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Wall-shear-stress measurement and
characterization at high Reynolds numbers

By T.M. Jaroslawski, F. Cabrera-Booman, J.M.O. Massey AND B.J. McKeon

Wall-shear stress is a fundamental quantity in turbulent boundary layers; it sets
skin-friction drag and power expenditure, governs momentum and heat transfer at the
wall, and underpins validation of near-wall turbulence models. This brief reports time-
resolved wall-shear-stress measurements at high Reynolds number in Stanford’s pressur-
ized wind tunnel, quantifies the Reynolds number dependence of the wall-shear-stress
spectrum, and isolates sensor-footprint filtering through comparison with numerical sim-
ulation.

1. Introduction

Many vehicles of practical interest operate at high Reynolds numbers, where turbulent
boundary layers exhibit dynamics that differ fundamentally from those at low Reynolds
numbers. In particular, very large scale motions (VLSMs) become increasingly energetic
and may influence wall-shear-stress fluctuations. This behavior challenges current mod-
els, which rely heavily on low-Reynolds-number data and fail to accurately capture the
contribution of these large scales.

In wall-bounded turbulence, streamwise velocity fluctuations originate from two pri-
mary sources: the small-scale motions of the near-wall cycle and the imprint or modu-
lation of large-scale motions (LSMs) and VLSMs from the outer layer. As the Reynolds
number increases, the relative importance of these outer layer—induced, low-frequency
contributions grows, altering spectra, intermittency, and scaling (Smits et al. 2011).

Studies have shown that the superposition of large-scale signatures leaves a measurable
imprint on the wall-shear stress 7,, (Metzger & Klewicki 2001; Mathis et al. 2009, 2013;
Schlatter & Orlit 2010). Specifically, low-frequency wall-shear-stress fluctuations reflect
the footprint of outer layer motions, which Bradshaw (1967) and Deshpande et al. (2025)
propose to be inactive; that is, they contribute negligibly to local Reynolds shear stress
and momentum transfer while strongly manifesting in streamwise-velocity energy and
modulating near-wall dynamics.

Despite significant advances, the dynamics of low-frequency, subconvective wall-shear-
stress fluctuations remain insufficiently characterized, particularly at high Reynolds num-
bers, where their influence becomes dominant. These motions represent the direct wall
imprint of large-scale turbulence, drive intermittency in skin friction, and hinder the
development of accurate predictive models and control strategies. Experimental data re-
main scarce, especially from direct time-resolved measurements of 7,,, limiting our ability
to fully assess their role.

In this brief, we employ time-resolved wall-shear-stress sensors to resolve the low-
frequency content of 7, across a range of Reynolds numbers. The measurements quantify
the contribution of subconvective motions to wall-shear-stress variability. These results
underscore the importance of understanding the physical mechanisms for measurement
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FIGURE 1. (a) Schematic (adapted from De Graaff & Eaton 2000) (left) and photograph of the
facility with the test-section door open (right). (b) Inset of the test section (left) and close-up
view of the wall-shear-stress sensor (right).

limitations of wall-shear stress at high Reynolds numbers, as predictive models cannot
be refined without accurately characterizing the underlying dynamics.

2. The approach
2.1. Pressurized wind tunnel experiments

Figure 1(a) presents a schematic of the pressurized wind tunnel, which was recently
refurbished (De Graaff & Eaton 2000; Cabrera-Booman et al. 2024). The facility attains
high Reynolds numbers by enclosing the entire flow circuit within a pressure vessel and
operating at elevated absolute pressure. Increasing the pressure raises the air density and
reduces the value of the kinematic viscosity. This enables high Reynolds numbers (up to
friction Reynolds numbers on the order of 10%), defined as Re, = u,dp1 /v, where dp;,
is the boundary layer thickness, w, is the friction velocity, and v is the fluid’s kinematic
viscosity at modest development lengths, with thinner boundary layers and relatively low
bulk velocities. Details of the tunnel geometry and ancillary systems are omitted here;
we focus only on aspects relevant to the current experiment. For further information, the
reader is referred to De Graaff & Eaton (2000).

