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Abstract

This study presents the application of time-resolved particle image velocimetry (TR-PIV) to measure the mean and fluctuating
velocity components in a turbulent boundary layer (TBL) over an axisymmetric body of revolution. A narrow wall-normal
strip of the flow was captured using a synchronised high-speed laser and camera at a recording frequency of up to 80 kHz.
The resulting streamwise and wall-normal velocity TR-PIV data were validated against hot-wire anemometry measure-
ments and direct numerical simulations (DNS) of a flat plate under matched flow conditions. The mean flow results showed
good agreement between all methods, while the expected attenuation due to the spatial averaging was found in the TR-PIV
turbulence statistics closer to the wall. A key outcome of this study is the establishment of an effective laser sheet thickness
for the TR-PIV using DNS as a reference. This study fills a gap in understanding the spectral response and limitations of
TR-PIV in such complex flows, particularly how spatial resolution and noise influence the accuracy of turbulence measure-
ments. The TR-PIV streamwise velocity energy spectra were compared with DNS data that were spatially filtered to match
the resolution of the TR-PIV and hot-wire. A transfer function was derived to determine cut-off wavelengths as a function of
wall-normal distance. The cut-off wavelengths enabled the quantification of the resolvable turbulence scales within the TBL,
revealing that the spatial resolution is a limiting factor for TR-PIV. The methodology was applied to locations with zero and
favourable pressure gradients, providing insights into how pressure gradients influence spectral content and the limitations
of TR-PIV in capturing the full range of turbulence scales. The outlined methodology is applicable more broadly and can be
used to enhance the accuracy of experimental techniques in future boundary layer investigations.

1 Introduction time-resolved particle image velocimetry (TR-PIV) has

emerged as a powerful tool for capturing the temporal and

The accurate measurement and analysis of turbulent bound-
ary layers (TBLs) are critical for advancing our under-
standing of wall-bounded flows and improving experi-
mental methodologies. Among the available techniques,
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spatial dynamics of turbulence. A recent review by Beresh
(2021) highlights TR-PIV’s ability to provide detailed
insights into turbulent flows, including spectral content, two-
point and space-time correlations, modal analysis and inte-
gral timescales. However, its performance in wall-bounded
flows, particularly in challenging conditions involving pres-
sure gradients and small-scale turbulence, requires further
evaluation to establish its limitations and potential.

This study employs TR-PIV to investigate the TBL at
two locations along a geometry that provides a range of flow
conditions, including near-zero pressure gradient (ZPG) and
mild favourable pressure gradient (FPG). Measurements are
conducted over an axisymmetric body of revolution, which
serves as a practical test case to evaluate TR-PIV’s capability
to resolve turbulence across varying flow scales and pressure
gradients.
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The TR-PIV method used here takes inspiration from
Willert (2015, 2018). In this method, a narrow strip of the
flow field is illuminated by a high-speed laser and imaged
by a high-speed camera to provide very high capture rates,
allowing TR-PIV velocity measurements. The TR-PIV
employed here pushes the current limits of camera and laser
technology, with repetition rates up to 80 kHz and acquisi-
tion time sufficient to enable long data series (up to 800,000
samples) suitable for converged statistical quantities and the
extraction of the full broadband spectral energy content.

Building upon studies outlined by Beresh (2021), we pre-
sent a detailed investigation of the spectral energy content,
incorporating comparisons with highly resolved hot-wire
anemometry and direct numerical simulations (DNS) of a
flat plate to clarify the impact of temporal and spatial reso-
lution on resolvable flow scales, particularly as a function
of wall height and pressure gradients. As noted by Beresh
(2021), the term “time-resolved” is often loosely defined
in fluid mechanics, with the fundamental criterion being
that the temporal resolution must be sufficient to capture
the relevant flow timescales, including the smallest, fastest
eddies responsible for energy dissipation. Here, we rigor-
ously assess the validity of time-resolved measurements in
wall-bounded flows through spectral analysis against hot-
wire and DNS benchmarks, ensuring that the majority of the
energy content within the temporal bandwidth is accurately
captured.

It is also important to consider the coupling between spa-
tial and temporal resolutions for TR-PIV measurements. A
high temporal resolution must be complemented by adequate
spatial resolution to ensure coherent structures in the flow
are accurately captured and not smeared out. As such, TR-
PIV also has a temporal cut-off due to the finite PIV spatial
resolution or interrogation window (IW) size (Willert 2015;
Atkinson et al. 2015). A larger /W will average the veloci-
ties of particles over a more significant spatial extent. This
smoothing can lead to underestimation of the velocity and
changes in the turbulent fluctuations, effectively reducing
the temporal resolution of the measurement. Understanding
these aspects is crucial; however, the literature is limited.
This is particularly important for flows containing varying
pressure gradients, where the contribution of different flow
scales changes for varying pressure gradients. Furthermore,
the influence of particle lag (due to particle size and density)
is also explored in spectral space, again as a function of wall
distance.

Particle tracking velocimetry (PTV) can provide superior
spatial resolution and only exhibits minimal spatial aver-
aging (or attenuation of turbulence levels) compared with
PIV (Kihler et al. 2012). The TR-PIV provides a highly
temporally resolved dataset to enable the use of PTV from
PIV using correlation (Stanislas et al. 2005; Theunissen
et al. 2008). Thus, PTV will complement the TR-PIV data
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by providing highly resolved statistical quantities of the
TBL, including mean velocity profiles and Reynolds stress
distributions.

As performed by Foucaut et al. (2004), spectral analysis
on PIV data was instrumental in characterising and mod-
elling inherent noise. In a complementary study, Atkinson
et al. (2013) explored filtering methods for PIV in TBL
flows, using spectral analysis to match filtered results with
spatially filtered DNS of equivalent resolution. Atkinson
et al. (2015) applied these methods to TR-PIV of a TBL
at a lower Reynolds number (Re) than our study in a water
tunnel with hollow glass spheres as tracers. In contrast, this
study uses TR-PIV in a large-scale wind tunnel with aero-
sol tracers on an axisymmetric model, pushing acquisition
rates to camera limits and capturing longer sequences for
broader spectral analysis. These conditions challenge parti-
cle imaging, potentially altering noise characteristics, while
the large-scale facility limits spatial resolution. Atkinson
et al. (2013, 2015) derived transfer functions between PIV
and DNS spectra, linking TR-PIV and DNS spectral content
across spatial scales. Our study extends this by deriving cut-
off wavelengths as a function of wall-normal distance, quan-
tifying spectral attenuation limits and assessing TR-PIV’s
ability to resolve fine-scale turbulence in the TBL. This
methodology, applied at ZPG and FPG locations, evaluates
pressure gradient effects on spectral characteristics and TR-
PIV limitations. We further explore noise mitigation through
select PIV processing and denoising filters, analysing their
impact on turbulence and spectral response. This analysis
directly addresses a question posed by Beresh (2021) on the
resultant effects of PIV processing and filtering methods on
the overall spectral response.

1.1 Background and context for the test geometry

The axisymmetric body of revolution geometry used in this
study is based on a conventional diesel-electric submarine
concept design by Joubert (2006) and is shown in Fig. 1. The
geometry is commonly referred to as the baseline or bare
hull variant, without casing and appendages. It is considered
canonical due to its streamlined elliptical nose, cylindrical
mid-body section, and streamlined tail designed to minimise
flow separation. Accurate measurements of the TBL flow,
turbulence levels, and spectral content are critical to under-
standing flow behaviour around such geometries. Further
information on the geometry and references to the past stud-
ies can be found in the supplementary material (S1).

For axisymmetric TBLs, Piquet and Patel (1999) param-
eterised the effects of transverse curvature using two param-
eters. Firstly, the curvature parameter, which is the ratio of
the boundary layer thickness () to local radius of curvature
(a). Secondly, the radius of curvature in wall units (a*) also
referred to as the radius Reynolds number (Re,.), where the
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Fig.1 A schematic of the axisymmetric body of revolution, show-
ing the coefficient of pressure (C,) axial distribution with black
filled symbols (m), and the TR-PIV measurement area and locations
(red rectangles). The flow is from left-to-right, as indicated with the
freestream flow vector

superscript ‘+° indicates inner normalisation by friction
velocity U, and kinematic viscosity, v. For practical vehicle
applications, the most relevant case identified by Piquet and
Patel (1999) is when the curvature parameter is small or
of order one (a/6 < O(1)) and a™ is large (= 200, where
the layer is turbulent). This corresponds to relatively high
Reynolds number (Re,) flow where the local body radius is
large relative to the very thin boundary layer and curvature
effects are minimal, such that TBL characteristics appear
very similar to a planar or 2D TBL. For the current geom-
etry, this was indeed found to be the case at axial location,
x/L = 0.45 where a ZPG exists, and the curvature parameter
is small (a/6 = 0.1) (Manovski et al. 2020, 2022b).

