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The wall shear-stress sensorMPS3 based on flexible micropillars has been used to experimentally assess the two-

dimensional wall shear-stress distribution in turbulent duct flow at moderate Reynolds number. The sensor covers

an area of 90 � 125 viscous length scales along the streamwise and spanwise directions, respectively. Applying

Taylor’s hypothesis allows a further increase in the streamwise extension. Preliminary results evidence the

coexistence of low- and high-shear regions representing footprints of near-wall coherent structures. The low-shear

regions resemble long meandering bands interrupted by local high-shear-stress regions. A qualitative comparison

evidences the structures detected in the present study to be similar to wall shear-stress distributions reported in the

literature and to structures found in higher regions of the boundary layer. These preliminary findings indicate the

potential of the micropillar sensor concept to be capable of detecting the multidirectional planar wall shear-stress

distribution in turbulent flows. A detailed discussion of the wall shear-stress characteristics and of the geometric

properties of the streaklike structures is beyond the scope of this paper, and a more intrusive discussion needs to be

done in the future.

Nomenclature

f = frequency, Hz
H = channel height, m
Lp = pillar length, m
l� = viscous length scale
Recl = Reynolds number based on H and Ucl
ReH = Reynolds number based on H and Ub
Re� = Reynolds number based on H and u�
Tb = time scale based on bulk/outer variables H and Ub
T� = time scale based on inner variables u� and �
u = streamwise velocity, m=s
u� = friction velocity, m=s
Ub = bulk velocity, m=s
Uc = convection velocity, m=s
Ucl = centerline velocity, m=s
x, y, z = streamwise, wall-normal, spanwise coordinates, m
� = dynamic fluid viscosity, kg=m=s
� = kinematic fluid viscosity, m2=s
� = fluid density, kg=m3

� = wall shear stress, N=m2

�� = mean wall shear stress, N=m2

�0 = wall shear-stress fluctuation, N=m2

Superscript

� = viscous scales

I. Introduction

T HE wall shear stress �wall � � � @u=@yjwall results from the
relative motion between the wall and the fluid. The

determination of wall shear stress is of utter importance in

turbulence research. The mean wall shear stress defines the friction
velocity u� �

��������������
�wall=�

p
, which is relevant to determine nondimen-

sional variables such as u� or y�. Thereby is the friction velocity u�
assumed to serve as one of the most fundamental scaling parameters
in turbulence. However, there is still debate as to what extent
turbulence actually scales with u� , but its determination to within
high accuracy would bring progress to this question [1,2].

The fluctuating wall shear stress and its spatial distribution are
direct indicators of the dynamic behavior of near-wall turbulent
structures, and this knowledge gives insight into the turbulent
momentum transfer processes in the proximity of the wall and is, as
such, of fundamental importance for the basic understanding of their
mechanics. Many experimental and numerical studies in the past
concluded from their findings that only a spatially distributed view of
the flowfield in its instantaneous and in its statistical representation
will allow for a better comprehension of the highly nonlinear
processes involved in the self-sustaining processes of turbulence
production and conservation in turbulent shear flows. In this sense,
themicropillar shear-stress sensorMPS3 serves as a useful method to
detect the footprints of structures at higher regions in the shear flow
(e.g., in the buffer region) to complete the image of the vortical
flowfield even down to the wall on which many experimental
techniques, and especially spatially and temporally resolved
techniques, have failed.

Investigations of turbulent shear layers performed by [3–6]
showed the coherent turbulent structures, which have been found in
different regions of turbulent shear layers, to strongly meander in the
spanwise direction when they convect along the streamwise
direction. Similar findings have also been observed for the wall
shear-stress distribution in the present studies. Keeping in mind the
meandering feature of the large-scalemotions, it is natural to suppose
that single-point statistics tend to mask the true length of these
turbulent structures. This problem has already been noticed by [7],
who found the streamwise length scales derived from streamwise
velocity gradient fluctuations near the wall (i.e., wall shear-stress
fluctuations) to reach x� � 1200 and who considered this to be only
theminimum extent of the near-wall streaks, due to their meandering
ormoving downstream under acute angles. Therefore, themultipoint
assessment of the spanwise wall shear-stress distribution will allow
further investigation of this aspect.

