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Abstract

The present work investigates the wall-shear stress andthesponding near-wall rare backflow events in
turbulent channel flow measured using the micro-pillar sisé@ss sensor (MPS3) at Reynolds numbers of
Re = 860 and 1300. The results provide experimental evidence of the exdreall-normal velocities as
well as the backflow events.

1 Introduction

The wall-shear stress (WSS) is of vital significance for wallvimed turbulent flows. On the one hand,
the mean WSS$,, defines the friction velocity,, which serves as a fundamental parameter for the viscous
scaling; on the other hand, due to the intermittent natuterbtilent flows, the statistics and dynamics of the
WSS fluctuations are direct indicators of the near-wall mecmagiand flow structures, which consequently
offers the possibility for the development and extensiothebretical models. As the dependence of the
root-mean-squared (rms) fluctuations of the WSS on the Regmalohber evidences the influence from the
outer structures (Diaz-Daniel et al. (2017)), such larcades structures leave their footprints on the WSS
distribution.

A study of the WSS distribution allows for the analysis of tleanrwall extreme events. These events,
characterized by negative streamwise velocities andfge lavall-normal velocity fluctuations, locating
around the tails of the probability distribution functioRF) of the respective velocity components at
the wall, are supposed to be associated with the outer Ergle- structures. These events have been de-
tected and extensively analyzed based on the data from mmahsimulations for different flow cases, e.g.,
turbulent channel flow by Lenaers et al. (2012) and turbuleahbary layers by Diaz-Daniel et al. (2017).
However, experimental verifications of the existence of Haekevents were only recently reported for
turbulent boundary layers by Beker (2015), Li et al. (2017a), Li et al. (2017b), and Willeraé (2018).

This paper presents experimental evidence for the backflowhenektreme wall-normal velocity events
in turbulent channel flow based on the WSS data measured ugingRi$3 sensor. The sensor consists of
an array of flexible cylinders flush-mounted to the surface phatrude into the viscous sublayer and that
bend as a result of the fluid forces. Thus, the two-dimensioraWalues are achieved in high spatial and
temporal resolution. For further details please refer toflférand Sclider (2009). The organization of the
paper is as follows. In section 2, the experimental setugésiibed. Section 3 comprises the analysis of
the experimental data. While the statistics of the WSS compisnare discussed in section 3.1, the events
with large wall-normal velocity fluctuations and the conalital-averaged traces as well as exemplary WSS
distributions are analyzed in section 3.2. In section 3a8kHow events are presented and the corresponding
flow features are discussed. The findings are finally summarizedation 4. Throughout this paper, the
variablesx, y, andz are used to denote the streamwise, the wall-normal, andotirensse direction, with
u, v, andw representing the respective velocity components. The primesed to denote the fluctuating
components and the superscrips used to denote the viscous scaling.
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2 Experimental Setup

All measurements of this study were conducted in an Eiffpetyind tunnel that provides a fully developed
turbulent two-dimensional channel flow (Fig. 1). The test sectheasuresi2x w = 100x 2000 mnt with

a length ofL = 2500 mm. A MPS3 shear-stress sensor array 8pillars, spacind. = 300 um, diameter
® =22 um, height., = 300 pm) was flush-mounted on the wind-tunnel sidewall. The flowinmaestigated
for bulk Reynolds numbers &g, = 16,000 and 25600 based on the bulk velocity, and the channel half
heighth, corresponding to friction Reynolds numbersRéE ~ 860 and 1300, respectively. The field of
view was 21 x 2.1 mn?, which corresponds to a size ofl35x 351+ for Rg = 860 and 55| x 52.5|* for
Re = 1,300 in inner scaling. The pillar tips were illuminated by aglabght-sheet parallel to the wall. A
Photron Fastcam SA5 high-speed camera equipped with a K2fnliamig-distance microscope objective
was used to record the displacements of the pillar tips, Badthieved resolution wasdd px/um. The
measurement frequency ranged from 500 Hz to 25,000 Hz sattbtth the mean values and the time-
resolved fluctuations could be obtained.
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Figure 1: Experimental setup of the turbulent channel flow itstciind the measurement principle of the
MPS3 sensor.

