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ABSTRACT
We report first experimental data of the wall shear stress in turbulent air flow in a large-scale Rayleigh–Bénard experiment. Using a novel,
nature-inspired measurement concept [C. H. Bruecker and V. Mikulich, PLoS One 12, e0179253 (2017)], we measured the mean and fluc-
tuating part of the two components of the wall shear stress vector at the heated bottom plate at a Rayleigh number Ra = 1.58 × 1010 and
a Prandtl number Pr = 0.7. The total sampling period of 1.5 h allowed us to capture the dynamics of the magnitude and the orientation of
the vector over several orders of characteristic timescales of the large-scale circulation. We found the amplitude of short-term (turbulent)
fluctuations to be following a highly skewed Weibull distribution, while the long-term fluctuations are dominated by the modulation effect
of a quasi-regular angular precession of the outer flow around a constant mean, the timescale of which is coupled to the characteristic eddy
turnover time of the global recirculation roll. Events of instantaneous negative streamwise wall shear occur when rapid twisting of the local
flow happens. A mechanical model is used to explain the precession by tilting the spin moment of the large circulation roll and conserva-
tion of angular momentum. A slow angular drift of the mean orientation is observed in a phase of considerable weakening of mean wind
magnitude.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0006610., s

I. INTRODUCTION

Since Ludwig Prandtl’s pioneering work, we know that the local
heat transport at a surface with a temperature differing from that
of the surrounded fluid is linked to the local momentum transport
across the fluid layer close to the surface.1 Measurements of the local
wall shear stress (WSS) may, therefore, contribute to a better under-
standing of the convective heat transfer process. However, this kind
of data reflecting the dynamics of the local heat/momentum trans-
port is rare, and to our knowledge, the present work is the first one
providing measurement data of the instantaneous two-dimensional
(2D) vector of the local WSS in thermal convection.

Following Prandtl’s idea, Ludwieg carried out a first analysis
of the relationship between the heat and momentum transport in
thermal convection. Unfortunately, he did not have the appropriate
metrology, and he could obtain only the time-averaged WSS from
measurements of the profile of the velocity parallel to the wall.2 For
large-scale air convection studies such as in the so-called “Barrel of

Ilmenau” (BOI), the existing database is still limited to mean veloc-
ity profile measurements from which only a single component of the
mean WSS could be derived. Due to the lack of sufficiently sensitive
sensors of the WSS, the current status quo in such data knowledge is
therefore solely available fromDirect Numerical Simulations (DNS).
Such simulations provide the local WSS vector information in time
but usually for a limited simulation period of only a few tens of min-
utes. First simulation data, published by Scheel and Schumacher,3

show the existence of singularities in the wall shear stress vector
field similar to those reported in Bruecker.4 These singularities are
considered as footprints of large eruptions of fluid parcels from the
wall, which significantly affect the heat transport.5 It is, therefore,
the authors’ conclusion that the information on the magnitude and
the angle of the WSS vector as well as the information on its tempo-
ral behavior are crucial to understand the local momentum and heat
transport processes at the wall.

In order to measure the instantaneous WSS in low-speed air
flows, Bruecker and Mikulich developed a novel sensor that was
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particularly designed to be used in large-scale convection air flows
such as in the Barrel of Ilmenau.6 As the authors of the paper report,
the sensitivity and the dynamic response of the sensor, which is
based on a nature-grown dandelion pappus, were sufficiently good
to resolve the dynamics of the very small WSS in thermal convection
in air. The present work reports the first application of this sensor
in a large-scale convection experiment in the BOI. It addresses the
hitherto unknown dynamics of the WSS by simultaneously measur-
ing the magnitude and the direction of the WSS vector. The results
display the behavior of the modulation of the local WSS by the outer
main wind and give insight into the statistics and dynamics of the
turbulent boundary layer.

The paper is organized as follows: In Sec. II, we describe the
essentials of the measurement technology as well as the convection
experiment wherein the sensor has been applied. Section III contains
the results of our measurements, and in Sec. IV, we summarize our
discussion.