The structure of the paper is as follows. Section 2 pro-
vides a detailed description of the test facility and model,
followed by the experimental methodologies in Sect. 3. The
theoretical analysis of TR-PIV cut-off frequencies is covered
in Sect. 4. The results and their discussion are presented in
Sect. 5, and some concluding remarks are made in Sect.6.

2 Test facility and model

All tests were conducted in a large-scale closed-circuit wind
tunnel, at the Defence Science and Technology Group in
Melbourne, with a test section that is an irregular octagon,
2.74 m wide, 2.13 m high, and 6.56 m long. The freestream
streamwise turbulence intensity is less than 0.4%, and the
individual transverse intensities are less than 0.7% (Erm
2003; Manovski et al. 2023).

The test model is shown in Fig. 2 and has a length (L) of
2000 mm and a diameter (D) of 273.66 mm. The model was
mounted on a twin aerofoil sliding rail support as shown
in Fig. 2. A detailed description of the model geometry

laser sheet

high speed camera

Fig.2 Photograph of the axisymmetric body of revolution model and
TR-PIV experimental setup, showing camera, lens, the laser sheet and
the model, mounted with twin aerofoil-sectioned supports

can be found in Manovski et al. (2020). The model was
tested at zero incidence with an oncoming airspeed of
28.8-30 m/s (dependent on the local temperature), while
the Reynolds number based on the length of the model was
Re, ~ LU, /v ~3.95 x 10° and held nominally constant
during the various tests. The test Re; was chosen to match
previous experimental tests (Manovski et al. 2020). Follow-
ing the guidelines of Barlow et al. (1999), the total blockage
results in no more than 1% change in the flow speed. As
described in Manovski et al. (2020), a circumferential ring of
trip dots was located on the nose at 5% of the model length
to enable the laminar-to-turbulent transition of the surface
flow. The trip dots are 0.29 mm tall, have a diameter of
1.27 mm, and are spaced 2.54 mm apart (centre-to-centre).
The measurements were conducted at axial stations, x/L =
0.45 and 0.65 as shown in Fig. 1.

The measured axial pressure distribution from Manovski
et al. (2020) over the studied geometry is shown in Fig. 1,
where U, is the incoming freestream velocity. Herein, x
denotes the streamwise direction, y the spanwise direction
(out of the page), and z the vertical direction. The pressure
coefficient, Cp = AP/O.SpUi, where AP is the difference
between the local surface static pressure and the pressure
within the settling chamber, and p is the air density. The
measurement uncertainty for C, is less than 2%. A varying
pressure distribution exists, including a near ZPG over the
mid-body at x/L = 0.3-0.6 with C, < —0.067, followed by a
mild FPG at x/L = 0.6-0.7. Then, an adverse pressure gradi-
ent (APG) exists in the tail at x/L > 0.8, which is stronger
with axial distance.

A key parameter used for TBL analysis is the friction
velocity (U,). This study presents a unique implementation
of oil film interferometry (OFI), detailed in the supplemen-
tary documentation S2, to directly measure the skin fric-
tion on the surface of the axisymmetric model and obtain an
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accurate estimate of U,. These values are listed in Table 3
for the measurement locations.

3 Measurement techniques
3.1 Time-resolved particle image velocimetry

Two-dimensional TR-PIV was undertaken with tracer par-
ticles (di-ethyl-hexyl-sebacate, DEHS) from a six-jet TSI
seed generator (model 9306). Illumination was provided by
a InnoLas Nanio Air 532-10-V-SP high-speed laser and a
Phantom v2640 high-speed camera imaged particles. The
laser and camera synchronisation was provided by a LaVi-
sion PTU X. The displacement of particles in sub-regions,
or interrogation windows (/W), was determined by cross-
correlation PIV software (LaVision Davis 10.2). The laser
light sheet was aligned along the streamwise direction with
the camera orthogonal to the laser sheet, therefore allowing
the measurement of instantaneous streamwise («) and wall-
normal (w) velocity components.

The InnoLas Nanio Air laser is an air-cooled Nd:YVO,
diode-pumped solid-state laser with 532-nm wavelength
and a typical operating repetition range of 20-80 kHz.
The laser has a maximum pulse energy of approximately
550 W per pulse at 20 kHz, which is considerably smaller
than =~ 150 mJ pulse energies typical of dual-cavity PIV
lasers used for large field-of-view or high-resolution setups
as in (Manovski et al. 2020). At 40 kHz, the pulse energy
reduces to ~ 310 W, whereas at 80 kHz, it is ~ 140 uJ. The
laser pulse width is 18 ns and 30 ns for 40 kHz and 80 kHz,
respectively, all of which are adequate to ‘freeze’ the motion
of particles for a typical PIV image magnification (Schar-
nowski and Kéhler 2020). To maintain sufficient laser energy
for PIV, the light sheet of the high-speed laser was limited to
a narrow strip, approximately 7 X 55 mm?, in the streamwise
and wall-normal directions. This size strip was produced by
a cylindrical lens of —400 mm focal length. Additionally,
two spherical lenses of 1.5 m and 1.0 m focal length were
placed in series to focus the laser sheet to a minimal waist.

The InnoLas high-speed single-cavity laser used here
offers benefits over dual-cavity PIV lasers, such as consist-
ent pulse energy and uniform illumination without beam
overlap issues. Dual-cavity systems allow flexible time
separation between pulses to match local flow velocities,
while the single-cavity laser in this study was operated at
a fixed repetition frequency, setting the pulse separation as
At = 1/f, where f is the repetition rate. Maximum particle
displacement was estimated based on freestream velocity,
laser rate and image magnification. While larger Az improves
dynamic range and reduces statistical uncertainty, it risks
bias errors from flow acceleration, curved streamlines, and

@ Springer

particle loss from the IW or light sheet (Scharnowski and
Kahler 2020).

High spatial resolution is critical in PIV to resolve turbu-
lent flow scales, especially in thin boundary layers. Here, a
large focal length lens provided the required magnification,
though fixed laser frequencies and At increased pixel dis-
placement and particle density requirements. For this study,
a 24.62 px/mm magnification was chosen to enable analysis
of temporal resolution effects at consistent spatial resolution.
This magnification was achieved, from a stand-off distance
of 1.4 m, using a large focal length lens, Nikon AF-S 400-
mm G 2.8 lens with an in-house actuated aperture control
mechanism as described in Manovski et al. (2020). With this
optical setup, the imaged particles typically ranged in size
from 2 to 3 pixels, which is within the optimal range for PIV
measurements (Scharnowski and Kahler 2020).

The range of acquisition rates in this study was from
40 kHz to 80 kHz, with camera limitations requiring a
cropped image width in the x-direction of 224 px and 144 px,
respectively. The z-direction or wall-normal image resolu-
tion remained constant at 1664 px. The 400-mm lens was
operated at f, (ratio of lens focal length to aperture diameter)
of 2.8 to enable strong particle image signals. The camera
on-board RAM (288 GB) allowed 500,000 to 800,000 sam-
ples to be collected over 12.5 s and 10 s, for 40 kHz and
80 kHz, respectively. The experimental parameters for the
TR-PIV are summarised in Table 1 at the measured axial
locations. The total acquisition length in seconds of the
TR-PIV sequence at each station is given by 7. The non-
dimensional boundary layer turnovers can be calculated
using outer scaling, TU, /8, where 6 is the boundary layer
thickness when the streamwise mean flow is 99% of the edge
freestream velocity (U,.). The number of boundary layer
turnovers must be sufficiently large, typically O(10%), to
ensure sufficient statistical convergence of the largest length
scale in the energy spectra.