The measurement of the streamwise wall shear-stress distribution
would further allow investigation of how far Taylor’s hypothesis of
frozen turbulence [8] is suitable to estimate the spatial distribution
even in highly fluctuating regimes of turbulent boundary layers.
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Although this aspect has already been addressed in the literature [9],
the discussion was so far based on numerical data, and it should be
kept in mind that the periodic computational domain of finite length
andwidth inwhich the numerical simulations are performedwill also
impact the spacial length scales and thereby Taylor’s hypothesis.
Therefore, there is still a great demand of simultaneously acquired
time- and space-dependent data.

Furthermore, the measurement of the skin friction is essential in
many technical applications (e.g., in the field of drag reduction and
performance enhancement for transportation vehicles) in which the
viscous surface drag plays a major role. In flow control applications,
the assessment of the local wall shear stress or of thewall shear-stress
distribution is a necessary prerequisite for the formulation of low-
dimensional control models. The spanwise wall shear-stress
fluctuations have been especially evidenced to serve as an efficient
control loop parameter in the context of drag-reducing flow control
[10,11]. The exact relationship between the spanwise wall shear-
stress fluctuations and the achieved drag reductions is still unknown,
and only a detailed investigation of the near-wall turbulent processes
will lead to an improved understanding of the complex relationships
and might further yield advancements in flow control applications.
Again, to fully understand the intricate changes in turbulent
structures responsible for drag reduction, it will be necessary to
assess the two-dimensional wall shear-stress distribution and to
capture individual changes in space and time in detail, rather than to
only concentrate on integrational or statistical changes, which might
eventually be masked by the aforementioned drawbacks of single-
point techniques. Note, however, that the micropillar sensor
principle at the current state does not allow for a real-time evaluation
of the wall shear stress, as would be necessary for such a flow control
application. However, the micropillar shear-stress sensorMPS3 with
itsmultidirectional sensitivity is predestined to further investigate the
nonlinear processes and might, as such, play an important role in an
optimization of the model-building processes for flow control
applications.

Furthermore, the local wall shear stress can be applied for the
modeling of the wall condition in high-Reynolds-number large eddy
simulation (e.g., [12]). Here, the temporal and spatial development of
the wall shear-stress distribution would be of especially great
interest.

Despite the variety of different sensor designs that have been
proposed in the literature, it can be stated that the multidirectional
(i.e., streamwise and spanwise) determination of the planar wall
shear-stress distribution, which has been shown in the preceding
discussion to be of essential interest in theoretical and applied fluid
mechanics, is still an open issue in the field of experimental fluid
mechanics, and to the knowledge of the authors, the only literature
that has reported on the planar wall shear-stress distribution is that of
[13–15], who applied spanwise-aligned wall-mounted hot-wire
sensors to assess thewall shear-stress distribution in a turbulent shear
layer.

Afirst qualitative application of themicropillar shear-stress sensor
MPS3 in turbulent flow is described in this paper to evidence the
potential of the technique to detect the two-dimensional wall shear-
stress distribution. The sensor consists offlexiblemicropillars, which
protrude into the viscous sublayer and which bend in reaction to the
exerted fluid forces. The deflection of the pillar tip is detected
optically and serves as a representative of the local wall shear stress.
The pillar sensor is statically calibrated in linear shear flow and
possesses a flat dynamic response up to several hundred hertz, such
that the turbulent fluctuations at the Reynolds numbers in the
experiments can be captured at a constant gain.

Note that, in general, it is possible to apply the sensor to reverse
flowfields. However, it still needs to be determined how far the
linearity of the velocity field in the viscous sublayer, on which the
quantitative evaluation of the wall shear stress by means of
micropillars is based, is still valid in regions of separated flow or flow
reversal. However, the pillar technique should be a suitable
technique to at least qualitatively determine the characteristics of
these flowfields. The sensor principle has already been described in
great detail in [16–18], and the reader is referred to these publications
for further information.

In the following section, the flow facility and details of the
micropillar sensor setup are briefly described. Then the results of the
wall shear-stress measurements will be presented, and some
conclusions will then be drawn.

