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The recent study by Gubian er al. [Phys. Rev. Fluids 4, 074606 (2019)], based on a
new wall-shear-stress sensor in a low-Reynolds-number Re turbulent channel flow, came
to the surprising conclusion that the magnitude of the fluctuating wall-shear stress 7,
reaches an asymptotic value of 0.44 beyond the friction Reynolds number Re, =~ 600.
This statement is at odds with results from well-established direct numerical simulation
(DNS) results that exceed the authors’ highest Reynolds number by up to a factor of 5
while exhibiting a clear Reynolds-number dependence. Furthermore, they claim that “prior
estimates of these quantities did not resolve the full range of wall-shear-stress fluctuations,
which extended beyond 10 standard deviations above the mean.” This contradicts high-
quality DNS results and calls for a more in-depth explanation, which is given in the present
Comment. We shows that the measurements by Gubian et al. suffer from spatial-resolution
issues among others, which when accounted for invalidate the statements made of an
asymptotic state at Re; ~ 600 and resurrects the Reynolds-number dependence of 7\, -
for which DNS evidence exists exceeding Re,; & 600 by an order of magnitude.

DOI: 10.1103/PhysRevFluids.5.127601

I. BACKGROUND

Temporally and spatially well-resolved fluctuating wall-shear-stress t,, measurements are ham-
pered by a number of complications and problems [1]. Classically, the magnitude of the fluctuating
wall-shear stress, i.e., 'L';,', rms = Tw.rms/(Tw), has been indirectly inferred through measurements
using hot-wire anemometry [2,3] or laser-Doppler velocimetry [4] (and more recently through
particle image velocimetry (PIV) and particle tracking velocimetry (PTV), e.g., uPIV/PTV [5] and
high-speed PIV [6,7]) in the immediate vicinity of the wall exploiting the (assumed) self-similarity
of the viscous sublayer [8,9]. Flush-mounted thermal-anemometry sensors have classically avoided
such assumptions, but suffered instead from temporal and spatial resolution issues [2]. More
recently, novel measurement techniques have been developed for this particular purpose [10-14], of
which some have even been able to fully resolve the wall-shear-stress fluctuations at least for the
lower-Reynolds-number range [15] (see Ref. [16] for a recent review).

The aforementioned limitations of state-of-the-art measurement techniques within the viscous
sublayer of wall-bounded turbulent flows explain why most studies on the fluctuating wall-shear
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stress rely on direct numerical simulation (DNS) data sets. Compelling evidence from these
DNS data sets has over the past decade established a clear Reynolds-number Re dependence of
T, s [8,17-20], which, as evident, for example, from two-dimensional spectral maps of 7, [18,21],
is a result of the footprints of the outer-layer structures on the near-wall region [22]. These findings
go along with the established failure of inner scaling for the Reynolds normal stresses and the Re
dependence of the higher-order moments of the velocity fluctuations [23-29].

While the aforementioned references depict a clear picture of the Re dependence of the statistics
of the fluctuating wall-shear stress and its spectral characteristics, the paper by Gubian et al. [30]
presents new experimental measurements from a low-Re turbulent channel flow that combine the
advantages of hot-wire anemometry and flush-mounted sensors, i.e., the measured data retain the
frequency response of a hot wire while avoiding reliance on the viscous-sublayer scaling. This
is accomplished through usage of a “flush-mounted, hot-wire sensor, in which the hot wire is
installed over a small rectangular cavity in the sensor’s base and is flush with the channel wall,”
thereby able to “avoid direct contact and minimize conduction from the hot wire to the sensor’s
substrate” [30]. Although the idea goes back to previous studies [31,32], here results on the
fluctuating wall-shear-stress statistics are presented for a canonical wall-bounded turbulent flow
using this technique. Note, however, that the Reynolds number in the mentioned study [30] is limited
to Re; = 950 and therefore exceeded by many existing DNS data sets.

Application of the wall-shear-stress sensor to canonical flows as done in the work by Gubian
et al. [30] is hence a welcome contribution to the topic of fluctuating wall-shear-stress measure-
ments. However, as we outline in the following, the conclusions contradict the main body of
established literature data. In such a case, special care needs to be taken to ensure that the results
are well substantiated. In particular, the main conclusions of their work are as follows (quotes from
Ref. [30]).