The working section measures 3.0 x 0.15 x 0.71 m (length x height x width). The
lower wall incorporates a removable transparent plate with an inset region (0.95 x 0.30
m) accommodating a 6-mm-thick aluminum plate flush-mounted to the wall. Precision-
drilled holes and associated flush-mounted insets/plugs in the inset plate allow for flush-
mounted pressure and shear-stress instrumentation (Figure 1(b)). The upstream step
height at the leading edge of the inset was measured to be less than 200 pwm under
atmospheric conditions, and measurement stations were placed more than 2,500 step
heights downstream to eliminate any influence of the step.

Freestream velocity was determined using a static-pressure Pitot tube connected to a
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manometer, positioned approximately at midchannel 2.6 m downstream of the trip. Stable
operating velocities ranged from 3 to 14 m/s. Baseline flow quality and turbulence levels
were validated in prior work using hot-wire anemometry; here we focus on wall-shear-
stress measurements.

2.2. Time-resolved wall-shear-stress measurements

Wall-shear stress, 7,,, was measured using flush-mounted capacitive sensors (IC2 CS-
0510) located on the spanwise centerline approximately 2.5 m downstream of the trip.
Sensors were installed to tight tolerances, with a maximum step between the sensing
surface and the wall of 25 pum; the manufacturer specifies <25 um on the sensitive
element itself, which at the highest Reynolds numbers corresponds to about 5 viscous
units (y* = yu,/v). Each sensing element has a 2.0 x 0.4 mm footprint, implying finite
spatial averaging at the wall. The usable bandwidth is approximately 700 Hz. Signals
were sampled at 5 kHz with an analog low-pass filter at 700 Hz. Acquisition durations
spanned many large-eddy turnover times to ensure statistical convergence.

Flushness and orientation are critical. During development, we observed that small
angular misalignment could introduce artifacts—most notably spurious negative 7, and
depressed mean/shear estimates—likely due to local flow disturbance over the element
(possible microseparation; not confirmed). All results reported here were acquired with
verified flushness and alignment within the stated tolerances.

2.2.1. Uncertainty quantification
We estimate the skin-friction coefficient via
2Ty

= vz

and propagate uncertainty from two independent sources: wall-shear sensor errors mapped
into o, and freestream condition uncertainties in p and Us,. The density is modeled as
an ideal gas,

p= L
~ RT’

2=

Wall-shear uncertainty aggregates independent sensor-side contributions in root sum
square. The sensor resolution is Res = Resy,pa x 1073 (Pa), the integrated noise

ny v fo
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with relative uncertainty

A

Noise =

where n is the voltage noise density (V/vHz), fy is the effective measurement bandwidth
(Hz), and S is the sensor sensitivity (V/Pa); the DC accuracy (calibration/bias) DCacc
(either measured directly or taken as DCacc = DCaccspec X F'S), where FS is full scale;
and the temperature-induced offset drift

Temp = arFS|AT],

where ar is the drift coefficient (fraction of full scale per degree Celsius), FS wall-shear
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(Pa). AT is the temperature drift in the experiment. These combine as

. Ory . . .
Ory = \/ Res? 4+ Noise? + DCacc? + Temp?; —is the relative wall-shear uncertainty.
Tw
The sensor-only contribution to the skin-friction uncertainty is
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Freestream contributions enter through p and U, yielding
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Assuming independence between sensor and freestream sources, the total uncertainty is

6Cf,tot 1
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The coefficients in the relative error terms follow from logarithmic differentiation of C':
Tw and p appear to the first power, while U, appears squared.
We also report the friction velocity,

with relative and absolute uncertainties
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The factors of 1/2 arise because ., contains square roots of both 7, and p.
To propagate viscosity from temperature via Sutherland’s law, we write
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With kinematic viscosity v = p/p, we obtain
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For the normalized turbulent wall-shear fluctuation 7.;t, when the sample count is large
and bias is negligible, we use the approximation