3 Results

3.1 Wall-shear stress statistics

Table 1 lists the theoretical and measured mean Was, andty,meas respectively, for both Reynolds num-
bers and the statistical properties of the WSS derived frenmtbasurements, namely the relative turbulence
|nten5|tyrX ms = Txrms/ Tw, the skewnesS,, and the flatness;. In Fig.2(a), the probability distribution func-

tions (PDF) of the normalized streamwise WSS fluctuatigyis, ims are juxtaposed with literature data for
different Reynolds numbers. The shape of the PDF is highly slemith a skewness value f ~ 1, sug-
gesting that the flow at the wall mainly consists of low-speeid fliihe value of the flatned% is suspected

to be around 5, and a higher value indicates a larger pratyabilthe occurrence of extreme events. The
distributions collapse with each other quite well, excepha tails referring to the events of small proba-
bilities. According to Diaz-Daniel et al. (2017), this faet can be attributed to some dependence on the
Reynolds number. Nevertheless, note that the higher orderants vary in the viscous sublayer while the
sensor has a length-integrating effect along the wall-abdirection.

Re Up [m/s] Twtheo [Pa]  Twmeas[Pa] S Fx TZrms Lp

860 5 0.081 0.089 0.88 4.70 0.28 y5
1300 8 0.180 0.178 130 6.42 029 y5

Table 1. Flow parameters and statistical properties
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Figure 2: (a) Probability distribution function of the streaise WSS fluctuations. Present MPS3 results
(lines) and literature data from Hu et al. (2006) and Lenated.€2012). (b) (c) Two-dimensional joint-
probability density function of the magnitude and anglaseabf the WSS vector fdRe = 860 in (b) and

Re = 1,300 in (c) . The 25 contour lines are logarithmically equapipsed between 16 and 101

Fig.2(b) and (c) show the joint PDFs of the normalized vectormitade|t| /1., and the yaw angle}|
at the two inspected Reynold numbers. The yaw angle of thantesteous shear stress vector is defined
as|Wy| = |atan(t,(t) /t«(t))|. The examination of the yaw angle and the vector magnituaevalfor an
estimation of the inclination and the intensity of the loWdES field. The maximum of the joint PDF
is found to be at the region where the WSS vector possesses rtatkgaround the mean value and is
of a rather small yaw angle, indicating that the bulk of the ffeeld motion at the wall is in streamwise
direction. Large values of up t@| /1, > 3 can be observed at smaller yaw angles, indicating that the
occurrence of strong fluctuations is more related to the minése motions. However, events with a large
yaw angle, i.e.|y;| > 30°, which correspond to motions tilting against the mean-florection, tend to
possess smaller magnitudes, suggesting that active spanwgtions represented by large yaw angles are
less likely to accompany the strong streamwise motions. @heedrend was observed in a numerical study
of Diaz-Daniel et al. (2017), who analyzed a zero-pressuadignt (ZPG) turbulent boundary layer using
direct numerical simulations (DNS). The contours of the two B®Besemble each other, however, some
smaller discrepancies can be found, e.g., the slightlydeoahape of the JPDF contour for the higher
Reynolds number. A broader shape indicates a higher piritlpadfi the excursions away from the mean
magnitude. In other words, the extreme events of large madgs occur more frequently at the higher
Reynolds number. This result is in consistency with the lafigéness value at a higher Reynolds number.
These aforementioned features concerning the yaw angléhanddgnitude at their extreme values, which
portray the two-dimensional motions of the WSS, are suppasée tassociated with the rare events, i.e.,
the wall-normal velocity spikes and the local backflow events

3.2 Extreme wall-normal velocity fluctuation events

Usually, events of extreme fluctuations of the wall-normdoweities near the wall, the so-called positive
and negative velocity spikes, are defined using a criteriahghts a threshold for the fluctuations as, e.g.,
IV /vims| > 5 by Xu et al. (1996) oV /vim¢l > 10 by Lenaers et al. (2012). In this section, experimental
evidence of such events based on the measured WSS vectoesésfad and its corresponding relation to
the WSS motions is discussed.