(i) “Beyond Re; ~ 600, the wall-shear stress evolves to an asymptotic state in which the
statistical moments, probability density function, and power spectra of 7,, become independent of
Reynolds number”.

(ii) “Turbulent intensity, skewness, and kurtosis of the wall-shear stress take on values that are
slightly larger than those previously measured, because prior estimates of these quantities did
not resolve the full range of wall-shear-stress fluctuations, which extended beyond 10 standard
deviations above the mean”.

(iii) An important underlying assumption of the aforementioned points is also that the authors’
claim that “even though the present experimental measurements of t,, .,s/(7y) extend to higher
friction Reynolds numbers than any others to date (to the knowledge of the authors), they show
no indication of attenuation due to reduced temporal or spatial resolution as the Reynolds number
increases. The constancy of 7, s/ (Tw) at large Re; is indicative of the high-frequency response of
our wall-shear-stress sensor”.

II. OVERVIEW OF CURRENT EXPERIMENTAL AND NUMERICAL OBSERVATIONS

In the case of a new measurement technique it is common to perform tests in a well-established
(canonical) flow case and to validate the results against theory or empirical evidence, thereby
assessing the sensitivity and uncertainty of the new equipment. Here a wall-shear-stress sensor was
used in a canonical turbulent channel flow, but the results and conclusions are at odds with the
gross amount of available observations. While the authors state that “the channel and the velocity
field therein have been extensively described” [30] in their previous publications, it appears that
those publications are focused on scalar mixing and do not assess the Reynolds-number behavior
of the mean and turbulence statistics in the near-wall region (and therefore wall-shear stress) of the
channel-flow facility. Since a thorough understanding of the near-wall region of turbulent flows is
very important, we believe that in the light of the statements in the mentioned paper, a more detailed
analysis of the available data, literature, and experimental corrections is called for, in order to try to
resolve the issues at hand.
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FIG. 1. Peak value of the rms value of the inner-scaled streamwise velocity fluctuations as a function of
friction Reynolds number for fixed L/§ values from 0 to 0.07 (in the direction of the arrow), based on Eq. (3)
in Ref. [35], where the red solid line corresponds to L/§ = 1.25/30 and the shaded area indicates the friction
Reynolds-number range of the experiments of Gubian et al. [30], i.e., Re, = 230-950.

As a starting point, it is important to state that the above-mentioned third statement, namely,
that resolution effects necessarily lead to attenuation of measured fluctuations, has already been
discussed most prominently by the seminal work of Hutchins ez al. [33]. Indeed, it turns out that (in
particular) statistics of the inner-scaled streamwise velocity fluctuations are “subject to the compet-
ing effects of the Reynolds number and L™ [33], i.e., spatial resolution. Since there is a direct and
linear relationship between the wall vorticity and the wall-shear stress, and the streamwise wall-
shear-stress fluctuations are related to the limiting behavior of u,,;, i.e., TJ, s = 1My0(Ups /U ),
this similarly holds true at the wall. The latter, i.e., the extension to the wall, is an empirical fact
based on the near constancy of the inner-scaled Kolmogorov length scale for y* < 15 [34]. In fact,
as can easily be shown for an internal flow with fixed outer length scale 8, a constant physical sensor
length L exposed to varying Reynolds numbers (e.g., centerline or bulk velocities) can measure an
increasing, constant, or decreasing fluctuation amplitude depending on the Reynolds-number range
and ratio of wire length and geometry L/§ (see Fig. 1 in Ref. [35]). The data from this figure
are here reproduced in Fig. 1 with different values of L/§, in order to reveal how the measured
fluctuation magnitude is expected to behave. As apparent from the red line, which corresponds to
the L/§ ratio, i.e., hot-wire sensor length (1.25 mm) over the channel half-width (30 mm), as in the
study of Gubian et al., the sensor is expected to measure a rather constant value of the rms of the
fluctuating streamwise velocity fluctuations within the Reynolds-number range of the experiments
by Gubian et al. (indicated through the shaded area), which is exactly what the authors observed. It
is important to highlight that this trend does not imply, as the authors state, that the “sensor gives
no indication of reduced spatial resolution as the Reynolds number increases” simply because of
the observation that “the magnitudes of the asymptotically measured values of 7, s/ (7w) show no
significant reductions when the wall-unit normalized sensor length (L") increases with Re.” [30].
Instead this observation confirms the trends depicted in Fig. 1, which clearly indicate the opposite,
i.e., that the measurements are attenuated as one would anticipate from the clear (Re-dependent)
increase of L™ mentioned in Table I of their paper, i.e., from 9.67 to 39.8. While Gubian et al.
state these L™ values, they instead focus on the sensor areas by stating the following: “If the sensor
areas normalized in wall units [AT = A/(v/u, )?] are calculated, then the resolution of the DNS of
Ref. [18]is (AT = Ax™ x Az™) 170 to 270, which is larger than the (projected) surface area of the
wall-shear-stress sensor used herein (AT = LTD%), which is 3.2 at the highest Reynolds number
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FIG. 2. Reproduction of the data from Ref. [30] (o) including its L™ corrected value (A) based on Ref. [34].
Additionally, results from channel flow DNS are shown: +, [39,40]; *, [28,41]; x, [42,43]; [0, [27]; and O, [17].
The dashed line indicates the correlation for zero-pressure-gradient turbulent boundary layers [44], while the
shaded area indicates the friction Reynolds-number range based on which Gubian et al. [30] concluded that
7 reached its asymptotic value.