II. Flow Facility and Experimental Setup

The experiments were performed in a duct flow facility (Fig. 1a).
The measurement section with square cross section possesses a
hydraulic diameter H� 42 mm. A schematic of the measurement
section and a definition of the coordinates is depicted in Fig. 1b. The
fluid used in themeasurements is deionizedwater at 20� 0:1�C. The
Reynolds number based on the bulk velocity ReH �UbH=� is
calculated from the measured volume flux V, which can be
determined to within 0.3% accuracy. The wall shear-stress
measurements have been performed at ReH � 15; 000, which
corresponds to a Reynolds number based on the friction velocity of
Re� � u�H=� of 900.

The flow enters through a flow straightener with a 5 mm core size,
followed by a 0.2mm finemesh. The straightener is connected to a 1-
m-long (25H) duct section, with a tripping device for fixed transition
at the end. For fully developed turbulent ductflow, themeasurements
are performed another 1 m (25H) downstream of the tripping edge
[19] . The tripping device consists of a ring with a rectangular cross
section, generating a contraction ratio of 0.85, in which the
contraction ratio is defined as the ratio between the cross section in
the contraction and that of the duct. The fluid exits the measurement
section into an open reservoir and flows through a heat exchanger to
maintain a constant fluid temperature. Particle-image velocimetry
(PIV)measurements recordedwith 1000 samples at 2Hz atReynolds

Fig. 1 Images of the a) experimental setup and b) measurement section with a definition of the coordinates.
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numbers ReH ranging from 5000–20; 000 and pressure-drop
measurements confirm the statistical properties of fully developed
turbulent duct flow in the measurement section and show good
consistency with numerical results from the literature [20–22].

The micropillar sensor array consists of 17 � 25 pillars in the
streamwise and spanwise directions, respectively, and is mounted
flush in the duct wall. The lateral spacing of 250 �m corresponds to
approximately 5.3 viscous units. An array of micropillars similar to
that used in this study is shown in Fig. 2a. The micropillars have a
height Lp of approximately 160 �m, corresponding to about 3.4
viscous units at the Reynolds numbers in the experiment, ensuring
that the sensor structure is completely embedded in the viscous
sublayer of the duct flow. Note that this is essential to ensure that the
sensor experiences a linear velocity gradient. The sensor
displacement from a reference position at no velocity is observed
using a macrolens mounted on a Photron Fastcam 1024 PCI high-
speed camera.

Great carewas taken to ensure that no additional disturbance arises
from the mounting of the sensor. The temperature is kept constant
during calibration and the duct measurements such that a possible
temperature drift can be kept within �0:25%. Under the given
experimental conditions, the sensor evidences no acceleration or
pressure-gradient sensitivity. Furthermore, due to its symmetric
shape and the optical detection principle, the sensor does not
experience cross-axis sensitivity and, as such, allows the
multidirectional detection of the wall shear stress in magnitude and
angular direction. Experiments with generic and experimental data,
which have been performed to test the uncertainty in the evaluation of
the pillar-tip deflection, evidenced the accuracy of the image-
evaluation routines to be within 0.03 pixels at the achieved image
quality. Note that modified PIV correlation routines are used to
determine the pillar-tip deflection. This rms level can be considered
as the noise level of the entire sensor system.

Note that to detect the pillar deflection at a high enough accuracy,
it is necessary to adapt the optical setup such that pillar deflections in
the order of several pixels can be recorded. However, the optical
resolution and the geometry of the structures in this study caused the
mean‡ displacement of the detected pillar tip on the charge-coupled
device to be 0.7–0.8 pixels. With the achievable accuracy in the
optical detection of the pillar tip, the detection error is about 4%.
However, some of the sensor posts were defective (this is also
evidenced in Fig. 5, in which single spurious vectors can be
identified). Note that under optimum conditions, an accuracy in the
sensor detection of up to 0.5% can be achieved.

The camera is operated at f� 60 Hz. Although the recording
frequency is not high enough to detect the highest turbulent

frequencies, which have been estimated to be approximately 250 Hz
at the Reynolds number in the experiments, the large-scale structures
can well be resolved. Only 512 images have been recorded in this
feasibility study, due to the limited available camera memory,
resulting in a total recording period of 8.5 s. During this time span, a
particle with bulk velocity Ub travels a distance of approximately
70H, which is insufficient for a proper statistical analysis of the data.
This aspect will be briefly addressed in the following.