PIV processing was performed by DaVis 10.2 and con-
sisted of an initial size (/W) of 64 px X 64 px and 50% over-
lap. A final /W size (24 px X 24 px) was then chosen and
shifted by the displacement estimated in the first pass, with
image deformation and three iterative passes to ensure better
convergence of the cross-correlation peak (Scarano 2001).
The spatial resolution of the TR-PIV in each direction is rep-
resented by SR,, SRy and SR_, as detailed in Table 1. Vector
validation and identification of spurious vectors were per-
formed after each pass using a neighbourhood (5 X 5 vector)
median filter with 2 px tolerance. Iterative linear interpolation
was then used to fill any holes left by the validation process.
Filling holes enables continuous velocity data time series,
which is essential for conducting spectral analysis. The per-
centage of spurious vectors was, on average, less than 1% of
the total vectors. Peak locking was assessed through the analy-
sis of particle displacement histograms and was not apparent.
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In the case of 2D PIV, spatial averaging occurs in all three
dimensions. In-plane, the two finite dimensions of the IW
can be accurately established using the image calibration.
Accurately measuring the laser sheet thickness is typically
challenging for the out-of-plane dimension. Using sensitive
burn paper, the laser sheet thickness (Is,) was found to be
2 mm by measuring the extremities of the laser burn. The
laser beam diameter is commonly defined as either full-
width half maximum (FWHM) or 1/e2, corresponding to the
width at 13.5% of the peak intensity. By taking the optical
setup and the laser beam properties, a theoretical laser sheet
thickness can also be estimated based on thin lens theory
(Saleh and Teich 2019). For our optical setup and manufac-
turer specified laser-quality factor, M? = 1.2, the estimated
waist thickness is 0.64 mm (1/¢%) and 0.37 mm (FWHM).
Direct methods to quantify the thickness, such as using a
laser beam profiler (Grayson et al. 2017) or traversing a knife
edge across an energy metre (Mullin and Dahm 2005), offer
greater accuracy than the burn paper method, but were not
available for this study. In 2D PIV, the Gaussian laser pro-
file results in a varying intensity distribution, such that the
imaged particles also exhibit a varying intensity through-
out the measurement volume. Depending on each imaged
particle’s size and image intensity, its weighting to the PIV
cross-correlation function within the /W will vary. Further-
more, between snapshots, variations in particle concentra-
tions and light intensity throughout the laser sheet plane are
likely. Although the later case is minimal in our setup due
to the use of single-cavity laser, an open question remains,
in the context of 2D PIV and out-of-plane spatial averaging,
how representative is the laser sheet thickness obtained from
these various means? The ensemble-averaged PIV should
contain a combination of all of the above effects. By using a
reliable, highly resolved reference measurement (in this case
hot-wire) and applying the spatial filtering to TBL DNS data
that matches the TR-PIV spatial resolution, it is possible to
determine an effective laser sheet thickness (Is,) for the PIV
measurements at hand. This approach is detailed in Sect.5.2.

3.2 Particle tracking velocimetry from particle
image velocimetry

For the PTV from PIV, the particles are initially identified
based on a specified particle size range (1.5 px to 4 px) and
an intensity threshold of 40 counts. The results from the
TR-PIV are then used as a predictor (or particle shift cor-
rection) for subsequent frames to guide the particle track-
ing and match particle pairs within a 2 px tolerance. Once
matched particle pairs are found, a IW (4 px X 4 px) is cen-
tred around each resulting position. Individual particle cor-
relations between frames then determine a more accurate
particle shift (and velocity) for each particle pair. The scat-
tered particle tracks are then interpolated on a regular grid

using an ensemble bin-averaging approach (Manovski et al.
2021). A very small bin size (2 px X 2 px, % 7t X 7% in the
x and z directions) and high-resolution statistical quantities
were then obtained due to the large number of snapshots,
while ensuring sufficient statistical convergence within each
bin. The PTV measurement parameters for the two axial
locations are summarised in Table 1. While spatial spectra
can be obtained over particle tracks from PTV, the limited
streamwise extent of the measurement restricted the ability
to obtain reliable spectral content over a sufficiently broad
range of scales. Additionally, fine-scale interpolation of
PTV data to a regular grid for spectral analysis is a potential
approach, but was constrained by the low particle track den-
sity, which limits the accuracy of the reconstructed velocity
fields. Hence, PIV data with a uniform grid are better suited
for spectral analysis.

3.3 Hot-wire anemometry

The work by Hutchins et al. (2009) established a series of
requirements for hot-wire measurements to minimise the
attenuation of turbulence levels due to the spatial and tem-
poral averaging in wall-bounded flows. They recommend
that the viscous scaled hot-wire active length (I*) should
be as small as possible, with errors found when [t > 20.
These errors significantly reduced with distance from the
wall and were minimal in the outer layer (outside the log
region) for I* < 79 at Re, ~ 14000. Additionally, Hutchins
et al. (2009) recommended that the length-to-diameter (I/d)
ratio of the wire should be >200 to minimise attenuation due
to end conduction effects. Regarding temporal resolution,
they recommend the viscous timescale (tF =1, Uf/v) should
be less than 3, where ¢, is the time resolution of the meas-
urement taking into account the Nyquist cut-off frequency.
This study uses highly resolved hot-wire measurements with
a 1.5-um-diameter wire, an active length of 0.37 mm and
were acquired at f, = 80 kHz, resulting in [* = 29 and t} ~
2.4, thereby satisfying the general requirements of Hutchins
et al. (2009). Additionally, hot-wire measurements which
were less resolved (It =~ 95) were repeated and acquired at
40 kHz in order to better understand the effects of spatial and
temporal resolution. The active wire length in both cases was
measured before and after testing using a Nikon Shuttlepix
PM-MFSC microscope. The measurement post-testing was
to ensure that the dimensions and the integrity of the wire
were maintained. For the hot-wire measurements, the cor-
responding antialiasing low-pass filter was set to the Nyquist
frequency cut-off value (f. = f,/2). For each case, 35 points
were taken with logarithmic spacing using a wall-normal
traverse with an acquisition period (7) of 30 s per data point.
In order to accurately determine the wind-on probe tip posi-
tion relative to the wall and to correct for the small amount
(< 0.05 mm =4 wall units) of backlash in the traverse
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system, the probe tip was imaged using a high-resolution
camera (29 Mpx) fitted with a 300 mm lens and 3X telecon-
verter. The key hot-wire measurement parameters are pre-
sented in Table 1. The remaining hot-wire setup, including
the calibration procedure, follows the same process detailed
in Manovski et al. (2020).

To ascertain the frequency response of the hot-wire
anemometer, an input square wave response was analysed
using the ‘Bode’ plot method. For the 1.5-um wire, a typi-
cal frequency response of 30 kHz was found. Hutchins et al.
(2015) outline that the actual frequency response may be
less than that derived from this method, but still provides a
useful ballpark indication. Hutchins et al. (2015) present a
method to quantify frequency response using a pressurised
facility to keep Re constant while varying the frequency
content, but this approach is impractical for most research-
ers due to limited access to such facilities and variations in
hot-wire tuning (e.g. under-damped vs. over-damped setups).
The paper provides useful examples of potential frequency
responses that could be encountered in hot-wire experi-
ments. For example, for a typical 5-um wire, the expected
frequency response is flat up to 5-7 kHz. Hence, for meas-
urements in turbulent flows with considerable energy above
these frequencies, the frequency response of hot-wire may
cause large errors in measurement quantities. As indicated
by Hutchins et al. smaller sensors help and provide faster
frequency response as is the case here with the reduction in
both spanwise length (1.22 mm vs 0.37 mm) and diameter
(5 um vs 1.5 um). Furthermore, Hutchins et al. state that
the error due to frequency response for wall-bounded flows
will be minimal if the ratio of Uf/v is below 0.3 x 10° 57!
with errors becoming significant above 2 x 10° s~!. In our
case, this ratio is slightly above the recommended ratio, at
around 1 X 10°s~!. The performance of our hot-wire meas-
urements is verified by comparisons with fully resolved DNS
at matched conditions, in Sects. 5.2 and 5.3.

4 TR-PIV: theoretical cut-off frequencies

The cut-off frequency for TR-PIV is the frequency beyond
which the PIV system can no longer reliably capture the
flow’s velocity fluctuations. This is when the signal sig-
nificantly attenuates or where noise dominates, making the
measurements unreliable. The cut-off frequency represents
the highest frequency at which the PIV system can provide
accurate fluctuations of the velocity. Frequencies higher than
the cut-off are either not captured or attenuated, leading to an
incomplete or inaccurate flow representation. Below we con-
sider three separate theoretical TR-PIV cut-off frequencies.
There are additional cut-off frequencies (or wavelengths)
due to the three-dimensional (3D) spatial averaging of the
PIV method and its inherent noise, which can be determined
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from the frequency response and the spectral content of
the PIV measurement with reference to a highly reliable
or ground truth spectral dataset. This will be explored in
Sect. 5.3 and 5.5.

4.1 Temporal acquisition cut-off frequency

The temporal acquisition cut-off frequency, f;, is determined
directly by the acquisition frequency (f,), following the
Nyquist criterion: f, = f,/2.