II. EXPERIMENTAL SETUP AND MEASUREMENT
TECHNIQUE
A. The large-scale Rayleigh–Bénard experiment
“Barrel of Ilmenau”

TheWSS measurements were carried out in the so-called “Bar-
rel of Ilmenau (BOI)” a Rayleigh–Bénard (RB) experiment using air
(Pr = 0.7) as working fluid (see Fig. 1) and with the sensor mounted
at the center of the bottom plate. The BOI consists of a virtually
adiabatic container of cylindrical shape with an inner diameter of
D = 7.15 m. A heating plate at the lower side releases the heat to the
air layer, and a cooling plate at the upper side removes it. Both plates
are carefully leveled perpendicular to the vector of gravity with an
uncertainty of less than 0.15○. The thickness of the air layer H can
be varied continuously between 0.15 m < H < 6.30 m by moving the
cooling plate up and down. The temperature of both plates can be
set to values of 20 ○C < Th < 80 ○C (heating plate) and 10 ○C < Tc
< 30 ○C (cooling plate). Due to the specific design of both plates (for
more details, see du Puits et al.7), the temperature at their surfaces

is very uniform and the deviation does not exceed 1.5% of the total
temperature drop ΔT = Th − Tc across the air layer.

The variation of the surface temperature over the time is even
smaller and remains below ±0.02 K. The sidewall of the convec-
tion cell is equipped with an active compensation heating system
that efficiently prevents a heat exchange between the interior of the
RB cell and the environment. Glass windows in the top plate allow
the optical access to the interior of the test section for the illumi-
nation and for taking recordings. For our measurements, we used a
smaller inset of diameter D = 2.5 m and height H = 2.5 m that was
placed within the large-size test section (see also Fig. 1). The tem-
perature at the bottom heating plate was set to Th = 25 ○C and at the
top cooling plate to Tc = 15 ○C, thus providing a temperature dif-
ference of ΔT = 10 K. The Rayleigh number Ra = (βg ΔTH3)/(νκ)
under these conditions is Ra = 1.58× 1010, with the thermal expan-
sion coefficient β = 3.421 × 10−3 K−1, the gravitational acceleration
g = 9.81 ms−2, the kinematic viscosity ν = 1.532 × 10−5 m2 s−1 at 20○,
and the thermal diffusivity κ = 2.163 × 10−5 m2 s−1. The particular
benefit of the inset configuration is the fact that the vertical tem-
perature distribution inside and outside the inset equals, therefore,
the sidewall can be considered as fully adiabatic. The characteris-
tic timescale of the flow in the test section is the so-called free-fall
time unit, defined as Tf =

√
βgΔTH, which is about Tf = 2.7 s

for the current configuration. Another timescale is the character-
istic eddy turnover time Te of the large circulation cell (LSC) in
the form of a single recirculation roll, which is calculated from the
mean wind U = 0.15 ms−1 and the circumference of the cell to about
Te = 50 s.

B. The wall shear stress sensor
The sensor including its calibration in the BOI is described in

detail in Bruecker and Mikulich.6 It follows the principle of an indi-
rectWSSmeasurement by calculating the near-wall velocity gradient
from the wall-parallel velocity at a given (short) distance from the
wall. It is based on the flow-induced deflection of an elastically-
mounted cantilever beam (inverted pendulum) that is built at his
head from a pappus of micro-hairs (nature-grown dandelion pap-
pus) (Fig. 2). To maximize the sensitivity, the sensor’s head consists

FIG. 1. (a) Sketch of the large-scale
Rayleigh–Bénard experiment “Barrel of
Ilmenau” with the smaller inset of
D = 2.5 m. The origin of a Cartesian coor-
dinate system is fixed with the center of
the bottom wall (the location of the wall
shear stress sensor) in the x, y plane
and the z axis pointing normal to the wall
toward the top plate. (b) Mean velocity
profile in the boundary layer of the BOI7
at the center of the cell. The plot shows
the magnitude of the velocity vector at
the centerline in different planes z par-
allel to the surface of the wall. Inserted is
a true-scale sketch of the sensor with its
head at z0 = 7 mm, illustrating that it is
fully surrounded by the linear part of the
velocity profile.
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FIG. 2. Principle of the measurement
concept using a wall-mounted cantilever
beam with a pappus head (left). Pic-
tures of the pappus sensor fixated with
the stem in the flexible membrane at the
bottom plate of the BOI (right).