III. Results

A. General Remarks

Note that the present data do not allow for a proper investigation of
the characteristics of turbulent wall shear stress from a fluid
mechanics point of view, due to the insufficient time span of the
recordings. As mentioned earlier, the time span of the measurements
only corresponds to 70 bulk-time scales based on the duct height H
and the bulk velocity Ub, such that the certainty to which statistical
properties such as turbulence intensities, probability density function
(PDF) of the fluctuations, and two-point correlations can currently be
given is reasonably low [23]. Therefore, the measurements reported
in the context of this paper should rather demonstrate the general
feasibility of the multidirectional detection of the two-dimensional
wall shear-stress distribution in turbulent flows using the MPS3

sensor technique. Thus, a quantitative discussion of the data is
beyond the scope of the present paper, andmeasurements over larger
time spans with more data samples, which will be performed in the
near future, will be necessary to allow for an adequate database for a
reliable statistical investigation.

Furthermore, the wall shear-stress data discussed in the following
have, strictly speaking, been recorded at turbulent duct flow and
should not be considered representative for two-dimensional channel
flow, which is often referred to in fundamental turbulence research.
Nonetheless, it goeswithout saying that turbulent phenomena of both
channel and duct flows should at least be similar.

B. Taylor’s Hypothesis of Frozen Turbulence

Although the spanwise width of the near-wall coherent structures
canwell be capturedwith the sensor, the dimension in the streamwise
direction exceeds the field of view of the sensor geometry. It is well
known that the near-wall large-scale structures (i.e., low-speed and
high-speed streaks) are reported to attain a length of approximately
1000 l�. Therefore, Taylor’s hypothesis of frozen turbulence [8] has
been applied to estimate the sensor length in the streamwise
direction. A constant convection velocityUc � 10 � u� [24] has been
used to transform the temporal information into a spatial resolution
along the streamwise axis. At the relatively low recording frequency
of f� 60 Hz, the structure convects Uc=f� 3:5 � 10�3 m in the
streamwise direction (i.e., about l� � 75). Applying Taylor’s
hypothesis on the shear-stress data of a single spanwise sensor line, a

Fig. 2 Images of a) pillar array similar to that used in this study and b) sequential recombination of frames in the present study.

‡Here,mean cannot be considered to be a convergedmeanwall shear stress
from a fluid mechanics point of view due to the short measurement time.
Mean only refers to a medium value of the wall shear stress during the
measurement.
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total field of view in the streamwise direction of approximately
38,000 l� could be achieved with the available data.

The spatial distance of l� � 75 between two consecutive temporal
frames corresponds very well to the streamwise span of 15 sensor
lines (i.e., 14 � 2:5 � 10�4 m). As such, the information of 14 pillars
in the streamwise direction has been evaluated, leading to an
increased spatial resolution in this direction of 5.33 l�. A schematic
of the data reconstruction is given in Fig. 2b.

C. Preliminary Wall Shear-Stress Statistics

Preliminary results of the intensity of the streamwise and spanwise
wall shear-stress fluctuations are �x;rms= ��x � 0:36 and
�z;rms= ��x � 0:17, respectively. Thereby, the values are of the order
of values reported in the literature for the limiting behavior of the
velocity field in the vicinity of the wall [1,20,25,26].

The probability density distribution of the normalized streamwise
wall shear-stress fluctuations �0x=�x;rms is given in Fig. 3a and that of
the spanwise fluctuations �0z=�z;rms is given in Fig. 3b. The results
from the present study at ReH � 15; 000 show good agreement with
the findings of [15] at similar Reynolds numbers based on the
centerline velocity and the channel height ranging from Recl �
17; 600 to 35,000 and [27] atRecl � 6600 in channel flow. Note that
the PDF of the normalized streamwise wall shear-stress fluctuations
�0x=�x;rms is reported to be independent of the Reynolds number. The
values of the skewness S�x � 0:95 and of the flatness F�x � 4:47 of
the PDF are in good agreement with data reported in the literature.
Note, however, that there is great scatter in the reported values.

The values of the higher-order moments of the spanwise
fluctuations are for the skewness S�z � 0:07 and for the flatness

F�z � 5:46. Similarly, [25] found the flatness of the spanwise
velocity fluctuations in the viscous sublayer of turbulent channel
flow at ReH � 7700 to be higher than that of the streamwise
fluctuations. Note, however, that these authors used u� to normalize
their plots. The skewness S�z is close to zero due to the symmetry of
the flowfield.