4.2 Tracer particle cut-off frequency

Depending on the size and density of the tracer particles,
they will follow the fluctuating velocity of the flow up to a
certain cut-off frequency (f,,). Typically, PIV has a low-pass
filtering behaviour due to the high particle-to-fluid density
ratio. Following Mei (1996), an estimate of f;, can be found
for a particle diameter based on a particle dynamic equation.
The analysis is based on theoretical assumptions, where a
prescribed velocity oscillation determines the cut-off fre-
quency. It is based on a velocity-squared difference between
the oscillation and resulting particle lag of 50% (equivalent
to a -3 dB threshold).

For the DEHS seed generator used in this study, a com-
plementary test was undertaken in which in situ particle
sizing was conducted for the same imaging setup and is
described in Manovski et al. (2022a). The measurements
from two particle sizers were combined to cover a particle
diameter range of 0.1 pm to 3 um. The DEHS geometric
median of the volumetric concentration was found to be
0.62 um. In the literature, the reported mean diameter of
DEHS aerosol particles from a Laskin nozzle is 0.5-1.5 um
(Raffel et al. 2018), while a commonly reported geometric
median diameter is 1 pm (K&hler et al. 2002).

An alternative approach used in transonic/supersonic
flows is to calculate the particle response time (z,) from the
exponential decay of ensemble-averaged PIV data across
a shock wave, from which an effective particle size can be
determined (Manovski et al. 2022a). This effective diam-
eter contains the holistic effects of the PIV system. For
DEHS generated from a PIVTEC PIVpart 45 seed genera-
tor equipped with 12 Laskin nozzles, 7, = 1.92-2.02 us was
reported across shock waves by Ragni et al. (2011). As a
point of reference, for 7, = 2 us and for the test conditions
and optical setup given in Ragni et al. (2011), the corre-
sponding effective particle size of DEHS can be calculated
to be 0.82 pum.

In the particle size and response tests of Manovski
et al. (2022a), both water and oil-based smoke particles
were also sized, revealing a geometric median diameter
of 0.3-0.35 um, whereas the effective particle diameters
derived from particle response tests were found to range
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Fig.3 The particle size and density-dependent cut-off frequency (f;)
and particle diameters (dp) based on Mei (1996) theoretical assump-
tions. The shaded area indicates the range of particle cut-off frequen-
cies for the expected size of particles within this study

between 0.70 and 0.85 um. This size discrepancy was
attributed to the light scattering properties of the small
particles and a correlation bias favouring larger particles
in PIV processing. Larger particles contribute more to
the cross-correlation peak, while smaller particles, not
imaged effectively, scatter less light and predominantly
contribute to background noise. This finding underscores

the limitation that particle sizer tests alone do not fully
reflect the characteristics of imaged particles undergoing
PIV processing.

Following the analysis of Mei (1996), for DEHS (with
density = 912 kg/m?) the particle cut-off frequencies are as
shown in Fig. 3. Using the measured particle sizer median
diameter of 0.62 um as a lower limit, the effective diam-
eter of 0.82 um from Ragni et al. (2011), and 1 pm as an
upper limit, we get the shaded area indicating the particle
cut-off frequencies (f, = 14.6 — 38.0 kHz) for the range of
expected particle diameters (d, = 0.62 —1.00 pm).

To accurately track the flow without significant parti-
cle lag, the Stokes number (St)—defined as the ratio of
the particle response time to the timescale of the flow—
should be below 0.1 to maintain slip velocity errors of
less than 1% (Samimy and Lele 1991). Using 7, = 2 ps for
DEHS particles from Ragni et al. (2011) (d, = 0.82 pm,
J, =21.7kHz) and a viscous time limit of tF = 3 (Hutchins
et al. 2009) to capture the smallest timescales within the
TBL, we obtain St = 0.07. Using the measured value of
d, = 0.62 um (f, = 38 kHz) and an estimated 7, = 1.3 us
based on the Stokes drag formulation, we find St = 0.04,
which is well below the benchmark of 0.1. These results
suggest that the tracer particles used here effectively fol-
low the turbulent structures with minimal slip velocity (i.e.
lag) error.

Table 1 The hot-wire, TR-PIV and PTV measurement parameters for the range of measurement locations. The spatial resolution of each tech-

nique in each direction is represented by SR,, SR, and SR,

Hot-wire

xIL U, U, Re, SR, =d SRf=d* SR, =1 SR;’ =I* SR, =d SRZr =d* fa I tt T TU./b
(m/s)  (m/s) (m) (mm) (1m) (kHz) (kHz) (®)

045 298 1.19 1025 5.0 0.4 1.17 95 5.0 0.4 40 20 47 30 7x10*

045 29.8 1.19 1025 1.5 0.1 0.37 29 1.5 0.1 80 40 24 30 7x10*

0.65 307 122 1424 5.0 0.4 1.17 99 5.0 0.4 40 20 4.7 30 7x10*

0.65 307 122 1424 1.5 0.1 0.37 30 1.5 0.1 80 40 24 30 7x10*

TR-PIV

xIL U, U, Re, SR, =IW SRf=IW* SR, =Is, SR:T =Ist SR, =IW SR;r =Wt f £ t T 10U,/
(m/s)  (m/s) (mm) (mm) (mm) (kHz) (kHz) (s)

045 297 1.19 1040 0.97 79 0.8+0.2 65+15 0.97 79 80 40 6.8 10 2x10*

0.65 30.3 1.21 1470 0.97 80 0.8+0.2  68+15 0.97 80 80 40 6.8 10 2x10*

PTV

x/IL U, U, Re, SR, SR;’ SR, =1Is, SR;' =Ist SR, SR;r fa iA t: T 171U,/
(m/s)  (m/s) (mm) (mm) (mm) (kHz) (kHz) (s)

045 29.7 1.19 1045 0.08 7 0.8+£0.2  65%15 0.08 80 40 6.8 10 2x10*

0.65 30.3 1.21 1470 0.08 7 0.8+0.2 66+x15 0.08 80 40 6.8 10 2x10*
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4.3 Spatial resolution cut-off frequency

For PIV, the smallest resolvable length scale can be related
to the velocity fluctuations limited by the size of the IW.
The finite /W size imposes additional temporal filtering, over
At, on the dataset. In wall-bounded shear flows, the highest
spatial resolvable frequency, f, ..., is dependent on the PIV
system spatial resolution and can be estimated by consider-
ing the ratio of the smallest resolved length scale, L,;,, to
the convection velocity of turbulent scales in the streamwise
direction, U, within the measurement volume. In the case
of 2D planar PIV measurements, the measurement volume
is defined as the laser sheet thickness within the /W. Given
a convection velocity, U, and the smallest resolved length
scale, L,;,, the maximum resolvable frequency, f,.., can
be expressed as,

Uc
fmax x . (1)

Lmin

Following Willert and Gharib (1991), the spatial cut-off
wavelength is twice the /W size, according to the Nyquist
criterion. Schrijer and Scarano (2008) and Schneiders et al.
(2018) also state that a spatial modulation up to 50% of the
velocity fluctuation is achieved when L;, = 2x IW. The
minimum resolvable length can therefore be approximated
as twice the IW size, and therefore the highest resolvable
frequency of velocity fluctuations is equivalent to the spatial
cut-off frequency and is given by

U.

- (@)

Joax ® 35T

In wall-bounded shear flows, different scales within the
measurement volume are convected at varying speeds. For
a representative maximum, we take the local freestream (or
edge) velocity (U,) as the convection velocity, leading to
Smax = U /(2 X IW).

Willert (2015) also analysed the spatial resolution cut-
off frequencies for TR-PIV in a TBL. Willert considered a
finite /W streamwise size and used the mean velocity at a
wall-normal location, U(z) as the corresponding convection
velocity, from which an effective sample time is defined as:

4
W= U0 3)

Accordingly, it follows that the highest resolvable frequency
or spatial cut-off frequency, while taking into account the
Nyquist criterion, is given by

1 _ U@
hw  2XIW’ @

Jfw =

@ Springer

If the local freestream velocity (U,) is used as the mean
velocity for an upper limit of the spatial cut-off frequency,
Eq.(2) and Eq.(4) are equivalent.

