, to larger
domains.

The earliest account of the struggle an experimentalist
may face trying to set up genuine pCf was published by
Reichardt (1959). Probably owing to these practical diffi-
culties, experimental studies have remained rather scarce
throughout. Aydin and Leutheusser (1991) give a short
summary of the early work that focussed, just like the later
investigations by Bech et al. (1995) and Malerud et al.
(1995), mostly on fully turbulent states with Re of
O(1000). Tillmark and Alfredsson (1992) pioneered the
detailed exploration of the transitional regime in pCf by
triggering turbulent spots, an approach that was subse-
quently followed by Daviaud et al. (1992) and Hegseth
(1996). A different kind of perturbation was introduced by
Dauchot and Daviaud (1995) who used a wire spanned in
the neutral velocity plane along the spanwise direction to
slightly deform the velocity profile. Their analysis was
later on extended experimentally (Bottin et al. 1997; Bot-
tin and Chaté 1998; Antar et al. 2003) and numerically
(Barkley and Tuckerman 1999). Bottin and Chaté (1998)
combined the analysis of turbulent spots with an investi-
gation of the reverse transition by so-called quench
experiments in order to perform a statistical analysis of
turbulence lifetimes. Some of the latest experimental
results are due to Prigent et al. (2003) who observed
oblique turbulent stripes, closely related to the “spiral” or
“barbers’s pole” turbulence in Taylor Couette flow when
reducing Re starting from a turbulent state. This pattern is
the subject of a numerical analysis by Barkley and Tuck-
erman (2007), while simulations by Schmiegel and Eck-
hardt (2000) suggest that turbulence might persist down to
Re =~ 280 if the Reynolds number is reduced carefully. All
the experiments reported in the literature so far utilize flow
visualizations or point measurements by Laser Doppler
velocimetry or hot wire anemometry. To bridge the gap to
modern spatially and temporally resolved techniques, we
designed a flow facility that is suitable for three-dimen-
sional particle tracking velocimetry (3D-PTV). Specifi-
cally, this means using a considerably larger gap width
(3 cm instead of few millimeters in most other recent
realizations) to obtain proper optical access making it
somewhat more costly to reach large aspect ratios. Our
newly build setup enables us to present for the first time
truly 3D velocity fields along with quantities such as the
turbulent kinetic energy and the Reynolds shear stress
tensor. We will present these results together with a
comparison to direct numerical simulations.
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2 Method

A sketch of the plane Couette setup is shown in Fig. 1.
Movement is generated by a looped conveyor belt that is
driven by an electric motor attached to the top roller. Two
pairs of smaller cylinders provide additional guidance and
can be used to fine tune the position of the belt. Severe
buckling problems with the relatively large belt prohibited
the use of transparent material. Ultimately, we therefore had
to deviate from our original plan to measure in between the
up- and downwards moving sections of the belt. The pCf in
our apparatus now evolves between the moving belt, con-
sisting of a fairly solid intransparent conveyor belt, and a
glass plate located parallel to it. In contrast to most real-
izations of pCf reported in the more recent literature (e.g.,
Bottin and Chaté 1998; Tillmark and Alfredsson 1992), this
configuration results in a mean advection of half the belt
speed, necessitating a careful handling of the backflow
outside the domain. For this purpose, turning vanes are
installed to guide the flow around the corners; additionally,
the inflow is becalmed by honeycombs before (length:
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Fig. 1 Schematic of the experimental setup
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10 cm, tube diameter: 5 mm) and after (tapered at an angle
of 34° to enhance profile development, length: 5 cm on the
longer side, tube diameter: 3.5 mm) the upper turning point.
The entire setup is placed in a glass container and sub-
merged into deionized water, the working fluid in the
experiment. The coordinate system (see Fig. 1) used
throughout this study is oriented in a way that the x-axis
runs in the streamwise direction positive in the opposite
direction of the belt velocity. The y-axis denotes the span-
wise direction, and the z-axis runs normal to the walls
starting with zero at the belt. Velocity components in the
three directions (x, y, and z) are denoted by u, v, and w or
abbreviated by u;, where appropriate. The dimensions of the
flow domain are L, = L, = 1.6 mand L, = d = 3.12 cm.
This results in an aspect ratio of I'y = I'y = L,,/(d/2) =
106.6. In order to minimize boundary effects, the flow is
contained by glass walls positioned at both sides along the
edge of the belt. The gap between the glass and the moving
belt is sealed by brush seals.