6(77/11+) o O7u

For Re.,

w
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Throughout, we assume small, independent uncertainties and first-order (linear) propa-
gation; noise is integrated over the effective measurement bandwidth, and temperature
drift is modeled as an offset proportional to full scale per degree Celsius.
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2.3. Direct numerical simulation surrogate for sensor footprint effects on 1,

A wall-shear sensor with finite physical length acts as a spatial low-pass filter, attenuating
high-frequency energy. As the Reynolds number increases, viscous scales shrink, so a
fixed-size sensor filters a larger fraction of near-wall motions. We quantify this finite-
footprint filtering in direct numerical simulations (DNS) by applying streamwise spatial
filters matched to the sensor footprint and varying their length in wall units to emulate
increasing Reynolds numbers.

We use channel-flow DNS data from Huang et al. (2025) and Toedtli et al. (2025),
generated with the solver presented by Flores & Jimenez (2006). The channel half-height
is denoted by h; the domain size is 4mh x 27h; and the friction Reynolds number is
approximately 551. The solver employs spectral discretization in the streamwise () and
spanwise (z) directions, computes nonlinear terms in physical space with 2/3 dealiasing,
and uses a compact finite-difference scheme in the wall-normal (y) direction with N, =
272 points.

3. Results
3.1. Mean skin friction versus Reynolds number

Figure 2 presents the mean skin-friction coefficient, Cy, as a function of the friction
Reynolds number, Re,, derived from our direct measurements of wall-shear stress. Data
span a range of speeds and freestream pressures. For reference, the plot includes a spread
of empirical correlations in the literature (namely, the 1/4- and 1/7-power laws) alongside
results from De Graaff & Eaton (2000), in which the wall-shear stress, 7,,, was inferred by
least-squares fitting of the logarithmic law to the mean velocity profile over the interval 50
< y* and y/§ < 0.2. The present measurements are consistent with De Graaff & Eaton
(2000) within the stated experimental uncertainty and reproduce the same trend: the
effective exponent in a power-law representation decreases with increasing Re,, implying
that fixed-exponent power-law estimates of C'y are reliable only at low Reynolds numbers.

The relatively large uncertainties observed at low Reynolds numbers are anticipated.
Under low freestream pressure, the physical wall-shear forces are small, placing the
shear-stress sensor near the lower end of its dynamic range. In this regime, resolution
and broadband noise constitute a larger fraction of the signal, and temperature-induced
offset drift is less effectively suppressed, which degrades the signal-to-noise ratio. Conse-
quently, the relative uncertainty in 7,,—and, by propagation, in Cy—is elevated at low
Re..

3.2. Spectral content of the wall-shear-stress fluctuations

Here we present wall-shear-stress spectra. The Reynolds number is controlled by adjusting
freestream velocity Uy, and pressure (hence density p) at near-constant temperature; for
iso-Reynolds-number operation, U,, and p are covaried to keep Re = pU, L/p constant.
Increasing pressure raises p and lowers v = u/p.

3.2.1. Iso-Reynolds-number experiments

Figure 3 shows the premultiplied wall-shear-stress spectrum, f ¢j_‘w ., (f), plotted against
the inner-scaled period TT = 1/fT, where f* = fv/u?. We compare two friction
Reynolds numbers, Re, ~ 1200 and Re, = 6000, and include DNS data from Eitel-Amor

et al. (2014) for reference. The Re, =~ 1200 condition was reproduced under iso-Re, con-
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FIGURE 2. Mean skin-friction coefficient versus the friction Reynolds number. Experimental
results are plotted across a range of speeds and freestream pressures.
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tions. (a) Rer &~ 1200. (b) Re, ~ 6000. The dashed line represents data obtained from Eit-
el-Amor et al. (2014).
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ditions by reducing the freestream velocity while increasing the test-section pressure,
yielding the same Re. as at atmospheric pressure with U ~ 14 m/s.