In Fig. 3c the spanwise distribution of the correlation of
streamwise shear-stress fluctuations R�x�x�z�	 and correlations of
velocity fluctuations Ruu�z�	 from direct numerical simulation
(DNS) data [21] at y� 
 5 are juxtaposed. The comparison
evidences the structural scales of the wall shear-stress distribution
along the spanwise direction in the present study to be of the same
order of magnitude as those in the study of [21] at similar Reynolds
numbers in channel flow.

The spanwise distribution of the correlation of spanwise shear-
stress fluctuations R�z�z�z�	 and correlations of velocity fluctuations
Rww�z�	 from DNS data [21] at y� 
 5 are juxtaposed in Fig. 3d.
The experimental data decay at smaller distances along the lateral
direction. This trend could not be observed in further studies at
similar Reynolds numbers with higher sampling times. These studies
rather confirmed the correlation function of the spanwisefluctuations
to well collapse with the data of [20,21,28]. As such, the discrepancy
in the present data should be attributed to the insufficient time span
overwhich the data in the present experiments could be recorded. It is
well known that statistical functions such as the correlation function
or the higher-order moments of fluctuations require large amounts of
recorded samples and O�3–4	 bulk-time scales of sampling time to
sufficiently converge [23,29]. Furthermore, it should be kept inmind
that the relative error in the detection of the spanwise fluctuations is

−4 −3 −2 −1 0 1 2 3 4 5 6
0.0

0.1

0.2

0.3

0.4

0.5

0.6

τx
′ /τ x,rms

P
ro

ba
bi

li
ty

 

 

Sτ x = 0.95

Fτ x= 4.47

Exp. data  R eH = 15,000
Miyagi et al. [15]  R ecl = 17,600
Obi et al. [27]  R ecl = 6600
Gaussian distr.

−4 −3 −2 −1 0 1 2 3 4
0.0

0.1

0.2

0.3

0.4

0.5

0.6

τz /τ z, rms

P
ro

ba
bi

li
ty

 

 

Sτ z= 0.07

Fτ z= 5.46

Exp. data,  R eH = 15,000
Gaussian distr.

′

0 25 50 75 100 125 150
−0.2

 0.0

 0.2

 0.4

 0.6

 0.8

 1.0

z +

R
uu

,
R

τ x
τ x

 

 

Exp. data,    ReH = 15,000
Moser et al. [21],  ReH = 14,000
Moser et al. [21],  ReH = 20,000

0 25 50 75 100 125 150
−0.2

 0.0

 0.2

 0.4

 0.6

 0.8

 1.0

z +

R
w

w
,

R
τ z

τ z

 

 

Exp. data  R eH = 15,000
Moser et al. [21],  R eH = 14,000
Moser et al. [21],  R eH = 20,000

a) b)

c) d)
Fig. 3 Statistics of the wall shear-stress distribution: a) PDF of the streamwise wall shear-stress fluctuations, b) PDF of the spanwise wall shear-stress
fluctuations, c) spanwise distribution of the correlation of streamwise fluctuations R�x�x , and d) spanwise distribution of the correlation of spanwise

fluctuations and R�z�z

GROßE AND SCHRÖDER 317



larger than that for the streamwise fluctuations, such that the
correlation function for the spanwise fluctuations can be expected to
be rather affected by measurement uncertainties.

The comparison of the preliminary results and those from further
measurements performed over statistically sufficient time spans
evidences the structural scales of the wall shear-stress distribution
along the spanwise direction in the present study to be of the same
order of magnitude as those in the study of [21] at similar Reynolds
numbers in channel flow.

The near-wall structural features, which are represented by the
turbulence statistics in the preceding discussion, should be
elucidated in the following using the two-dimensional wall shear-
stress distribution.

D. Wall Shear-Stress Distribution

Exemplary results of the wall shear-stress distribution are given in
Fig. 4, in which each of the independent sequences has a field of view
of 2500 � 125 l� in the streamwise and spanwise directions,
respectively. The contours indicate the instantaneous strength of the
streamwise wall shear-stress fluctuations �0x= ��x, where ��x is the mean
wall shear stress during the measurement.