A pump is used to compensate pressure losses in the
return flow. The intake and the outflow of the pump are
evenly distributed over the entire width of the flow by
using segmented pipes featuring an array of small holes.
The correct pump setting was obtained by evaluating
experimentally obtained velocity profiles. A straightfor-
ward measure to judge whether the pump setting is correct
that is applicable in the laminar as well as the turbulent
case is to check whether the streamwise velocity at half the
gap width equals half the belt speed. By iteratively
adjusting the pump setting for a given Reynolds number,
we typically managed to keep u|__, /2~ Ubelt /2 below 4% of

Upey- Another criterion of the quality of the base flow is
to check for the symmetry of the profiles. In order to
quantify the symmetry, we define the normalized integral

S = f: Au(z)dz/(uped), where Au(z) is the difference
between the measured velocity and the linear profile at any
given z-position. In case of a perfectly symmetric profile, S
goes to zero and—unlike the skewness—does not diverge
for the profiles in the laminar regime. The values we obtain
for S (see Fig. 3) are usually below 4% of uped.

The Reynolds number in a setup like this is commonly
defined using half the gap width, d, and half the belt speed,
Upelr» SUCh that Re = uype d/(4v), with v being the kinematic
viscosity. The speed upe at a given motor setting was
obtained from measurements of the time between the
passage of two marks of known distance on the belt and
could thereby be determined to within Aupe = 0.0005 m/s.
The gap was measured within an estimated error of
Ad =0.6mm or 2% of its actual value. Lastly, v was
obtained by taking temperature measurements and inter-
polating them to literature values of v. The accuracy of this
procedure is estimated to be within 1% of the actual value.
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Fig. 2 Illustration of the lightpath and camera setup (two out of four
cameras shown)

Thus, the resulting maximum relative error in the deter-
mination of Re is of the order of 3%.

As mentioned earlier and depicted in Fig. 2, the flow is
accessible for flow visualization via 3D particle tracking
velocimetry (PTV). This image-based measurement tech-
nique makes use of the stereoscopic principle to reconstruct
particle positions in space (Racca and Dewey 1988; Malik
et al. 1993; Maas et al. 1993; Virant and Dracos 1997). In
theory, it is sufficient to use images taken from at least two
different positions. Still, we record the flow field using four
cameras, which turned out to be effective in reducing
ambiguities in the particle detection while keeping cost and
space requirements limited. By linking particle positions
over several subsequent frames using a tracking algorithm
(see e.g., Ouellette et al. 2006 for details), their trajectories
and hence the three-dimensional velocities can be deter-
mined. For our study, we use a code that was developed in
house and that is also publicly available from
http://ptv.origo.ethz.ch/. The measurement volume of the
approximate size of 17 x 16 x 3 cm® was illuminated by
a 15 W Ar-Ion Laser using an array of lenses and mirrors.
The streamwise position of the measurement volume can
be varied; if not mentioned otherwise, it was located 75 cm
(~25d) downstream of the tapered honeycomb. The flow
is seeded with neutrally bouyant polyamid particles with a
mean diameter of 100 pm (trade name: Vestosint 1101,
manufactured by Evonik Industries, Germany). Typical
seeding densities were between 2.4 and 3.6 particles/cm®.
Images are recorded by all four cameras simultaneously at
a resolution of 1,280 x 1,024 pixel and a frame rate of
50 Hz. The necessary calibration of the camera setup was
achieved in two steps. At first, a flat calibration target glued
onto the belt was used to obtain a raw orientation data set.
This then served as the starting point for a dynamic cali-
bration using the so-called shaking algorithm. Instead of
using known locations of target points, this algorithm fine-
tunes the calibration by minimizing the offset of epipolar
lines corresponding to the same particle in object space. To