of a pappus of slender hairs with a diameter of a few tens of microm-
eters, acting as an antenna. The mechanical behavior of the sensor is
described in Bruecker andMikulich6 as a forced systemwith second-
order response in overdamped condition (overdamped harmonic
oscillator). A calibration of the mechanical model can provide the
two unknown variables of the solution to the response function, the
constant gain K and the cut-off frequency f c, the frequency at which
the sensor can no longer follow the excitation. A detailed view of
the sensor is shown in Fig. 2. The stem and head were taken from
a nature-grown dandelion with a pappus of radially arranged slen-
der hairs (mean length l = 7 mm, mean diameter d = 30 μm).6 It has
a stem height of z0 = 7 mm and the overall radial diameter of the
pappus is about Dp = 14 mm. The Reynolds number Re of the flow
around the individual hairs—simplified as thin cylinders of diameter
d—is of the order of Red ≈ 2 for air speeds of 1ms−1. Thus, the drag is
dominated by viscous friction and it scales, therefore, approximately
linear with the flow speed.8–10 The elastic joint, at which the stem’s
foot is bonded, is made from rubber silicone (Polydimethylsiloxane,
PDMS; Youngsmodulus E ≈ 1.5MPa) and acts as a linear-elastic tor-
sional spring with uniform bending stiffness in the radial direction.
When the stem with the pappus is exposed to an air flow parallel to
the wall, the resulting torque tilts the stem around the joint, similar
to an inverted pendulum. As the tilt is proportional to the torque, the
latter can be measured indirectly by the end-to-end shift vector Q⃗(t)
of the tip relative to the wind-off reference. We capture the tilting
motion of the pappus by imaging its orbital motion from top, which
provides the projection of the tip’s end-to-end vector in the hori-
zontal x, y plane at z = z0 with Q⃗x,y(t) = [Qx(t),Qy(t)]. For small
tilt angles and a sufficiently small sensor scale with z0 ≪ δ, these
quantities are directly proportional to the wall shear stress compo-
nents τx ,y (see also in Skupsch et al.11). In 3D flows, the wall shear
stress is a vector τ⃗(t) = [τx(t), τy(t)] with the streamwise and the
spanwise component (assuming the mean flow parallel to the wall in
x-direction), respectively. Both components are defined by the wall-
normal velocity gradients ∂ux/∂z∣z=0mm and ∂uy/∂z∣z=0mm at the
wall (in the plane perpendicular to the wall-normal coordinate z).
Using a Taylor expansion, the information of the velocity field in the
x, y plane close to the wall at a distance z = z0 is related to the wall
shear stress as follows:12

τx,y = μ
ux,y(z0)

z0
+ O(z0)2, (1)

with
ux,y(z0) ≈ KQx,y. (2)

The second order term in Eq. (1) can be neglected in the
viscous-dominated near-wall region (viscous sublayer). Previous
flow studies in the BOI using Laser Doppler Velocimetry show a
typical profile of the mean velocity at the position of the sensor,
measured by using Laser Doppler Velocimetry, see Fig. 1. The lin-
ear part of the profile as indicated by the dashed line represents the
viscous sublayer close to the wall. The picture additionally displays
a true-scale sketch of the sensor, which illustrates that the sensor
is at the edge of the linear regime. Measurements by Ampofo and
Karayiannis13 in a similar low-turbulence convection flow as stud-
ied herein show that the viscous sublayer thickness is of the order
of 10% of the outer boundary layer, similar as observed in the BOI.
The constant gain K in Eq. (2) was measured in situ using a wind-
generating device placed inside the BOI under isothermal conditions
(see Fig. 3). The air flow is generated with a planar nozzle that gener-
ates a Blasius-type wall-jet at the location of the sensor 20 slot heights
hs away.6 Different jet velocities up to v = 1.50 ms−1 have been set
and the deflection Q⃗x,y of the sensor head was measured.

The results of the calibration procedure show a proportional
increase of Q⃗x,y with the velocity of the Blasius jet at z0. Recall-
ing that a linear relationship is expected between air velocity and
pappus drag, a linear regression is applied to the measurements for
the interesting range of velocities <0.8 m/s, which provides the gain
K = 1000 s−1 with the standard error of 5%.