It should be noted that iterative processing with image
deformation can alter the effective IW size and shape, par-
ticularly in regions with strong velocity gradients or high
shear. This deformation process may affect the relationship
between pixel dimensions and actual spatial resolution, mak-
ing it challenging to accurately estimate the spatial cut-off
frequency. Furthermore, the above analysis did not account
for the influence of the spanwise spatial resolution, which is
constrained by the laser sheet thickness. In a TBL, the span-
wise direction plays a crucial role due to the anisotropy of
turbulence and the presence of smaller structures and steep
gradients in this direction. In the case of Willert (2015), the
reported laser sheet thickness was 0.2 mm (2.7 wall units);
as such, the effects of the spanwise direction on f;;, were
negligible. However, that is not the case in the present inves-
tigation. The impact of the full 3D spatially filtering effect
of TR-PIV on turbulence statistics and spectral response
is assessed in Sect. 5.2 and 5.3. Furthermore, we derive a
transfer function between the TR-PIV and DNS spectra by
using DNS (or hot-wire) data as a reference. This allows us
to establish new spatial cut-off wavelengths that account for
the combined effects of spatial resolution and inherent PIV
measurement noise. These findings are detailed in Sect. 5.5.

5 Test results
5.1 Mean velocity and streamwise Reynolds stress

The cross-validation with hot-wire and DNS is made at
axial stations, x/L = 0.45 and 0.65. The boundary layer
parameters at these two stations are summarised in Table 3,
derived by averaging the results from the hot-wire and TR-
PIV measurements. The mean boundary layer parameters
were obtained using the experimental data, with any missing
data near the wall supplemented by fitting data to functions
as detailed in Manovski et al. (2020) for the inner wall and
the logarithmic law of the wall. At x/L = 0.45, the bound-
ary layer flow exhibits a near ZPG (dP/dx =~ —0.4 Pa/m)
with the Clauser pressure gradient parameter, § = —0.001,
Whereas, at x/L = 0.65, the boundary layer flow exhibits a
small FPG (dP/dx ~ —158 Pa/m) with § =—0.247. Since
the curvature parameter which is defined as the ratio of
the boundary layer thickness, &, to the radius of curvature,
a =133.9 mm, is small (i.e. §/a < O(1)) and a* is large (2
200), the flow at these locations should follow the canoni-
cal flat plate solution (Piquet and Patel 1999; Kumar and
Mahesh 2018; Manovski et al. 2020). Here, we defined the
boundary layer thickness, &, at the location of the mean
streamwise velocity approaches 99% the local freestream
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velocity (i.e. U = 0.99U,). The measured boundary layer
data are compared with canonical flat plate DNS of Sillero
et al. (2013). For the DNS, the TBL and simulation param-
eters are summarised in Tables 2 and 3, respectively. The
flow conditions for the DNS indicate only a small mismatch
with our data. The number of DNS grid points in each direc-
tion is indicated by N, Ny and N, and T} is the total time
over which statistics are compiled. At x/L = 0.65, the meas-
ured boundary layer data are also compared with the DNS
of Sillero et al. (2013). Although the flow conditions at this
location differ, the comparison of turbulent statistics remains
valuable since the flow parameters are quite similar and the
FPG is mild, minimising significant deviations.

In Fig. 4a and b, the normalised mean streamwise veloc-
ity profiles (U*(z) = U(z)/U,) as a function of the normal-
ised wall-normal height, z+ = zU_ /v, are plotted for the TR-
PIV and the two hot-wire measurements as well as the DNS
datasets. The law-of-the-wall, Ut = z*, and the logarithmic
law, Ut = k! log z* + A, are also included to Fig. 4a and b
for comparison. Here k = 0.41 and A = 5.0 are the logarith-
mic law constants. In Fig. 4, the vertical dash-dotted lines
at z+ = 200, 400 and 600 indicate the location of extracted
spectra and will be discussed in Sect. 5.2. The mean stream-
wise velocity for the TR-PIV datasets is averaged in time
(1) and streamwise (x) extent of the measurement domain at
each z-location, while for the hot-wire signal U is obtained
from averaging the signal in ¢ at each z-location. At both

axial locations, the mean profiles from all methods compare
reasonably well and follow the logarithmic law-of-the-wall
profile. In the near-wall buffer region, the lower-resolution
hot-wire cannot resolve the flow gradients and suffers from
heat loss, resulting in a departure from the inner viscous
wall relationship. At x/L = 0.65, Fig. 4b, owing to the mild
FPG compared to the ZPG DNS, there is a small contrac-
tion of the outer wake profile which is due to acceleration
of the local flow.

In Fig. 4c and d, the normalised streamwise Reynolds
stresses (uut = (uu)/Uf) are plotted for the various test
methods and the DNS datasets for the ZPG and APG cases.
An under-prediction of the turbulence levels is obtained
compared to the DNS, particularly in the region closer to
the wall (z* < 600) and can be attributed to the spatial aver-
aging inherent in each method. The highly resolved hot-wire
(with I = 29) can better resolve the turbulence levels, as
the measured levels tend towards the DNS data. The next
best performer is the larger hot-wire, followed by the TR-
PIV. The relative disparity between methods is consistent
across the two axial locations. This confirms that inadequate
spatial resolution attenuates the measured turbulence levels
in a TBL over an axisymmetric body of revolution, with
attenuation increasing closer to the wall and with lower spa-
tial resolution, as noted by Chin et al. (2009) in a turbulent
channel flow. In the next section, the DNS is spatially filtered
to verify the effects of spatial resolution.

Table2 The DNS simulation parameters (Sillero et al. 2013) for the two cases that match the TR-PIV test conditions at measurement locations,
x/L = 0.45 and 0.65. The spatial resolution in wall units of the DNS in each direction is represented by SR, SR} and SR}

DNS

case U,(m/s)  Re,(m/s)  Re, N, SRf=Ax* N, SRY=Ay" N, SRf=Azt TU./6

DNS,, 1.0 1040 2996 1284 7 4096 3.8 200 3 673

DNS, 1.0 1307 4000 1284 7 4096 3.8 200 3 708

Table 3 Boundary layer Measurement location xIL 045 DNS, 0.65 DNS,

parameters at the axial

measurement locations Friction velocity U, (m/s) 1.19 - 121 -

fg;ﬁgﬁ‘:ﬁ ;V]ftgo?lj)s dataset Boundary layer thick 5 (mm) 12.82 - 17.23 -
Displacement thick 6" (mm) 2.18 - 2.71 -
Momentum thick 6 (mm) 1.56 - 2.00 -
Shape factor H=:6%/6 1.40 1.38 1.35 1.38
Friction coefficient C = 2U3/U§ 0.00319 0.00328 0.00319 0.00342
Momentum Re Re, =U.0/v 3163 2996 4076 4000
Friction Re Re,=U,6/v 1045 1040 1470 1307
Pressure coefficient C, = AP/0.5pUZ% —0.067 0 —0.102 0
Pressure gradient dP/dx (Pa/m) -0.4 0 —158 0
Clauser pressure gradient p = 6%/r,(dP/dx) —0.001 0 —0.247 0
Curvature parameter ola 0.10 - 0.13 -
Radius in wall units at=aU, /v 1.1 x10* - 1.1 x10* -
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Fig.4 Non-dimensional mean streamwise velocity profiles U* (a, b)
and non-dimensional mean streamwise Reynolds stress uu' (c, d) as
a function of wall-normal distance, at axial locations, x/L = 0.45 (a,
c) and 0.65 (b, d), compared for the different test methods and DNS.
The spatial resolution of each method in each direction is indicated

The PTV results are also shown in Fig. 4. The bin size for
the PTV was 2 px (= 7 wall units) in the x- and z-directions,
and the number of samples in each bin was greater than
8,000. The PTV can match the mean velocity profiles and
recover the turbulence levels almost at the same level of
the small hot-wire. The PTV results also verify the effects
of spatial resolution and the subsequent reduction in turbu-
lence attenuation. The impact of spanwise resolution (SR,
=65 — 66™), influenced by laser sheet thickness, is less pro;
nounced as PTV measures individual particle fluctuations,
typically tracking the brightest particles near the laser sheet’s
centre. Although the out-of-plane velocity component could
introduce slight errors, this effect is considered negligible
at these locations and over the small Az. One limitation of
PTV is the absence of rigorous validation criteria, which
may result in spurious particle track connections, potentially
inflating turbulence levels—similar to the noise observed in
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in the parentheses as (x*,y", z%). The dotted and dashed lines are the
law-of-the-wall U* = z* and log-law U* = x~'logz* + A. The ver-
tical dash-dotted lines at z+ = 200,400 and 600 are the location of
extracted spectra and will be discussed in Sect. 5.2

PIV studies by Atkinson et al. (2013). Despite this, the PTV
results suggest that the individual particle displacements are
reliable, indicating there is little inherent bias error in the
TR-PIV imaging.