@ Springer


http://ptv.origo.ethz.ch/

1352

Exp Fluids (2012) 52:1349-1360

Table 1 Noise level of turbulence intensity, /, and rms velocity
fluctuations as obtained at Re = 180

Component 1 (%) rms (1074 m/s)
X 2.0 4.43
y 1.34 297
3.16 7.01
All 2.31 5.12

gauge the overall quality of the experimental setup com-
prising the accuracy of the calibration and velocity fluc-
tuations due to inflow perturbations, turbulence intensity
levels, I, and rms-fluctuations are reported for all three
velocity components in a nominally laminar flow at
Re = 180 in Table 1. These values can be regarded as an
upper bound on the measurement error.

For each Reynolds number reported, we reconstruct the
trajectories of the PTV tracer particles using 100 succes-
sive frames. This corresponds to 2 s or 1.4—4 time units
dluper at Re = 180 to Re = 500, respectively. Profiles of
flow quantities as a function of the z-component were
calculated by averaging in time as well as over slices of
0.5 mm thickness in wall-normal direction spanning over
the entire measurement domain in x and y. The average is
depicted by (-). Figure 3 shows examples of resulting
streamwise velocity profiles in the laminar (Fig. 3a) and
the turbulent regime (Fig. 3b).

In order to gain insight into larger scale structures
present in the flow, the PTV measurements were aug-
mented by investigations using a seeding of kalliroscope
particles. These flake-like particles align with the shear in
the flow (Matisse and Gorman 1984). They were illumi-
nated by a thin laser sheet and images of a domain of
approximately 0.5 x 0.5 m” were recorded.

Further, we compared our experimental results with
numerical simulations. To this end, we solved the time-
dependent Navier Stokes equations subject to stream- and
spanwise periodic boundary conditions on a box of size
[L,]?NS, L]y)NS, L]ZDNS] = [15, 15, 2] using the spectral code
Channelflow (Gibson 2009), which uses Fourier series with
periodic boundary conditions in stream- and spanwise
directions and Chebychev polynomials for the wall-wall
discretization (Canuto et al. 1998; Gibson 2009). The time
integration was performed using a third-order Adams-
Bashford Backward-Differentiation scheme with adaptive
time stepping (Peyret 2002; Gibson 2009). Starting from a
field randomly perturbed in Fourier space, the integration
was carried out over 10,000 time units d/upey. The first 500
time units of each run were discarded for initialization in
order to obtain an undisturbed fully developed turbulent
field. Unless mentioned otherwise, a spectral resolution of
[96 x 192 x 49] in x,y, and z-direction was used.
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Fig. 3 Velocity profiles of the streamwise component (blue symbols)
including rms-fluctuations (shaded gray area). The thick red line
represents the linear profile. a Re = 180, laminar, b Re = 450,
turbulent

Averages of flow quantities were taken in the same way as
in the experiment.

3 Experimental results

The main features characterizing the velocity profiles
shown in Fig. 3 are their global shape represented by the
mean value of streamwise velocity and its rms-fluctuations
indicated by the shaded gray area. In general, there are two
factors influencing the observed shape of the velocity
profiles at the measurement location with opposing effects:
in the laminar regime, the flow relaxes from the more plug-
like inflow distribution and constantly reduces the devia-
tion from the linear profile as the fluid travels downstream.
At the same time, advective transport of x-momentum due
to velocity fluctuations reduces the velocity gradient in the
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core of the domain as the flow becomes turbulent, resulting
in larger deviations from the linear profile or, as one might
say, a stronger ‘s-shape’. In order to quantify the shape of
the profiles and to assess the impact of the two effects as a
function of the Reynolds number, a sine function of the
form f(z) = A sin(2£z) was fitted to the residual difference
between measured velocities and the linear profile as
shown in the inset in Fig. 4. The main plot presents
amplitudes, A, as a function of Re at two different down-
stream positions. The results at the original measurement
position show a roughly linear increase of A until it steeply
increases to about twice its original value going from
Re =400 to Re = 425. The comparison with values