Beyond a velocity of about 0.8 ms−1, the recordings show that
the configuration of the hairs starts to change over time and the
linear relationship is no longer valid. This critical value is never
exceeded in the convective airflow in the BOI. A step-response test
with the sensor further provides the dynamic response, given as the
magnitude and phase of the transfer function, see Figs. 3(c) and 3(d).
The curves match the response of a second-order critically damped
mechanical oscillator from which one obtains the cut-off frequency
f c, at which the sensor can no longer follow the signal (the response
starts to roll-off at −40 dB per decade). This is at a frequency of
100 Hz, which alternatively means a response time of approximately
about τ95 = 10 ms in reverse. Since the typical timescale of the small-
est near-wall fluctuations has been measured in the past with about
0.5 s,14 the sensor works completely in the range of constant ampli-
tude response (gain) and zero phase-shift in the measurement range
of f < 2 Hz, capable to map the full dynamics of the flow.

C. Optical setup for sensor imaging
The optical setup for the tip-deflection measurements is shown

in Fig. 1. The pappus sensor at the bottom plate was illuminated
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FIG. 3. Sketch of the wall-jet apparatus (a) for static sensor calibration shown in (b). The dynamic response was measured with a step-response test with the magnitude
and phase given in (c) and (d), respectively. The dashed line in (c) indicates the theoretical response of a second-order critically damped system fitted to the measured
parameters.

by a defocused Laser beam (Raypower 5000, 5 ∼ W power at
λ = 532 nm, Dantec Dynamics, Skovlunde, Denmark) expanded to
illuminate a spot of 50 mm diameter at the floor. A CCD cam-
era (mvBlueFOX3-1031, Matrix Vision, Oppenweiler, Germany)
placed on top of the cooling plate acquires the deflection of the
sensor head in the wall-parallel x, y plane with a resolution of
2048 × 1536 px2 and a frame rate of 10 Hz. The camera is
equipped with a long-distancemicroscope (model K2/SCTM, Infinity
Photo-Optical, Goettingen, Germany) that provides a resolution of
185 px/mm. A total of 54 000 images were recorded in a single mea-
surement campaign. The images are streamed via USB ∼ 3 to the
hard disc of a desktop. This equates to a maximum of 1.5∼h of the
observation time per experiment. To avoid any vibrations during
the recordings, the facility was left alone after starting the record-
ing and no external disturbance could enter the RB cell. In order to
remove any vibration induced by leaving and re-entering the facil-
ity, the first and the last 2–3min were rejected before we analyzed the
data.

The tip displacement vector in the images is obtained using a
2D cross-correlation method similar to that in the particle image
velocimetry technique,15 where we compare the quadratic subsec-
tion of the sensor image between wind-off and wind-on situation.
The shift in the tip position relative to wind-off is determined

with subpixel accuracy using a 3-point Gaussian fit of the correla-
tion peak in x- and y-direction, which has an uncertainty of about
0.05 px. A reference marker on the floor is used to correct for poten-
tial vibrations of the camera during the recordings. After multipli-
cation of the shift with the lens magnification, the vector Q⃗x,y(t)
of the sensor head is recovered for each time-step in the image
sequence.

In order to make our data comparable with velocity-gradient
data recently obtained from PIV measurements, we consider in the
following the viscosity-divided WSS τx ,y/μ (known as the wall-shear
rate) with the two components:

τx(t)/μ = KQx(t)/z0,

τy(t)/μ = KQy(t)/z0,
(3)

and we define the direction and themagnitude of theWSS as follows:

Φ(t) = atan(τy(t)/τx(t)),

Ψ(t) = 1
μ
∥τ∥ = 1

μ

√
τ2x(t) + τ2y(t).

(4)

We capture our data with a sampling frequency of 10 Hz.
In order to remove outliers, the data were filtered in time with a
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fourth-order Butterworth low-pass filter designed with a −3 dB cut-
off frequency at 2 Hz. We have selected this particular frequency,
since the typical timescale of the smallest near-wall fluctuations has
been measured in the past with about 0.5 s.14 Our long-term record-
ing of totally 54 000 samples covers more than 100 LSC turnover
times Te, and ensures sufficient statistical evidence even for the long
timescales.