w,rms

studied.” Ignoring the nearly order-of-magnitude overestimation of our DNS resolution [18] (see
the end of this section), this comparison would lead to a nonphysical conclusion in an extreme
case reasoning, viz., that an infinitely long sensor (L — oo) combined with an infinitely thin sensor
(D — 0) would fully resolve the spatial scales of the flow. As already noted, empirical evidence
suggests that the attenuation behavior in the region from the wall to y*© = 15 is nearly identical,
hence the level of attenuation at the wall will be comparable to what is shown in Fig. 1. This can be
inferred, for example, from Eq. (3.11) in Ref. [34] and other studies that investigate spatial resolution
effects in thermal anemometry [36-38]. It can thus be concluded that the sensor employed in the
study by Gubian et al. does suffer from spatial resolution effects, which biases the results.

Leaving the experimental evidence aside and focusing on the DNS results that have clearly
established a Re dependence of the inner-peak value of the magnitude of the streamwise velocity
fluctuations as well as the magnitude of the fluctuating wall-shear stress, Gubian et al. make a
noteworthy observation when they compare their data to numerical results. As apparent from Fig. 2,
which reproduces the data by Gubian et al., their measured data indeed exhibit a plateau (or as
they call it an asymptotic state) at a level higher than any previous experimentally obtained value at
comparable Re; and most simulation data. This observation led them to state that their “measured
asymptotic value of 0.44 is even closer to values obtained by Hu et al., Lenaers et al., and Lee and
Moser, who obtained maximum values of 0.43, 0.42, and 0.45, respectively, thus confirming the
results of prior high-Reynolds-number direct numerical simulations.” In this statement, the lower
Reynolds number is unfortunately not taken into account. As is apparent from Fig. 2, all DNS data
sets, whether they are from channel, pipe (see, e.g., Ref. [20]), or turbulent boundary layer (TBL)
flows [44,45], exhibit a clear Re trend; similar compilations can be found in Refs. [12,19], but even
in Fig. 1(b) of Ref. [30]. It should be noted that we have excluded DNS data sets that either exhibit
transitional characteristics [46—48] or depict reminiscence from tripping or inflow effects [49,50] as
discussed in Refs. [18,51,52].

A minor point regarding the resolution in DNS should also be mentioned, as it has been used
as a possible explanation of the apparent disagreement of the new measurements and the existing
data. To make this argument Gubian et al. report mistakenly incorrect streamwise and spanwise
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grid resolutions for the DNS reported in Ref. [44]. In particular, they state that the inner-scaled
streamwise and spanwise resolutions are up to 25.3 and 10.8, respectively, while they are in fact 9
and 4, respectively; we suspect that the former values are probably (mistakenly) taken from our first
DNS of a TBL [53] and large-eddy simulation [54]. As investigated in detail in Ref. [24] as well
as reported by Gubian et al., these resolutions are clearly sufficient to resolve the wall-shear-stress
fluctuations and the speculations offered about an insufficient streamwise resolution in previous
DNS are unsubstantiated with respect to the Reynolds-number scaling of the magnitude of the fluc-
tuating wall-shear stress 7.} since the low-frequency content (i.e., large-scale structures) of the

w,rms?

fluctuations away from the wall was found to be responsible for the increase in magnitude [18,25].