0.15 . L
5
S
<
§ 01}
~
<
0.05 |
0 ‘ /n‘ 1 1
200 300 400 500
Re

Fig. 4 Amplitude, A at two different locations: regular measurement
position ~25d downstream of the inflow (red circles) and a volume
located 30 cm (~ 10d) upstream of this position (green triangles);
Inset: exemplary difference between measured and linear velocity
profile (blue circles) and fit of the form f(z) = A sin (2—51) (solid line)
at Re = 450

200 300 400 500

Fig. 5 a Turbulent kinetic energy (blue circles); data points repre-
sent the average of 7 measurements, original data are indicated by
light gray dots. The inset shows the same data in dimensional units.
Green squares indicate single measurements taken at a position

obtained 30 cm (~ 10d) upstream of this position clearly
marks the regime of laminar relaxation up to Re =~ 375
and turbulent mixing increasing the “s-shape” from there
onwards. This implies that only above Re = 375 inflow
perturbations are strong enough to trigger turbulence that
will persist long enough to reach the downstream position.

The standard deviation of the velocity signal represented
by the shaded gray areas in Fig. 3 can—apart from a cer-
tain noise level due to measurement inaccuracies—be
attributed to velocity fluctuations that are commonly
characterized by the turbulent kinetic energy (TKE),
defined as:

E == ({@P) + (007 + (), (1)

where fluctuations u; = u; — (u;) are defined with respect to
a mean taken over thin slices parallel to the xy-plane. Note
that (-) denotes an average taken over the entire
measurement domain and time when applied to kinetic
energies (yielding a scalar) and only a mean taken over thin
slices parallel to the xy-plane, otherwise (yielding profiles as
a function of z). Figure 5 presents values of TKE as a
function of Re. In addition to E' (Fig. 5a), the figure also
displays the single components ((i/)?), ((+/)?), and ((w')?)
(Fig. 5b). It will later be shown that the scatter in these
figures stems from slow temporal fluctuations of the signal.
These fluctuations were accounted for by taking several
measurements at each Reynolds number well spaced out in
time. Clearly, TKE should be zero in the laminar regime.
However, as discussed earlier, there is a certain noise level
attributed to inaccuracies in the measurement process and to
imperfections of the flow facility, mainly the inflow
conditions. The fact that the noise level in dimensional
numbers (inset in Fig. 5a) is constant within statistical
fluctuations over the range of 180 < Re < 300 gives us

x 1
(by ,x10
X—comp.
A y_comp.
0.75 O _z-comp.
N:E
<
05
o
3
\
0.25 o
00
£.3 4% oSt 2 2
ob8.0 o Aaba &
200 300 400 500

Re

30 cm (~10d) upstream. Red line represents the fit according to
Eq. 2. b Decomposition of TKE (blue circles in a) into single

components {(u})%)
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confidence that the values presented in Table 1 are taken far
enough downstream to be unaffected by decaying inflow
perturbations. Nevertheless, upstream measurements (Fig. Sa,
green squares) indicate that considerable fluctuations originate
from the inflow and, dependent on the Reynolds number, die
out or amplify as the flow travels through the domain. The
increase in TKE happening on the broad range of
approximately Re = 320 to Re = 400 marks the gradual
transition from laminar flow to turbulence. In order to estimate
a more precise value of a transitional Reynolds number,
Re,,, at which transition starts in this experiment, a function of
the form