III. RESULTS AND DISCUSSION
Preceding the discussion, it is worth to note that earlier studies

in the barrel with a similar aspect ratio indicate the existence of only
a single LSC roller that was observed also to perform angular oscilla-
tions around amean direction. The normal flowmode present in the
BOI is where the mean orientation of the LSC is locked in one par-
ticular direction. Because of the modulation effect, which the outer
flow enforces on the signal on the floor, the WSS signals should also
reveal the footprint of this wiggling motion. Figures 4(a) and 4(b)
show the complete time trace of the direction Φ(t) and the magni-
tude Ψ(t) of the WSS (viscosity-divided WSS τx ,y/μ) over a period
of 1.5 hours. Overlaid in color is the low-pass filtered data Φ̃LSC
and Ψ̃LSC (fourth order Butterworth low-pass filter designed with a
−3 dB cut-off frequency at 0.003 Hz), based on the notation used
in Shi et al.16 Therefore, turbulent events happening close to the
wall are filtered out (higher frequency), while the footprint of fluc-
tuations of the mean wind direction and magnitude of the LSC
remain.

Both the original data, the direction Φ(t) and magnitude Ψ(t)
of the WSS vector, fluctuate over time at a high frequency. Mean-
while, the low-pass filtered WSS vector is almost perfectly aligned
with the x-axis in phase A (t = 0 s–3000 s). Beginning at t = 3000 s,
a phase of a very slow drift of the angle Φ̃LSC in counterclockwise

direction is seen, see phase B (t = 3000 s–5000 s). This angular drift
indicates a slow precession of the mean axis of the LSC, meanwhile
the oscillations at higher frequencies persisted. Such a slow preces-
sion mode can replace the normal flow mode present in the BOI.
Initially, at t = 1000 s in phase A, the meanWSSmagnitude amounts
to Ψ̄ = 40 s−1. It decreases then slowly over a period of 2000 s
further down to Ψ̄ = 30 s−1 at the end of Phase A (=3000 s) and
finally reaches, in a rather short period, a minimum of Ψ̄ = 20 s−1 at
t = 4000 s in phase B [see Fig. 4(b)]. The final slow-down lasted only
about 1000 s (366 units of Tf ), which is when the angle Φ̃LSC changed
by π. Figure 5 illustrates the complex behavior of the flow in the x,
y plane as a trace plot of the original and low-pass filtered WSS vec-
tor. As discussed before, the mean direction of the LSC in phase A
(the red part of the time-filtered signal in Fig. 4) was almost con-
stant toward north (positive x-axis), while in phase B the plane of the
LSC shows a nearly constant angular drift in the counterclockwise
direction.

When correlating the onset of the angular drift with the mag-
nitude of the WSS, the data let us conclude that the mean axis of
the LSC started to rotate at a time, when the magnitude of the main
wind started to critically slow down. If we again follow the argument
of the outer modulation effect, then the magnitude of the low-pass
filtered WSS is proportional to the characteristic velocity of the LSC
(mean wind). From that, we can estimate the kinetic Energy Ēkin of
the LSC as proportional to the square of the magnitude of the WSS
with Ēkin ∼ Ψ2. The results show, therefore, that the average kinetic
energy of the mean wind in phase B is reduced to about 50% of
the energy in phase A. Such a slow-down was also observed by du
Puits et al.7 We hypothesize herein that the slow-down of the kinetic
energy of the mean wind may have triggered the angular precession.
The timescale of this precession is rather long, as it takes about 20
characteristic eddy turnovers of the LSC while the orientation drifts
only along an angular arc of π.

FIG. 4. (a) Plot of direction Φ(t) and (b)
magnitude Ψ(t) of τ/μ over a period of
1.5 h. Overlaid in color is the profile of the
time-filtered signal of the direction Φ̃(t)
and the magnitude Ψ̃(t). Two different
characteristic phases are coded in color
(phase A in red, phase B in blue).
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FIG. 5. Time trace of the viscosity-
divided WSS vector τ/μ(t) in the x, y
plane, comparable to the trace Q(t) of
the sensor head. (a) τ/μ(t) in phase A;
(b) time-filtered signal τ̃/μ(t) in phase A
(full red line) and in the successive phase
B (dashed blue line).