Two features emerge. First, the spectral energy attenuates at T+ < 100, attributable
to spatial averaging by the finite-sensing element (~0.4 mm), which increasingly un-
derresolves the shrinking viscous scales (discussed further in Section 3.2.3). Second, the
spectra collapse at large T (low frequencies) across all iso-Re, realizations, consistent
with DNS and indicating that spatial filtering does not contaminate the larger timescales
to the first order. At Re, = 6000, we observe the same spatial filtering attenuation at
Tt < 100. At large T, the spectra again collapse and exhibit more energy than the
low-Re DNS reference; this topic is discussed in the next section.
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FIGURE 4. Premultiplied energy spectra of the wall-shear stress, 7, for different Re.

3.2.2. Effects of high Reynolds number on the wall-shear-stress spectrum

Figure 4 presents premultiplied spectra of wall-shear-stress fluctuations over friction
Reynolds numbers from Re, = 1500 to Re, = 8000. As Re. increases, the spectra exhibit
a systematic rise in energy at large T, indicating strengthened low-frequency fluctua-
tions in 7, associated with the footprint of outer layer motions (Metzger & Klewicki 2001;
Mathis et al. 2013; Deshpande et al. 2025). In this regime, subconvective signatures
emerge—structures whose streamwise extents and apparent convection velocities yield
periods far exceeding those of the near-wall cycle. These motions enhance long-period
spectral content and promote intermittency in 7, consistent with intensified outer—inner
interactions at high Re,. As discussed for the iso-Reynolds-number experiments, we also
observe attenuation of the spectra at low T+.

3.2.3. Spatial filtering of T, from direct numerical simulations

Next, we use DNS of channel flow at Re, = 550 to further validate the observed
filtering phenomenon. Specifically, we analyze the spectral content of 7,, after applying
spatial filters corresponding to the sensing element size, expressed in wall units as Za'lt.
By systematically increasing l;{lt, we approximate the effect of increasing the Reynolds
number, since higher Re, leads to smaller viscous scales relative to a fixed physical sensor
size.

Figure 5(a) presents the two-dimensional spectrogram of wall-shear stress; vertical
dashed lines indicate the scales expected to be attenuated at experimental Reynolds
numbers. The corresponding premultiplied energy spectra are shown in Figure 5(b). In-
creasing the effective Reynolds number—approximated here by increasing lfﬁt—yields
behavior consistent with the experiments (Figure 5(b)): a systematic decrease in spec-
tral energy associated with the near-wall cycle, including a slight rightward shift of the
spectral peak. At larger periods (large T1), the spectra remain relatively unaffected,
except at the highest effective Reynolds numbers, where the sensor footprint becomes
comparable to the channel half-height.
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FIGURE 5. Inner-scaled wall-shear-stress spectra from DNS at Re, = 550. (a) Spectrogram
of wall-shear stress with theoretical filter cutoffs overlaid. k; is the inner-scaled streamwise
wavenumber. (b) Premultiplied energy spectra of the DNS data after application of the theoret-
ical effective spatial filter at the corresponding Reynolds number. The DC component has been
removed, as indicated by the black line.

4. Conclusions and future work

We presented experiments on time-resolved wall-shear-stress measurements and char-
acterized the mean skin-friction coefficient. We analyzed spatial filtering caused by the
finite-sensing element, showing that small-scale structures are attenuated by the sensor
whereas large-scale motions are largely unaffected. We corroborated these findings using
synthetic sensor modeling, which consisted of applying analogous spatial filtering to DNS
data. Studying these effects under iso-Re, conditions isolates spatial filtering influences
from Reynolds number variation. We also examined the Reynolds number dependence of
the wall-shear-stress spectra and found that increasing Re. elevates low-frequency energy.
Building on this finding, we are developing a correction framework that compensates for
attenuation and reconstructs the missing spectral content, exploiting the universality of
the wall-shear-stress spectrum at low 7. A complementary model, following Gustenyov
et al. (2025) and Massey et al. (2025), incorporates both inner- and outer-scale dynamics
to capture the full structure of the wall-shear-stress spectrum.
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