a

t 2
E (Re)/ubelt = NL + 1+ e,b(ReJrc) (2)

was fit to the data. Defining Re,, as the Reynolds number at
which the tangent on the inflection point of the fit intersects
the normalized noise level, NL =0.5 x 1073, yields
Re,. = 370. It is also instructive to follow the behavior of
the single components of the TKE shown in Fig. 5b: while all
three components appear equally strong as long as the flow

remains laminar, ((«/)?) is dominant after the transition; in
the range of approximately 300 < Re < 400, itis even solely
responsible for the slight increase in overall TKE. As
outlined in Tennekes and Lumley (1994), the dominance of

((u)*) may be explained by the fact that turbulent production
in the i-th component
O{us)

P = — (i
! <uu> an

i

(no sum over i) (3)

relies on velocity gradients in the mean field. Even when the
averaging was carried out more carefully by resolving the
mean velocity field in all three directions instead of just the
z-component, only the production term associated with é—';)
proved to be significant. Thus, only the x-component can
receive energy directly from the mean flow, whereas the other
components are solely fed by intercomponent transfer of

energy through the pressure-strain terms, <p’ %> (no sum

over i). It remains unclear why exactly this transfer is obvi-
ously not strong enough to render at least the unrestricted
spanwise component approximately equal to ((u)?) as it is
observed in other turbulent flows.

The (u'w')-component of the Reynolds stress tensor is
responsible for the transport of x-momentum in the
z-direction and therefore closely related to the evolution of
the shape of the velocity profiles shown in Fig. 4. Plots of
(w/'w') as a function of z are presented in Fig. 6. As a
consequence of the particle tracking procedure, there are
poorer statistics and slightly higher inaccuracies deeper in
the domain. Due to the symmetry of the flow, the region
closer to the belt, i.e., z < 0.5d, can be discarded without
loss of information. As expected, the correlations of the
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Fig. 6 Wall-normal profiles of the («'w’)-component of the Reynolds
stress tensor. A distinction is made between a laminar (dotted lines), a
transitional (solid lines) and a turbulent regime (dashed lines)

fluctuations exhibit a maximum in the middle of the
channel and reduce to zero close to the wall. For Reynolds
numbers up to 300 (dotted lines), (#'w') remains essentially
zero throughout the entire channel proving that the small
fluctuations in this regime (that reflected themselves in a
nonzero TKE for this nominally laminar flow, see Fig. 5)
are in fact uncorrelated noise. The laminar regime is fol-
lowed by what may be termed “transitional regime”
comprising the lines for Re = 325 up to Re = 400 (solid
lines). Here, the Reynolds stress attains clearly a nonzero
value in the middle of the channel and increases slightly as
a function of Re. A very pronounced increase to roughly
3 times the original value marking the beginning of the
turbulent regime is observed between the curves for
Re = 400 and Re = 425 (dashed lines). Judging from the
experimental results, there seems to be no clear depen-
dence of (u'w') on Re within the turbulent regime.

Generally, we did not encounter any signs of spatio-
temporal intermittency. Therefore, even in the transitional
regime, the results presented do not represent averages of
turbulent and non-turbulent regions but characterize a more
or less homogenous flow state.

An observation of the flow by naked eye reveals that
velocity fluctuations in the transitional and turbulent
regime are not completely random but possess also orga-
nized patterns. In order to give an insight into these
coherent structures, Fig. 7 presents plots of the y-z-view of
the field of trajectories along with isosurfaces at which the
flow speed equals half the respective belt speed. The iso-
surfaces were obtained by interpolating Lagrangian data
over 100 frames (~2 s) onto a regular Eulerian grid. At
Re = 325, there is no visible pattern in the trajectories and
the isosurface remains flat. The situation changes slightly at
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Fig. 7 y-z-view of trajectories
of a minimum length of 35
frames with red circles
indicating the start position (left
column) and an isosurface of
streamwise velocity at which

u = 0.5 upe obtained by
interpolating the data on a
regular grid (right column) with
color coding of the z-position.
a Re = 325, b Re = 325,