We further analyze the temporal behavior of the magnitude Ψ
and the angle Φ by computing their autocorrelation functions,

Cxx(Δt) = lim
n→∞

1
n

n

∑
i=1

xi(t)xi(t + Δt). (5)

We plot short in Figs. 6(a) and 6(b) exemplary short sequences
of the time traces of Ψ(t) andΦ(t) together with the autocorrelation
functions Cxx(Ψ) and Cxx(Φ) calculated from the full data. While the

oscillations of the magnitude Ψ(t) seem to be rather irregular [see
Fig. 6(a)], the plot ofΦ(t) reveals a low frequency oscillation around
the mean with a frequency of about 0.02 Hz [see Fig. 6(b)]. This
oscillatory variation of the orientation of the WSS angle Φ(t) over a
range of more than ±25○ is similar as already observed in Shi et al.16

The timescale related to this oscillation corresponds to the charac-
teristic turnover time Te ≈ 50 s of the LSC. Its quasi-periodic nature
is highlighted in the plot of the autocorrelation function Cxx(Φ)
[see Fig. 6(d)], which shows strong periodic correlation peaks at

FIG. 6. (a) and (b) Time series of magnitude Ψ(t) and direction Φ(t) of the wall shear stress vector τ/μ for phase A, 400 s < t < 700 s. (c) and (d) Autocorrelation function of
the magnitude Cxx (Ψ) and the direction Cxx (Φ) for phase A.
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multiples of the time-lag Te [Fig. 6(d)]. The dynamical system has
obviously two attracting states in the orientation of the LSC overlaid
with a certain fraction of noise/turbulence.17

Furthermore, the result shows a long-term modulation of the
angular oscillations. The peak amplitude of the correlation slowly
decreases for increasing time lag to about zero at a time lag of
Δt = 450 s (corresponds to 9Te) and then increases again to a
local peak correlation value Cxx(Φ) = 0.2 at Δt = 700 s (14Te).
The observed slow-down of the mean wind in phase B could be a
consequence of this low-frequency modulation.

In the following, we exclusively focus on phase A when the
mean direction of the wind is constant on a large timescale and
aligned with the x-axis with a mean WSS magnitude of ∣τx∣/μ
= 35 s−1 and a rms of τ′x,rms/μ = 18.3 s−1. An interesting feature is
the observation of a negative streamwise wall shear stress τx as seen
in the traces in Fig. 5(a), when the line crosses the second or third
quadrant in the left sub-figure. Such events are observed in turbulent
RB convection for the first time, but they were observed recently in
turbulent boundary layer flows.4

Figure 7 shows the angular probability density function (PDF)
of the yaw angle of the WSS as a wind rose plate with a mean direc-
tion toward north (x-axis). The angle Φ of the rays relative to north
represents the yaw angle, while the length indicates the probability
over all samples recorded in phase A. The magnitude Ψ is overlaid
in color. The graph is similar to that used by Bruecker displaying the
measurements of the statistics of the wall shear stress in turbulent
boundary layer (tbl) flows.4 The distribution shows a type of cone,
in which mean angles between ±25○ around the x-axis predominate.
However, there are also, even rarely, events of τ, in which the yaw
angle exceeds ±90○. Thus, these rare events can be associated with
events of large spanwise τy, first argued in a zero-pressure-gradient
tbl.4 The probability and the yaw angle of the rare events in thermal
convection are quite similar to those reported from tbl measure-
ments. It, however, remains open if the origin of such events is the
existence of quasi-streamwise vortices as argued in the case of tbl.

The observation herein indicates a rapid temporal variation of the
local direction of the fluctuating wall shear stress, representing a high
angular velocity of the WSS vector τ during these events. Figure 7(c)
shows the PDF of the streamwise WSS normalized with the rms. It
demonstrates a non-symmetric distribution with the proof of certain
probability of negative streamwise WSS events. The measured PDFs
shown in Fig. 7(c) can be well described by the following generalized
extreme value (GEV) distribution:18

P(x′; λ, k) = 1
λ
(1 + kx′)−(1/k+1)e−(1+kx

′)−1/k , (6)

where the variable x′ = (x − m)/λ with the shape parameter k, the
scale parameter λ, and the location parameter m. The fit provides
a shape parameter of k = −0.1907 (λ = 0.937, m = 1.5403). For
k < 0, the distribution is reduced to the reversedWeibull distribution
and has zero probability density for x > −λ/(k + m). From the fitted
values of x, we find the corresponding upper bound with x > 6.4553.
Note that the herein observed distribution is reverse to the typical
Weibull-type distribution observed in tbl, see the reference curve in
Fig. 7(c) from Ref. 19. This means negative streamwise WSS events
can have higher magnitude in convection flows.