5.2 Comparisons with spatially filtered DNS

The DNS data from Sillero et al. (2013) were filtered using a
volumetric spatial boxcar filter to simulate the spatial resolu-
tion of the PIV and hot-wire measurements. This filtering
method enables direct comparison of turbulence statistics.
The details of the filtering process are provided in the sup-
plementary material (S3).

The results for the streamwise and wall-normal Reynolds
stress are presented in Fig. 5 with uncertainty bounds and the
corresponding spatially filtered resolution indicated in the
parentheses as (x*, y*, z+). The uncertainty quantification
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Fig.5 At x/L = 0.45, hot-wire and TR-PIV normalised mean Reyn-
olds stress profiles in the streamwise, uu*, and wall-normal com-
ponents, ww* as a function of wall-normal distance (z*), compared
with DNS of Schlatter and Orlii (2010), and spatially filtered DNS
matching the hot-wire and TR-PIV resolutions. The spatial resolution
of each method in each direction is indicated in the parentheses as

is presented in Appendix C and takes into account the
main contributors to the uncertainty of each method. For
the streamwise mean velocity, the estimated uncertainty
of the hot-wire was ~ 0.8% (relative to U,), and an uncer-
tainty of ~ 0.20% was found for the TR-PIV. For the Reyn-
olds stresses, the maximum estimated uncertainty for the
hot-wire and TR-PIV was ~ 2.5% and ~ 3.9%, respectively.
Referring to Fig. 5, a comparison between the hot-wire and
the spatially filtered DNS matching the hot-wire (77, 29*
, 51) shows that most differences fall within the uncertainty
bounds of the hot-wire measurements, as indicated by the
blue error bars, with only a slight overestimation observed.
This minor discrepancy may stem from the effective sensing
length of the hot-wire (as discussed in S3) and the underly-
ing DNS spatial resolution in the streamwise direction (7%)
and the interpolated wall-normal direction (5%), which are
absent in the hot-wire measurements. The results confirm
that the turbulence levels at this location over the axisym-
metric body of revolution geometry match very closely with
a canonical TBL.

As discussed earlier for PIV, the in-plane spatial resolu-
tion is approximated by the finite /W size and can be estab-
lished from the TR-PIV processing settings. To estimate
the effective laser sheet thickness (Is.) in the TR-PIV meas-
urements, we use a filtering approach applied to the DNS
data. Specifically, we adjusted the spanwise filter size of
the DNS until the spatially filtered Reynolds stress profiles
from the DNS visually matched those obtained from the
TR-PIV measurements. The effective laser sheet thickness
is identified as the spanwise filter size that provides the clos-
est match between the TR-PIV and filtered DNS Reynolds
stress profiles. It is assumed to remain consistent across all

measurement stations. Using this method, the DNS filtered
to TR-PIV (79%, 65* + 157, 79%) profile in Fig. 5 is obtained,
indicating Is} = 65 + 15 (0.8 + 0.2 mm), which is signifi-
cantly less than the 2 mm thickness observed by the burn
test and larger than the estimated thin lens thicknesses of
0.64 mm (1/e?) and 0.37 mm (FWHM). The uncertainty
bounds on Is* were set to match the estimated uncertainty
of the TR-PIV.

In Fig. 5 the wall-normal Reynolds stress
(ww* = (ww)/U?) results show the expected attenuation
and also fall within the spatially filtered profile and the
uncertainty bounds. It should be noted that in Fig. 5, both
the raw and denoised TR-PIV results (denoised through
filtering methods described in Sect.5.4) are presented. The
differences between the two profiles are minimal, with the
denoised data showing slightly lower turbulence levels, rep-
resenting an optimised case for the TR-PIV. Consequently,
the denoised data were used to determine /s.. In the outer-
layer portion of the boundary layer (z* = 600 or 0.56), the
difference between the DNS and the measured streamwise
Reynolds stresses from the hot-wire and TR-PIV was similar
(with a maximum error of &~ 3%), which is within the range
of measurement uncertainty. This is a significant finding, as
it suggests that the TR-PIV in this study can be considered
reliable for capturing the outer TBL flow. However, it is
essential to examine the spectral response across a range
of scales for both the TR-PIV and hot-wire measurements,
which is discussed in the following section.

5.3 TR-PIV: spectral response

A range of temporal and spatial scales of motion charac-
terises turbulent flows. The power-spectral densities (PSD
or spectra) of the velocity fluctuations, ®(f), can be used to
determine the relative contribution of different frequencies
to the overall energy content. In our study, the streamwise
velocity fluctuation spectra (®,,,) were calculated using the
modified periodogram method of Welch with a Hamming
window and 50% overlap. For the TR-PIV, two fast Fourier
transform (FFT) window sizes of 2° and 2!? were used, and
the results were combined to obtain better converged low-
and high-frequency spectra. The frequency resolution for the
two window sizes was ~ 137 Hz and ~ 17 Hz, respectively.
These frequencies normalised using outer boundary layer
scales, result in non-dimensional frequencies, f, = f6/U, =
0.060 and 0.007, respectively. The spectra from the TR-PIV
are also averaged at each wall height across the streamwise
domain (typically over 12—16 vectors).

We again use the DNS from Sillero et al. (2013) and
the spatially filtered DNS dataset as a reference. For each
spanwise location, spatial spectra along the streamwise
direction were computed and then averaged across all
spanwise locations. A final average was then calculated
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across the available 13 time independent DNS snapshots.
Using the filtered DNS spectra as a reference, we can
directly assess the spectral (or frequency) response of
the TR-PIV and hot-wire results, evaluating the ability
to capture the flow dynamics across various scales and
frequencies, thereby determining the range of resolvable
flow scales.

The premultiplied energy spectra, k,®,, (where k, is the
streamwise wavenumber and @, is the energy spectrum of
the streamwise velocity fluctuations), plotted against the
streamwise wavelength (4}), are presented in Fig. 6. The
results include all measurement methods at both axial sta-
tions, along with the original and spatially filtered DNS data.
For x/L = 0.45, the DNS results are used as the reference,
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1.5 \ ‘ ‘ ‘
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Fig.6 At axial locations, x/L = 0.45 (left) and 0.65 (right), the non-
dimensional premultiplied energy spectra of the streamwise velocity
fluctuations compared with different methods at three wall heights,
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while at x/L = 0.65, the DNS dataset is excluded due to the
presence of the FPG. Given the spectral differences between
pressure gradient cases, as demonstrated in Appendix A, the
hot-wire measurements are used as the reference at this loca-
tion. The corresponding filtered resolution in each direction
(x*, y*, z%) is indicated for each method. The spectra are
presented at three wall-normal heights of z* ~ 200 (which
is in the logarithmic region), z* ~ 400 (end of the logarith-
mic region), and z+ = 600 (0.45 — 0.56, in the outer wake
region). The vertical lines in the previous figures of the mean
velocity and Reynolds stress profiles indicate these three
wall heights. The k, and 4, were obtained from the time-
series data by applying Taylor’s frozen turbulence hypoth-
esis and taking the local mean velocity as the convection
velocity. The maximum uncertainty in the spectra is deter-
mined in Appendix C and was found to be + 5.0% for the
TR-PIV and + 2.9% for the hot-wire, occurring in the large
scales (A7 ~ 20 x 10°) near the peak in energy content. The
energy distribution from the streamwise fluctuations exhib-
its a broadband character, with the shape of the spectrum
consistent with flat plate DNS results across all methods. As
we move towards larger scales, the DNS spectra terminate
abruptly, reflecting the limited spatial extent of the extracted
dataset and the inability to resolve the largest structures.
Nevertheless, the influence of these larger scales remains
evident in the data, given that the full DNS streamwise
domain is approximately 12 times larger. For the hot-wire
and TR-PIV spectra, applying Taylor’s hypothesis and hav-
ing sufficient temporal data allow us to resolve these large
scales. In Fig. 6 an arrow indicates the direction of higher
spatial resolution. At both axial locations, the lower-resolu-
tion measurements show a noticeable disparity in the range
of scales that can be resolved, with the degree of attenuation
increasing as the distance to the wall decreases. Notably, the
peak energy levels are not fully captured by the TR-PIV at
the first two wall heights. However, at z+ = 600 (Fig. 6 e, f),
the peak levels are well captured by all methods, indicating
a lower sensitivity to spatial resolution effects at this higher
wall-normal position. The peak values are consistently cap-
tured from then onward to the edge of the boundary layer
(not shown).