It is evident that regions of lower and higher wall shear stresses do
coexist. The low-shear regions extend over 1000 l� and more, being
locally interrupted by high-shear regions between these structures.
These distributions are supposed to be related to the very near-wall
turbulent coherent structures (i.e., low-speed and high-speed streaks)
aligned in and above the viscous sublayer of wall-bounded shear
flows, representing one of the first evolutionary stages in the
autogenerative cycle of turbulence production. It is assumed that the
micropillar sensor detects the footprints of these coherent structures
by measuring the local wall shear-stress distribution.

Near the wall (i.e., at 0 � y� � 7), a minimum of the spanwise
correlation (Figs. 3a and 3b) at a constant lateral spacing of 40–50 z�

is evident. This minimum indicates that the instantaneous
streamwisefluctuation at two points separated by the aforementioned
distance is, on the average, opposite in time. Consequently, this
distance corresponds to themean spacing between neighboring high-
and low-shear streaks. Hence, the lateral spacing between two low-
shear or two high-shear streaks is supposed to be 80–100 z�. The
spanwise extension of the structures, which can be estimated from
thefindings in Fig. 4, shows to be on the order ofmagnitude predicted
by the spanwise correlation of streamwise fluctuations R�x�x�z�	.
Note that due to the limited lateral dimension of the sensor, only 125

z� could be resolved, such that only 2–3 neighboring streak
structures could be captured.

The results clearly evidence that the low-speed fluid does not
occur on a perfectly straight line in the streamwise direction, but
rather resembles long meandering bands. It can further be evidenced
that low-speed streaks split up into narrow bands or reassemble to
form even more prominent structures of increased spanwise
extension.

Similarly long features cannot be detected in the distributions of
the spanwise wall shear stress when contour levels have been defined
to represent the spanwise fluctuations (not shown). The footprints of
meandering streaks, hairpin-vortex legs, counter-rotating vortices,
and local sweeps will contribute differently to the temporal and
spatial evolution of the spanwise wall shear-stress fluctuations than
they do contribute to the distributions of the streamwise fluctuations,
and only an in-depth investigation of the data will help to understand
the difference. The apparent coherence of the spanwise fluctuations
with drag-reducing effects, however, seems to indicate that the
spanwise fluctuations, and hence the spanwise displacements of
near-wall structures, play an important role in the generation process
of turbulence production near the wall or are at least an important
indicator of processes that are represented by changes in the
spanwise component of the wall shear stress. Therefore, the
investigation of the spanwise wall shear-stress fluctuations should be
an important part of future studies.

The preceding findings are in good agreement with findings in
higher regions of shear layers obtained from flow visualizations
[3,4,30], near-wall hot-wire measurements [7], and observations in
DNS data [20,21], to name only a few. These authors evidenced the
existence of long meandering bands of low-speed fluid at wall
distances of 5< y� < 60. Smith and Metzler [4] report meandering
low-speed bands in turbulent boundary-layer flow at Re� � 740 to
5830 to eventually split up and to rejoin at some later instance. The
bands possess streamwise length scales of x� � 1000. The authors
further reported a high persistence of streaks, but they could not
evidence them to be spatially fixed. They determined the spacing
between identical streaks (i.e., between two neighboring low-speed
or high-speed streaks) to be in the order of 100 z�. Note that, different
from the presentwall shear-stressmeasurements, the results in higher
regions of the shear layer show a rather balanced ratio of low- and
high-speed zones. This is not surprising, because the skewness of the
shear-stress fluctuations in the vicinity of the wall is reported to be
about 0:8–1:0, whereas the velocity fluctuations in the logarithmic
regions tend to have a skewness close to zero.

Fig. 4 Instantaneous wall shear-stress distribution in which each image possesses a field of view of 2500 � 125 l� in the streamwise and spanwise

directions, respectively. The contours indicate the instantaneous strength of the streamwise wall shear-stress fluctuations �0x= ��x.
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Fig. 5 Instantaneous two-dimensionalwall shear-stress distributions at three consecutive time steps recordedwith an array ofmicropillars consisting of
17 � 25 sensors along the streamwise and spanwise directions. Contours indicate the instantaneous strength of the streamwise wall shear-stress

fluctuations �0x= ��x (left). Vectors show the local streamwise and spanwise wall shear-stress fluctuations �0x � �x � ��x and �
0
z, respectively, (right). Vectors

show the local streamwise and spanwise wall shear stress �x and �z � �
0
z, respectively.
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Instantaneous recordings of the wall shear-stress distribution at
three consecutive recordings are given in Fig. 5. With the recording
frequency during the measurements, the time between the samples is
1=60 s, corresponding to T� � 7:5, normalized with inner variables
(i.e., the friction velocity u� and the kinematic viscosity of the fluid
�). Contours indicate the instantaneous strength of the streamwise
wall shear-stress fluctuations �0x= ��x. In Figs. 5a, 5c, and 5e, vectors
indicate the local streamwise and spanwise wall shear-stress
fluctuations �0x � �x � ��x and �

0
z, respectively. In Figs. 5b, 5d, and 5f,

vectors show the local streamwise and spanwise wall shear stress �x
and �z � �0z, respectively. The area corresponds to the dimension of
the micropillar array (hence, approximately 90 � 125 l� along the
streamwise and spanwise directions, respectively).

Again, the spanwise coexistence of regions with low and high
shear is clearly evident. The downstream convection of the turbulent
structures can be observed from the consecutive sequence of
recordings. The velocity at which the structures travel downstream
corresponds to the convection velocityUc, which can be determined
from the temporal auto- and two-point correlation along the
streamwise direction. However, the number of recorded images in
the present experiments was insufficient to calculate the convection
velocity. From measurements at a similar Reynolds number with a
single sensor line aligned along the streamwise direction performed
over much larger time spans, the convection velocity could
successfully be determined and showed the value ofUc � 10u� to be
a good first estimate.

IV. Conclusions

Measurements of the two-dimensional wall shear-stress
distribution have been performed using the micropillar shear-stress
sensorMPS3. The preliminary statistics and the instantaneous fields
of the wall shear-stress distribution evidence the near-wall region in
turbulent flows to be characterized by an unbalanced distribution of
streamwise low-shear and high-shear events. Low-speed streaks, the
footprints of which are characterized by low values of the wall shear
stress and are captured with the shear-stress sensor, are the dominant
events in the vicinity of the wall. However, these streaks are
interrupted from time to time by tempestuous high shear-stress
values, most likely resulting from high-speed fluid originating from
higher regions of the shear layer and being pushed toward the wall,
causing a permanent coexistence of low- and high-shear regions. The
high dynamic activity observed in the statistical characteristics of the
wall shear-stressfluctuations confirm theflowfieldwithin the viscous
sublayer not to be “subject only to the turbulence as a boundary
condition at its outer edge. Rather the sublayer and the adjacent wall
region play an active role in the generation and preservation of
turbulent shear flow” [31].

The low-shear regions evidenced in the experiments resemble
long meandering bands interrupted by local high-shear-stress
regions. A qualitative comparison evidences the structures detected
in the present study to be similar to wall shear-stress distributions
reported in the literature and to structures found in higher regions of
the boundary layer [3–6].

The preliminary findings indicate the potential of the micropillar
sensor concept to detect the multidirectional planar wall shear-stress
distribution in turbulent flows. They evidence that the micropillar
shear-stress sensor allows for a detailed investigation of the two-
dimensional wall shear-stress distribution. The spatial resolution of
the applied sensor array at the chosen Reynolds number has been
shown to be chosen reasonably high to detect the spanwise
dimensions of the dominant structures at an adequate resolution. The
ability of the sensor to detect the two components of the wall shear
stress will allow investigating the role of spanwise oscillations of
near-wall structures in the regenerative process of near-wall
turbulence.

The recording of the streamwise distribution will allow
experimentally determining near-wall convection velocities of
turbulent structures. The simultaneous assessment of time- and
space-dependent data will make it possible to further investigate
Taylor’s hypothesis of frozen turbulence in flowfields, even with

high fluctuation intensities, and will allow judging the degree to
which streamwise spatial length scales can be correctly estimated
from temporal scales.

The ability to detect the spanwise distribution of the wall shear
stress will help to overcome ambiguities of single-point statistics in
determining the correct geometric extensions of the large-scale
coherent structures.

A further detailed discussion of the wall shear-stress character-
istics and of the geometric properties of the streaklike structures is
beyond the scope of this paper, and amore intrusive discussion needs
to be done in the future on the basis of more comprehensive data,
allowing for a proper statistical evaluation.
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