With respect to the occurrence of extreme events, it is quite
difficult to analyze the data using classical conditional averaging
methods or a fixed threshold definition due to this particular modu-
lation of the magnitude and the orientation of the mean flow. Here,
we try to discriminate the amplitude of the fluctuating WSS sig-
nals into separate timescales. We distinguish between the periodic
transitive dynamics represented in the low frequency dynamics of
the mean wind and the small-scale turbulent fluctuations. To this
end, we apply envelope functions with different time windows on
τx to determine the amplitudes of these fluctuations on the differ-
ent timescales. The envelope is calculated from the Matlab toolbox
and uses a sliding time-window that connects within the window the
local peaks (upper envelope for local maxima and lower envelope for
local minimum peaks) with a smoothed spline.20

FIG. 7. (a) Polar plot of probability distri-
bution of the wall-shear angle in phase
A (mean wind flow is in x-direction). (b)
Zoom-in the image of the data given
in the left. Angular steps are in 5○.
The color indicates the magnitude in the
ranges given in the legend bar. (c) PDF
of the streamwise wall shear stress nor-
malized with its rms. The solid line repre-
sents the generalized extreme value dis-
tribution according to Eq. (6) and with the
parameters given in the text. The dashed
line shows the results from Örlü and
Schlatter for a zero pressure-gradient
turbulent boundary layer flow.19
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FIG. 8. Peak-to-peak amplitude of the
fluctuations of τx at different timescales.
(a) Time trace of τx (black line) with
envelopes of the small-scale (ss) and
large-scale (ls) fluctuations (thin blue and
red lines, respectively). (b) Probability
density function (PDF) of the small-scale
fluctuations (the solid line is a Weibull fit
with a scale parameter λ = 0.673 and a
shape parameter k = 1.223), (c) PDF of
the large-scale fluctuations (the solid line
is a Gaussian fit with a mean value of
τ̄x = 2.85 and a standard deviation of
σ(τx ) = 0.92).

For the low frequency dynamics, we chose a window of 15 s,
while using a shorter time window of 0.5 s for the small-scale turbu-
lent structures. One typical example of such an enveloping curve is
plotted along with the original signal in Fig. 8(a). In order to analyze
the amplitude of the fluctuations, we compute the absolute differ-
ence between the upper and the lower envelopes |τx ,max − τx ,min|
and determine the probability density function (PDF) for both time
windows [see Figs. 8(b) and 8(c)]. The PDF of the small-scale (ss)
fluctuations using a time window of 0.5 s is shown in Fig. 8(b) and
that for the large-scale (ls) fluctuations is shown in Fig. 8(c). The
ss fluctuations of the streamwise wall shear stress follow a Weibull
distribution according to the expression

P(x; λ, k) = k
λ
(x
k
)
k−1

e−(x/λ)
k

, (7)

(with the scale parameter λ = 0.637 and the shape parameter
k = 1.223), the ls fluctuations are clearly Gaussian distributed. The
latter indicates a normal distribution of the amplitude of the angu-
lar fluctuations of the orientation of the LSC, as this contributes to
the cyclic variation of τx. In conclusion, extreme events are more
likely, if large excursions occur simultaneously for both statistical
distributions.

IV. CONCLUSION
We have presented and discussed the first measurements of

the instantaneous wall shear stress in a large-scale Rayleigh–Bénard
experiment at Rayleigh and Prandtl numbers Ra = 1.58× 1010 and