III. POTENTIAL RESOLUTION

Based on the arguments provided so far, it might be interesting to explore how standard spatial
resolution (L™) correction schemes would affect the fluctuating wall-shear-stress measurements.
Note that, in the following, we do not attempt to explain the observed discrepancies with literature
data as there is not enough information, e.g., about the calibration procedure, available to attempt
this. This section is merely meant as an illustration of how spatial resolution effects can bias the
trends within a limited Reynolds-number range. We thus proceed to “correct” the measured 7,/ .,
values of Gubian ef al. in order to see whether the apparent asymptotic state the authors seemingly
observe beyond a Re; of 600 is an artifact of the ignored spatial resolution effects of their sensor.
Utilizing the well-established correction scheme by Smits ez al. [34] on the measured z,f . values
(by setting y© = 0 in their Eq. (3.11)), we obtain even higher values for t,j +ms @S apparent from
Fig. 2 (upward triangles). However, at the same time the Re trend of 7},  is revealed, which
was previously obscured by L* effects. It should be noted that any other correction scheme could
have been used to recover the revealed Reynolds-number trend [37,55,56] since they are calibrated
against DNS data within the viscous sublayer. While the Re trend is recovered, it is clear that
the amplitudes and the Re dependence are too high and strong, respectively, compared to existing
correlations values. This indicates that there are other effects that might need to be accounted for;
however, this would remain speculative without further insight into the calibration process of the
Sensor.

One reason for the aforementioned overcorrection of 7./, - is that it assumes that spatial resolu-
tion effects are the only deficiency for the developed sensor. However, another potential error source
could be the lack of a dynamic calibration as usually performed for new (wall-shear-stress) sensors
(see, e.g., Refs. [57,58]). While the authors state that “the small (I-mm-wide by 0.1-mm-deep)
cavity is to avoid direct contact and minimize conduction from the hot wire to the sensors substrate,
which greatly increases the sensor’s frequency response (>10 kHz),” such an estimate about a
particular dynamic response is difficult to give in the absence of a direct characterization of the

dynamic response [57].

IV. SUMMARY AND CONCLUSIONS

The recent work by Gubian ef al. based on new measurements made strong statements with
regard to the scaling of the fluctuating wall-shear stress and in particular our previous work on this
subject [18]. As a main result it was stated that an asymptotic value for 7,/ .- (and related turbulence
statistics) would be reached at Re; =~ 600. This is in disagreement with existing high-quality DNS
from turbulent channel, pipe, and boundary-layer flows (including data that exceed the experiments
in terms of Re by a factor of up to 5) which exhibit a clear increasing Re trend. Furthermore,
claims were made that their new sensor exhibits “high-spatial and high-temporal resolution,” while
in the present Comment we argue that (i) their sensor exhibits strong effects of insufficient spatial
resolution, which obscures the Re trend, (ii) when corrected for spatial resolution effects the Re
dependence of T is restored, and (iii) the claimed high temporal resolution and conclusions

w,rms
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from the new sensor, without a direct characterization of the dynamic response, is not confidently
demonstrated.

It should be noted that we abstain from speculations on why the recovered amplitudes and Re
trends of rut -ms are too large and strong, respectively, once compensated for spatial resolution
effects compared to the literature. However, it might be worth investigating the static and dynamic
calibration procedure, which will affect not only the mean value (z,,) butalso 7,7, ., which is scaled
by the mean. The authors calibrated their flush-mounted wall-shear-stress sensor in “steady, laminar,
fully developed flows in a high-aspect-ratio, rectangular test section” [59]. However, when it comes
to wall-bounded turbulent flow measurements, wall-mounted sensors are often calibrated in situ,
i.e., submerged in the near-wall region of a rurbulent flow (see, e.g., Refs. [2,3,60,61]).

At the same time, the present Comment should not overshadow the advantages of the new
wall-shear-stress sensor presented by Gubian et al., viz., its ability to minimize conduction effects,
which has, in combination with a shorter sensing element, potential for future wall-shear-stress
measurements even in more complex geometries. This route is certainly worth pursuing, especially
in the absence of alternative measurement techniques, and a dynamic calibration as outlined, for
example, in Ref. [57] would contribute to clear up many of the open questions that are discussed in

Ref. [30] and herein.
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