¢ Re = 350, d Re = 350,

e Re = 500, f Re = 500

(e)

Re = 350 were trajectories indicate the existence of weak
organized streamwise vortices and the isosurface accord-
ingly features wavy structures, resulting from the transport
of x-momentum in the wall-normal direction. Finally, in
the turbulent case at Re = 500, the flow field clearly fea-
tures several vortical structures while the isosurface has a
much higher amplitude in z-direction. The patterns are no
longer uniform in x indicating a shorter streamwise extent
of the structures at higher Reynolds numbers. From the
data, the size of the rollers could be determined to
approximately 3-5 cm (~ 1-1.5d) in y direction and filling
almost the entire gap in the direction normal to the walls.

®

The trace of the vortical structures could also be iden-
tified clearly in the images with kalliroscope seeding (see
Fig. 8 for sample pictures at different Re). These record-
ings allow for a more accurate quantification of the vortex
spacing when analyzed in terms of the power spectral
density of their light intensity distribution. Figure 9 com-
pares the premultiplied normalized power spectral density
(PSD), kPSD/I3 in the streamwise to those in the cross-
stream direction for four different Reynolds numbers. The
spectra are plotted as a function of the wavelength, 4, that
is related to the wavenumber, k, by 4 = 2n/k and [ is the
mean gray value intensity of the respective image. By
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Fig. 8 Cutout of a sample images with kalliroscope seeding at different Reynolds numbers, grayscale inverted. The shown domain is about
21 cm wide and 30 cm long, the flow direction is from top to bottom. a Re = 290, b Re = 340, ¢ Re = 390, d Re = 440

presenting the data in this way, patterns in the cross-stream
direction stand out against the mostly featureless stream-
wise spectrum that serves as a characterization of the
background distribution of light intensity in the images. At
the lowest Reynolds number of 290, there is only little
difference between the two directions but two weak peaks
are already visible around A = d and the higher harmonic
at 4 = 2d. At Re = 340, the peaks in the transverse
direction are more distinct while remaining at the same
wavelengths. This signal appears strongest at Re = 390.
However, in the turbulent regime (Re > 400) where Fig. 7

@ Springer

shows the strongest structures, the signal is again slightly
weaker. While this may seem contradictory at first, it is
well explained by the fact that in the turbulent regime, the
vortices—due to a stronger interaction among themselves
and their breakdown—are of much shorter streamwise
extend as can be verified from Figs. 7f and 8d. Thus, the
first peak at 1 = d is slightly lowered and its higher har-
monic even falls below the signal in the streamwise
direction.

Further, a noteworthy observation can be made by
comparing the spacing of the streamwise coherent
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Fig. 9 Premultiplied power
spectral density (PSD) of the
light intensity distribution of the
flow seeded with kalliroscope
particles in streamwise (green
diamonds) and spanwise (blue
circles) direction The PSDs are
premultiplied with the
wavenumber, k, normalized
with the average light intensity,
Iy and plotted over the
wavelength, A = 2n/k. The

2
0

k-PSD/I

thick lines represent the mean
taken over 100 subsequent
images in span- (solid red) and

streamwise (dashed black)
directions; vertical lines are
placed at the positions of the
peaks to guide the eye. Re is
only accurate within +10 for
these runs. a Re = 290,

b Re = 340, ¢ Re = 390,

d Re = 440

structures to a viscous scale. The wall shear stress,
7, required for the transformation was thereby obtained
from a force balance at zg located toward the center of the
channel:

0
T = per| — plulw), (4)
aZ 20

where p and p are the viscosity and the density of the fluid.
Results for 7,, where normalized by 1,,(, the theoretical shear
stress for a linear velocity profile, and are presented in
Fig. 10. The normalized values are very close to unity
throughout the laminar regime pointing to consistency and
validating the method applied to determine t,,. On the basis
of this groundwork, it is possible to determine the viscous
length given by [* = v/u, where u, = +/1,/p. It is
remarkable that the equivalent of 100 viscous length scales,
corresponding to the characteristic spacing of streaks in a
boundary layer (Kline et al. 1967) and the optimum span-
wise length scale reported by Waleffe (2003) for shear flows
only coincides with the gap width at Reynolds numbers
around Re =~ 400, close to the onset of the fully turbulent
regime. Our observation further corroborates a conclusion
drawn by Alfredsson and Matsubara (2000) stating that
transition through instabilities of streaky structures and their
consequent regeneration will only occur if 100/*/d < 2.
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Fig. 10 Wall shear stress (right axis) normalized by the theoretical
value in case of a linear velocity profile (blue diamonds) and 100/*
(left axis) as a function of the Reynolds number; measured (red
circles) and calculated values for the linear velocity profile (dashed
line). Dotted horizontal lines approximately indicate the range of
observed vortex spacings (cf. Figs. 7, 9)

4 Numerical results
For comparison, we also performed numerical simulations

on the range of Reynolds numbers from Re = 370 to
Re = 500 (for details on the computation see Sect. 2) and
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analyzed the data in terms of («'w’) and TKE. It is known
that turbulence in numerical cells may decay depending on
initial conditions, the cell size, and the resolution (Hamilton
et al. 1995; Schmiegel and Eckhardt 1997). Since our
domain is not much larger than the minimum cell to sustain
turbulence (Hamilton et al. 1995), no intermittent behavior
can be expected. In our investigations, decay of turbulence
was observed for some but not all Reynolds numbers below
Re = 415. Whenever a decay occurred, it was sudden and
quickly led to a completely laminar state. At the same time,
the forcing via initial conditions was strong enough to
trigger at least transient turbulence and none of the simu-
lations ever exhibited a transitional regime as it was
observed experimentally between Re = 325 and Re = 400.
It therefore seemed appropriate to average numerical results
only over periods of times in which the flow remained
turbulent or, if this period was too short to obtain conver-
gence on the turbulence statistics, to entirely discard runs
that relaminarized. Hence, the presented numerical results
inherently only characterize the turbulent regime.

Figure 11 presents a comparison between experimental
and numerical results for (#'w’). In order not to overload
the figure, only the values in the center of the channel (or
the average over 0.45 <z < 0.55 in case of the experi-
ment), labeled (u'w'),,, are reported. It is obvious from the
results that the simulations do not exhibit the same kind of
transitional regime as the experiment. In fact, almost the
same level of turbulence is reached at least for a transient
for all Reynolds numbers investigated. The same obser-
vation can be made when looking at the comparison for the
TKE data presented in Fig. 12. This figure also shows that
the temporal fluctuations of the TKE in the simulations,
represented in terms of their standard deviation by the
shaded area, is of the order of the experimental scatter at a
single Reynolds number. As Fig. 13 proves, the simula-
tions also reproduce the distribution of the TKE into its
single components very well. Probably, due to its confin-
edness, the wall-normal component in the turbulent regime
remains about 3—4 times lower than the one associated with
the spanwise direction in the simulation. This behavior is
not as pronounced in the experimental data, which might
be related to the fact that measurement noise is higher in
the z-component. Quite interestingly, the streamwise
component displays a rather consistent decrease with
increasing Re, a feature that may also be present in the
experimental data but remains less conclusive.