Pr = 0.7, respectively. Using a novel, nature-inspired pappus sen-
sor, we measured the magnitude and the orientation of the local
wall shear stress vector at the center of the heated bottom plate. The
results of our 1.5 h measurement series demonstrate that this vec-
tor undergoes strong fluctuations in its magnitude as well as in its
orientation. Important to note is that the sensor signal at the wall
represents the sum of both the fluctuations on small timescales due
to the turbulent nature of the boundary layer, and, in addition, the
dynamics of the LSC due to the modulation effect of the outer flow
onto the near-wall region. Therefore, our measurements allow also
drawing conclusions on the magnitude and orientation of the main
wind in the LSC. On average over a period of 3000 s (phase A), the
mean wind is almost perfectly aligned with the x-axis. However, we
observe a clear quasi-periodic angular precession of the orientation
of the LSC in the range 50○–60○ around the mean, each half-cycle
taking exactly the time of one eddy turnover time Te ≈ 50 s. The
strong periodicity is manifested by the plot of the autocorrelation
function Cxx(Φ), which shows periodic peaks at multiples of the
eddy turnover times with values larger than 0.2 even after more than
900 s [see Fig. 6(d)]. Such a strong periodicity in the angular oscilla-
tions has not been observed so far and motivated us to illustrate the
dynamics of the LSC in a simplified mechanical model for further
discussion.

A schematic mechanical model is illustrated in Fig. 9 to discuss
the observed regular oscillations. We hypothesize that the plane of
the LSC with fluid rotating around its axis is represented by a rotat-
ing disc, whose axis is initially aligned horizontally with the y-axis.
An initial disturbance in the form of asymmetric lateral down- and
upwash at the sides of the LSC (A1-A2) causes a torque that tilts
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FIG. 9. Simplified mechanical model of a tumbling rotating disc (tumbling LSC) to
illustrate the modulation effect on the quasi-periodic angular precession of the wall
shear stress vector at the wall.

the spin momentum of the LSC in the horizontal plane and leads
to a self-enforcing of this asymmetry. As the vortex axis reorients
away from the horizontal plane, it generates a torque around the z-
axis because of the conservation of angular momentum, which leads
to a precession of the LSC. The cycle is reversed when the front of
the LSC—while precessing—reaches the region A2 and counteracts
the upwash, while the back of the LSC reverses the downwash A1.
Hence, the system starts a cyclic clockwise–counterclockwise preces-
sion motion around the z-axis, which correlates with the observed
regular angular oscillations of the orientation of the WSS vector.
Note that the diagonal orientation of the LSC is not contradicting
previous observations that the orientation of the mean flow at the
same instant and location is different at the bottom plate compared
to the top plate, supporting the idea of a tilted or twisted circulation
roll (Funfschilling and Ahlers21 and Xi and Xia22).

The long-term recording also allowed us to detect a very slow
drift of the mean orientation in a certain phase (phase B) overlaid
with the regular precessions described above. The angular drift in
the counterclockwise direction takes about 30 times the eddy turn-
over time for a 270○ turn. This slow mode is accompanied by a
decrease of the kinetic energy of the mean wind (imposed by the
LSC) by about 50%. In the past, du Puits et al. reported at similar
conditions also a critical weakening of the mean wind for a period
of 4 h.23 However, the authors could not link their observation to a
modification of the angular orientation of the global recirculation.
A possible explanation for this slow mode precession based on the
proposed mechanical model could be a slight imbalance of the tum-
bling cycle, which then leads to a net mean angular momentum. A
transitional flow phenomenon like the reported rotation of the plane
of the global recirculation has already been observed in turbulent
Rayleigh–Bénard convection (RBC) in the past, see Refs. 21 and 22.

However, they found that this occurs only very rarely. Insofar, it was
rather a lucky coincidence that we could observe such a transition in
our 90 min long measurement.

Another phenomenon we observed in our long-term record-
ings is the occurrence of local backflow in the boundary layer, while
the large-scale circulation in phase A remains on average almost per-
fectly aligned with the x-axis. Such local backflow events have also
been detected recently in turbulent boundary layer flow along a flat
wall, but this is the first time that such events could be documented
in a temperature-gradient driven flow. Local backflow is correlated
herein with large angular velocities of the wall shear stress vector,
which we understand to be an indication for the existence of coher-
ent vortical structures with a large inclination of the axes against the
wall (nearly wall-normal vortex funnels). These short-term fluctua-
tions have amplitudes that follow a highly skewed Weibull distribu-
tion, while the amplitudes of fluctuations on the longer timescales
are better fitted by a symmetric Gaussian. In both distributions, the
ends of the tails can reach amplitudes of 3–4 times the rms of the
mean streamwise wall shear stress. Such a coincidence of large values
in both distributions indicates the high probability of rare excursions
of the near-wall flow in magnitude as well in yaw angle.
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