At zt~ 400 (Fig. 6¢, d), for both axial locations, the pro-
files of each method compare reasonably well for A} 2 3000,
below this wavelength there are signs of spatial attenuation.
The smaller hot-wire (0.1, 29-30%, 0.1%) offers the best res-
olution and a result closest to the DNS, next best is the large
hot-wire (0.4%, 95-99%, 0.4%), whereas the TR-PIV has the
largest attenuation. Further away from the surface (z* =~ 600,
Fig. 6e, f), the influence of small-scale energy reduces, the
effect of spatial resolution becomes less pronounced, and all
methods agree fairly well. This trend continues for increas-
ing wall heights (not shown), in which all the measurement
methods are able to fully resolve the dominant wavelength

scales. It should be noted, at z+ = 600, the difference between
the DNS and the measured streamwise Reynolds stress from
the hot-wire and TR-PIV is below 3%.

The spectral response of the spatially filtered DNS results
at x/L = 0.45 is also shown in Fig. 6. The dotted spectra
depict the expected output of the hot-wire and TR-PIV in the
absence of measurement noise. We observe that the small
hot-wire demonstrates a consistent response across the full
range of broadband scales, closely aligning with the cor-
responding profile of the spatially filtered DNS. In contrast,
the TR-PIV data reveal a distinct “kick-up” or roll up in the
smaller wavelength scales when compared to the spatially
filtered DNS results. This kick-up is indicative of the pres-
ence of small-scale (high-frequency) noise, a low-pass filter-
ing effect that has been previously documented by Foucaut
et al. (2004), Atkinson et al. (2013), Willert (2015), Squire
et al. (2016), Beresh (2021). In the direction of decreas-
ing length scale, after the kick-up, the spectral energy levels
reach a local minimum before rising again with decreasing
scales. This local minimum signifies the onset of a form of
TR-PIV aliasing (Beresh 2021), where it appears that the
unresolved small-scale components of the flow are improp-
erly mapped to smaller scales, thereby contaminating the
TR-PIV results. The small-scale noise underscores the limi-
tations of TR-PIV in accurately capturing the full spectrum
of turbulence at these smaller scales. Despite this, the overall
effects of the small-scale noise on the streamwise Reynolds
stress are minimal, as seen in Fig. 5, with only a marginal
increase in turbulence levels compared with the equivalent
noise-free spatially filtered DNS and the denoised TR-PIV
(see Sect. 5.4 for details). A similar trend is observed at x/L
= 0.65, although the influence of the small-scale TR-PIV
noise appears to be lower as the kick-up is less severe. This
disparity between the two axial locations and pressure gra-
dients is the subject of further discussion in Appendix A.

Given the presence of small-scale noise in the TR-PIV
data, it is prudent to address these limitations and strive
to improve the accuracy of the turbulence measurements.
Fortunately, with the reference DNS dataset, we can explore
filtering or denoising methods to mitigate this noise. The
effectiveness of these filtering techniques and their impact
on the spectral response of the TR-PIV results are discussed
in the following section.

5.4 TR-PIV: effective filtering

The anisotropic denoising using the uncertainty quanti-
fication method of Wieneke (2017) was used to filter the
TR-PIV. The method provides an optimal trade-off between
smoothing strength and truncation error. This is done by
locally adapting the spatial filter size based on whether
neighbouring vectors fall within or outside an uncertainty
threshold. This approach results in smoother results while
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keeping the spatial resolution high. It has been successfully
applied to various flow fields, including jet flow, ring vortex
and turbulent pipe flow (Wieneke 2017), and can potentially
be applied to separated or highly unsteady flows with appro-
priate adjustments. We use a weak smoothing strength of 2.5
that acts as a multiplier on the uncertainty threshold, limit-
ing the maximum filter size and producing a smaller spatial
kernel size with less smooth vectors. An initial spatial filter
size of 7 X 7 vectors was used, which then varies depend-
ing on the local uncertainty quantification. After the spatial
filtering, a temporal Gaussian filter of a width equal to 5
time steps is applied. At x/L = 0.45 we can assess the effec-
tiveness of the denoising filter by comparing directly with
the spatially filtered (noise-free) DNS of matching TR-PIV
resolution. In Fig. 7a, c, the results are shown again at two
wall heights, for z* =~ 200 and 600. We see that the denoising
filter performs well, as shown by the two profiles exhibiting
good overlap across the full range of wavelength scales. The
denoised results do not exhibit the “kick-up” evident in the
TR-PIV small scales, and instead, at these small scales, we
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Fig.7 Comparison of raw and denoised TR-PIV results at axial
locations x/L = 0.45 (left) and 0.65 (right), of the non-dimensional
premultiplied energy spectra of the streamwise velocity fluctuation
at two wall heights, z+ =~ 200 (a, b) and 600 (c, d). The spectra are
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observe a consistent offset to the fully resolved DNS. Cut-off
wavelengths corresponding to the /W and 2 X IW sizes, as
well as -3 dB and -1 dB thresholds, are also shown in Fig. 7
and will be discussed in the following section.

At the downstream axial location (Fig. 7b, d), due to the
FPG, the hot-wire is used as the reference and the results
are plotted for the TR-PIV with the denoising filter. The
denoising filter is seen to perform well, as indicated by a
near-constant offset with the reference hot-wire results, over
the range of scales and the two wall-normal heights.

To quantitatively compare the effectiveness of the denois-
ing filter, we plot the transfer function (|7F]|), as the square
root of the ratio of the spectra from the denoised filter
(@ rr-prvy) With the spatially filtered DNS (®,,ps , 1)
in Fig. 8. An ideal filter would exhibit a flat response with |
TF | = 1 across all scales. In our data, we observe a relatively
flat response, remaining close to unity, across most scales,
(4 2 400), and wall-normal heights. For small scales
AT <400, we observe a sharp decline following a slight
hump. This hump is more pronounced closer to the wall,
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benchmarked against DNS from Sillero et al. (2013) and spatially
filtered DNS matching TR-PIV resolution. Cut-off wavelengths are
indicated by dashed-dotted lines, with /W and 2 X IW in blue, -3 dB
in magenta and -1 dB in red



Experiments in Fluids (2025) 66:134

Page150f26 134

1.5 :
I TF ‘2 = (Duu[TR*PIVd ooooo isn]/‘buu[DNSTmPW
1
I,
&~
0.5t
0 1 1
10! 10° 10° 10*

AL

Fig.8 Transfer function of the denoised TR-PIV energy spectra of
the streamwise velocity fluctuations with the spatially filtered noise-
free DNS spectra, matching the TR-PIV resolution as a function A}.
The lighter shading indicates increasing wall-normal distance, rang-
ing from z¥ ~ 100 to 1100

where the strength of small scales is stronger. Furthermore,
a larger deviation from unity is observed near the edge of the
boundary layer (lightest shade of grey). At this location, the
magnitude of |TF|is highly sensitive to small discrepancies
between the two energy spectra, as their absolute values are
lower. The observed discrepancy near the boundary layer
edge may result from the propagation of minor errors in
determining the wall position and friction velocity. Addi-
tionally, it could be influenced by slight mismatches in the
friction velocity.

5.5 TR-PIV: cut-off wavelengths

To assess the spectral response and establish suitable spa-
tial cut-off wavelengths for the TR-PIV data across various
wavelengths and wall heights, we compute the 1D transfer
function, ITF|, which can be determined from the 1D spectra
following:

(I)uu -
|TF| = 1| —I*FY) _ TR-PIV/DNS, )
(I)uu[DNS]

where @, g pry) and @, ;png; are the streamwise velocity
spectra of the TR-PIV and full-resolution DNS, respectively.
It is important to note that these transfer function calcula-
tions differ from those in Fig. 8, as we now compare the
TR-PIV results to the full-resolution DNS. We also calculate
ITF| for the denoised TR-PIV results relative to the DNS
dataset, denoted as “TR-PIV y.,i«/DNS” in the text and fig-
ures. For x/L = 0.65, we use the hot-wire results as the refer-
ence spectrum (denominator value in Eq. (5)) and refer to
this transfer function as “TR-PIV .. ./hot-wire” throughout
the text and figures.