Since the MPS3 sensor measures a two-dimensional distribafidhe WSS in wall-parallek — z
planes, the wall-normal velocity component can be obtafn@eh continuity considerations (e.g., GrofRe
and Schader (2009)). Assuming a linear velocity profile in the visssublayer, the streamwise and span-
wise velocity components andw can be written as:

Tx T
u= — W= — , 1
oY R 1
wherey denotes the wall-normal distance, i.e., the pillar heifit,the current application. Considering
the no-slip condition at the wall, the wall-normal velocisyretrieved from the divergence of the in-plane
velocity components according to the continuity equation:

ov ou ow 101, 01, y?

— = —(=— + — —— (= + =) =. 2
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This method yields an estimation of the wall-normal velociynponent in the wall-parallel measurement
plane whose distance from the channel wall is comparablegitlar height. According to Lenaers et al.
(2012), these wall-normal velocity spikes can occur at wislances of up to 36. While the pillar heights
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(7.5y" for Re = 1,300 and ¥ for Rg = 860) are smaller than this distance, the occurrence of sareh r
events is likely to be detected from the vertical velocitynpmnents derived from the measured WSS.
Lenaers et al. (2012) applied a criterion |of/vims| > 10 for the velocity components at a wall-normal
distance ofy™ =~ 1 to detect the extreme velocity events. However, the oeage of extreme velocities
decreases rapidly with an increasing wall-normal distarideus, a criterion ofV' /vim¢ > 7 was applied

for a wall-normal distance of.By" which corresponds to the pillar height, at a friction Reytsahumber of
Re = 1,300. The sample rate was0 Hz. Fig.3 and Fig.4 illustrate the temporal evolution & ¢tlon-
ditional averaged positive and negative spikes, respygtidmongst a total number of 889 120 vertical
velocities ( 8x 8 pillars x 109,205 snapshots), 430 samples are recognized as the extremts,guelding

a probability of around @06%. With respect to the pillar length corresponding to 8-narmal distance

of approx. 75y, this probability is in good agreement with the findings of Lemsaet al. (2012). The
temporal evolution evidences that the positive spikesetate with the spanwise shear-stress fluctuations,
since an abrupt change in the yaw angle occurs simultangolisé negative spikes, however, seem to be
associated with large streamwise fluctuations implying engfdownwash motion, whereas no significant
variation in the spanwise motions or the yaw angle is obserdéus, although both represent the events
of a considerably small probability, the negative spikeslt® concentrate at the lower right corner of the
Magnitude-Angle JPDF (Fig.2(c)), whereas the positive spie likely to be found around the upper left
part.
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Figure 3: Temporal evolution of the conditional- Figure 4. Temporal evolution of the conditional-
averaged event of positive wall-normal velocity averaged event of negative wall-normal velocity
spikes. spikes.

For a better visualization, a typical example of the WSS ithistion atRe = 1,300 is shown in Fig.

5. The distributions are constructed from the WSS vectors anedsy a spanwise pillar line by applying
the Taylor’s hypothesis with a given convective velocitylf = 10u;. The vectors denoting the WSS
fluctuations are plotted on the background contour of the fatimin intensity in the streamwise and wall-
normal directions, respectively. In this example, the fasiand the negative velocity spikes appear as
a pair, with a spatial extent of approx. X60x 20z". The negative velocity spike occurs at the position
of strong streamwise fluctuations. At the boundary of the tegapike, the flow starts to swirl, turning
the positive streamwise fluctuations backwards via stroagwjse motions. These positions represent the
intersection region of the high-speed and low-speed fluigkrevthe positive spike emerges.