5 Discussion
The transitional Reynolds number of Re, = 370 deter-

mined in this work agrees with the one found by Malerud
et al. (1995). However, since transition largely depends on
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the specific perturbation that is for the most part unknown
in our case, this number can merely serve as a means to
judge the quality of our facility. For perturbations strong
enough, it is shown that turbulence can be triggered at
Reynolds numbers as low as Re = 325 (Bottin and Chaté
1998). From Figs. 5 and 11, we conclude that the inflow
perturbations in our experiment do not suffice to trigger
turbulence for Re < 400. This threshold is remarkably high
in view of the fact that the perturbation at the inlet is
expected to increase as the Reynolds number and thereby
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squares,

the pump setting as well as the mean dynamic pressure of
the flow are increased. A fully turbulent regime on the level
of the numerical predictions is only reached once Re
exceeds 400, exactly the value at which Daviaud et al.
(1992) report turbulence invading their flow domain. This
observation is in strong support of a proposal by Prigent
and Dauchot (2005) who suggests that the turbulent state
becomes globally attractive at Re = 400 and only few
initial conditions lead to a laminar flow for Re > 400.
Within the turbulent regime, a very good agreement was
found between experimental and numerical data validating
our measurements. Combining Figs. 5 and 6, a transitional
regime can be defined spanning from roughly Re = 320 to
Re = 400. The lower value corresponds to the first sig-
nificant increase in TKE, especially E, and {u'w’). The
upper bound is not as well defined but chosen according to
the jump in ('w’) between Re = 400 and Re = 425. As
mentioned earlier, this regime features no intermittency but
is dominated by streamwise vortices that lead to interme-
diate values of (#'w') and TKE. Its lower threshold coin-
cides fairly well with the minimum Re of 325 at which
sustained spots can be triggered (Bottin and Chaté 1998).
While all of the measurements reported here were con-
ducted increasing the Reynolds number possible hysteresis
effects on the reverse transition were also investigated. In
accordance with Malerud et al. (1995), no significant dif-
ferences were found whether Re was decreased or
increased before the measurements. All these observations
are reminiscent of the regime of streamwise vortices
observed by Bottin et al. (1998) when perturbing the flow
by a spanwise wire. For very thin wires, they observed a
transition to streamwise vortices at Re = 305 and turbu-
lence for Re > 370 with no intermittent regime in between.
It seems possible that the inflow profile behind the tapered

honeycomb is susceptible to a similar kind of instability as
the one triggered by the wire. However, an investigation
into the linear stability of developing Couette profiles
started from rest by Tillmark and Alfredsson (1992)
revealed no growing modes. Another explanation is that in
the sequence from noise to streaks and subsequent spot
nucleation (Duguet et al. 2010), there is not enough time
for secondary instabilities of the streaks to grow suffi-
ciently and to cause their localized breakdown into turbu-
lent spots. It remains an open topic to what extent the
presented flow field lends itself to the study of such
exciting features of pCf such as intermittent turbulence or
oblique turbulent bands. The investigations so far could not
answer this question conclusively. Apart from the flow
field, there are some practical difficulties; namely these are
the relatively short possible observation times due to the
mean advection and the fact that transient changes of Re
demand a simultaneous change of belt speed and pump
setting that is hard to coordinate faithfully. The question
will be subject of further studies.

So far, we were able to successfully establish a genuine
pCf that is accessible to 3D-PTV. This enabled us to for the
first time measure fully three-dimensional velocity fields
resolving the entire gap width. In our study, we determined
important quantities such as TKE and Reynolds shear
stress. This goes along with a clear distinction of a laminar
(Re < 320), a transitional (320 < Re < 400), and a fully
turbulent regime (Re > 400). Lastly, we were able to
characterize streamwise vortical structures that occurred
mainly in the transitional regime in terms of 3D velocity
fields and power spectra. A typical vortex spacing of
roughly one gap width was observed. It could be shown
that the onset of turbulence coincides with the Reynolds
number at which 100/*, an optimum spanwise length scale
in various shear flows (Kline et al. 1967; Waleffe 2003),
roughly matches the gap width, i.e., transition occurs only
when the outer scale exceeds the required inner scale.
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