3.3 Backflow Events

The backflow events are characterized by a negative value stitb@mwise WSS. Unlike the wall-normal
velocity spikes, which can penetrate into the flow over a ladigtance, the backflow events are found to ex-
ist only at the very near-wall region (Lenaers et al. (2012he occurrence of such events has been detected
for both Reynolds numbers. Note that the total number of #teaed backflow events is extremely lim-
ited, which could be presumably attributed to the protmisémgth and the corresponding length-averaging
effect of the sensor. The following WSS features discusseigrsection thus rather serve as experimental
evidence than statistical reference.
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Figure 5: Exemplary WSS distribution féte = 1,300. Vectors show’/t,, background contour shows
T, /Tw (top) andV' /vims (bottom).
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Figure 6: Six timesteps of an exemplary back-flow event visadliasing the WSS sensdRe = 860;
f = 3000 Hz;At = 1.5t*; vectors showr /1y, background contour shows/1y, the flow direction is from
left to right.

The time-resolved sequence of the WSS field in Fig. 6 shows a eeflews region passing through
the field of view. In this example, the reverse-flow region firgtegrs as a local negative minimum of the
WSS and then develops to a larger area of negative WSS with afsigeto 20 viscous units as it convects
downstream. The total duration of this backflow event is ardu6& ™. Note that the actual duration of
persistence may be underestimated due to the limited fielébof 83+ x 35 ) of the MPS3. Along with
its convection, the flow vectors tilt towards the directiortloé backflow region, i.e. a smaller streamwise
magnitude and a larger yaw angle, transforming the streaenwiotions into spanwise direction. While
this specific instance of backflow region is found to stem froeltiw-speed fluid, other detected instances
demonstrate that the backflow events can also result fromigiedpeed fluids, of which the mutual char-
acteristics reside in the strong spanwise motion. This findirig consent with that of Diaz-Daniel et al.
(2017) in a turbulent boundary layer, showing that the ragative events afy can be associated with the
extreme values of,.

According to equation (2), the wall-normal velocity is infleed by the local WSS gradient in the sense
of continuity. Thus, the bypass of the backflow region, aseel&d strong spanwise WSS motions, is likely
to cause the variation of the local WSS gradient, which comsetly alters the local wall-normal velocity.
The backflow events are, hence, supposed to have a three-ibmadrstructure that the size in tlke- zplane
changes simultaneously with its wall-normal extensiorhasbiackflow region convects downstream. Such

0 10
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variation of the size of backflow region in thxe- z plane can be observed in Fig. 6. A three-dimensional
feature can be considered as a process of energy exchamgeehehe flow at the wall and the outer part,
indicating that the backflow region is not only influenced by W8S fluctuations at the wall, but also by
the velocity fluctuations in the wall-normal direction. DiBaniel et al. (2017) presumed that the negative
events ofty may be induced by the passing of quasi-streamwise vortittashed to the wall, which are
tilted to thex direction. Such three-dimensional features can also benadbérom the snapshots of the
temporal flow field in thex—y plane visualized by Willert et al. (2018) using PIV. In theseasurements,
the wall-normal extension of the reverse-flow spot does noaie constant.

4 Conclusion

In this paper, the statistics and distribution of the WSS rbutent channel flow have been investigated, of
which the WSS behavior associated with the near-wall eveagdben paid special attention.

The probability distribution functions (PDF) of the WSS at twoyRelds numbers show good agree-
ment. The joint-PDF of the magnitude and yaw angle gives amagi of the WSS vector alignment, and
the slightly broader contour at the higher Reynolds numiidicating higher intermittency conforms a larger
flatness value.

The wall-normal velocity was estimated from the measured WS8nts\corresponding to the positive
and negative velocity spikes have been conditional-aeetagespectively. While the positive spikes are
likely to co-occur with strong spanwise motions, the negasipikes tend to accompany large streamwise
motions. The alignments of the WSS vectors correspondingaavib different spikes locate at different
regions of the Magnitude-Angle JPDF. Evidence of backflow evbat been found, and these events are
observed to be associated with strong spanwise motions. @Wwastream convection of such backflow
regions is supposed to be a three-dimensional motion.

Since both the extreme wall-normal velocity events and tloifbav events are near-wall motions, the
probability of their existence decreases drastically afna@y the wall. Note that the sensor has a protrusion
length comparable to the viscous sublayer thickness. Thasijumber and strength of the detected events
may be underestimated due to the length-integrating efldwt application of shorter pillars may suggest a
possible solution.
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