The cut-off wavelength (or frequency) can be defined
from the transfer function by identifying the wavelength
at which the amplitude of the spectral signal drops below
a specific threshold. A commonly used threshold for low-
pass filters is -3 dB, which corresponds to a 50% relative
difference at each wavelength (or frequency) and is often
referred to as the half-power threshold. This approach was
adopted by Atkinson et al. (2013) for PIV spectral analysis,
as PIV effectively acts as a low-pass filter. We deem that
a 50% relative difference at each wavelength is consider-
able. Therefore, in this study, we propose a more stringent
threshold corresponding to a 20% relative difference, equiva-
lent to a -1 dB threshold. This more conservative approach
is intended to provide a more precise interpretation of the
spectral data and better determine the resolvable scale limits
in TR-PIV measurements, which is particularly important
when analysing small-scale turbulent structures.

The | TF | profiles for different wall heights are presented
in Fig. 9, along with the cut-off wavelength thresholds of
-1 dB and -3 dB for both axial locations, and for the raw
and denoised TR-PIV data. Starting from the large scales
and moving towards smaller scales, the raw TR-PIV data
initially resolve the larger scales effectively with | TF | = 1.
However, as we transition to smaller scales, the TR-PIV data
fall below the defined thresholds, with this drop-off occur-
ring sooner in measurements taken closer to the wall. As
the wavelength decreases further, the | TF | reaches a local
minimum before rising again, a behaviour attributed to the
previously discussed “kick-up” and aliasing effect in the TR-
PIV data. Notably, due to the “kick-up” present at both axial
locations, the raw TR-PIV barely crosses the -3 dB thresh-
old. For the denoised TR-PIV data, the local minimum is
eliminated and the | TF | continues its downward trajectory
without the same resurgence. Additionally, it is interesting
to note that the spread of profiles between near-wall and
outer-layer measurements is greater for the ZPG case than
for the FPG case. This observation is explored in more detail
in Appendix A.

When the transfer function profile intersects either of
the two cut-off thresholds (shown in Fig. 7 for z* ~ 200
and 600), the corresponding wavelength is identified and
extracted for each wall height profile. For the raw TR-PIV
data, where the thresholds are crossed twice, the more
restrictive, larger wavelengths were selected. In Fig. 7, in
the absence of reference spectra, one may infer that the mini-
mum resolvable TR-PIV scale is indicated by the location of
local minima or the onset of aliasing in the spectral profiles.
These local minima correspond to spatial scales between IW
and 2 X IW, varying slightly by wall height. Notably, 2 X IW
was previously identified as the theoretical spatial resolution
cut-off wavelength in Sect. 4.3. However, with the availabil-
ity of reference spectra, we observe that the TR-PIV spectra
attenuate small scales and exhibit a roll-off at considerably
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Fig.9 At axial locations, x/L = 0.45 (left) and 0.65 (right), the trans-
fer function of the TR-PIV energy spectra of the streamwise veloc-
ity fluctuations with the DNS spectra (a) as a function of wavelength.
Transfer function of the TR-PIV spectra with the hot-wire spectra
(b). Transfer function of the denoised TR-PIV spectra with the DNS

larger scales, where the -1 dB and -3 dB thresholds provide a
more accurate indication of the minimum resolvable scales.

The resultant -1 dB and -3 dB cut-off wavelengths across
the boundary layer are plotted in Fig. 10a for the ZPG loca-
tion. This figure shows the normalised premultiplied 1D
energy spectrograms of the streamwise velocity fluctuations
from the TR-PIV as a function of the wall-normal distance
for different wavelength scales. The spectrograms are scaled
by inner (*) and outer (8) scales, whereas in Fig. 10 (b), the
same spectra are replotted as a function of dimensionless
timescales (¢*) and frequencies (f). The small gap in each
contour plot is due to the interface between the large and
small window lengths used to calculate the spectra from
the TR-PIV. In the two figures, we also include an overlay
of spectral energy isobars (in cyan) for the reference case,
i.e. DNS of Sillero et al. (2013). The red dotted lines indi-
cate cut-off wavelengths for the raw TR-PIV for the -1 dB
threshold, with reference to the DNS, while the solid red
and magenta lines indicate the cut-off wavelengths, again
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spectra (c). Transfer function of the denoised TR-PIV spectra with the
hot-wire spectra (d). The dash-dot horizontal lines indicate the -1 dB
(red) and -3 dB (magenta) cut-off wavelength thresholds. The lighter
shading indicates increasing wall-normal distance, ranging from
zt ~ 100to 1100

with reference to the DNS spectra of the denoised TR-PIV.
The dashed red and magenta lines indicate the ideal cut-off
wavelengths for the (noise-free) spatially filtered DNS that
match the resolution of the TR-PIV and indicate the abso-
lute best result that one would expect from a filter removing
all the inherent PIV noise, while only the effects of spatial
resolution remain. These cut-off wavelength lines mark the
threshold beyond which significant attenuation occurs in the
TR-PIV measurements. A clear negative slope is observed
across raw, denoised and idealised cut-off wavelengths as
the distance from the wall increases. This trend confirms
that smaller scales become increasingly resolvable with
greater wall height, primarily due to the reduced contribu-
tion of small scales to the overall energy content at these
heights. In contrast, the inherent TR-PIV noise (the “kick-
up”) significantly affects the cut-offs in the raw TR-PIV
data. As a result, the dotted red curves exhibit larger cut-
off wavelengths closer to the wall. The denoised TR-PIV
results show slightly higher cut-off values than the idealised
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Fig. 10 At x/L = 0.45, a the non-dimensional premultiplied energy
spectra of the streamwise velocity fluctuations from the denoised TR-
PIV as a function of the wall-normal distance for different wavelength
scales. b The same spectrogram is plotted as a function of viscous
timescales and frequencies. Various cut-off wavelengths (and fre-
quencies) are indicated for -1 dB (red) and -3 dB (magenta) thresh-

noise-free DNS cut-offs, suggesting that there is still room
for filter optimisation.

As another idealised case, we also show the cut-off wave-
length and frequencies, labelled DNS;y; and indicated by
dash-dot red and magenta lines in Fig. 10. This is the case
of spatially filtered DN'S matching only the /W size in x- and
z-directions, representing the case if the laser sheet thickness
and inherent TR-PIV noise were negligible.

Comparing the isobars of the TR-PIV with DNS refer-
ence spectra, we see a similar shape and the expected attenu-
ation in the small scales. The isobars of the TR-PIV are
offset slightly by up to a quarter of a contour level (k. P,
/Uz ~ 0.25). This is especially apparent closer to the wall
and for the larger scales (47 2 50 x 10%) and is largely a
consequence of the limited spatial extent of the DNS data.
The large-scale structures are truncated, resulting in poor
spectral convergence due to the limited spatial domain of
the dataset. The hot-wire spectra do not suffer from such an
effect, and consequently, we see a favourable match with the
TR-PIV spectra over the larger scales at both axial locations,
as shown in Fig. 11 where the hot-wire spectra are plotted as
a reference. It is also important to highlight that the spatial
spectra derived from DNS represent a direct measurement.
In contrast, TR-PIV and hot-wire measurements rely on Tay-
lor’s frozen turbulence hypothesis to determine the spatial
wavelengths and wavenumbers and assume that convection
velocities are equivalent to the local mean flow. Account-
ing for the scale-dependent convection velocities may yield
slightly different spectral isobars, as shown by (de Kat and
Ganapathisubramani 2015; Renard and Deck 2015). TR-PIV,
with its combined temporal and spatial range, provides the
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olds and were calculated from 7F profiles using the DNS as the
reference. Theoretical derived, acquisition (f,, dash-dotted orange
line), particle (f,, grey shading) and spatial resolution cut-off wave-
lengths (/W, dash-dotted blue line) and frequencies ( f;, dash-dotted
blue line) are also shown. Reference energy spectral isobars from the
DNS (Sillero et al. 2013) are displayed in cyan

necessary data to obtain scale-dependent convection velocity
and is the subject of further study.

It should be noted that the same methodology, which
includes comparisons with DNS for mean and Reynolds
stress profiles, assessment of the spectral response and deter-
mination of the cut-off wavelengths, was applied to various
TR-PIV processing settings. These settings included differ-
ent final IW sizes (16 px, 24 px, 32 px), IW shapes (square,
circular and elliptical), as well as different IW overlaps (0%,
50% and 75%). Although the results of this analysis are not
shown here, the best-performing settings were selected as a
compromise between spatial resolution and inherent noise.
The optimal configuration was determined to be a final /W
size of 24 px, a circular shape, and 50% overlap. Atkin-
son et al. (2015) explored the use of Gaussian spatial filters
(3x3and 5 x5, in the x- and z-directions) in combination
with an 11-point temporal filter to match PIV data with spa-
tially filtered DNS. While these filters were effective, varia-
tions of them were also tested in this study and found to be
less suitable compared to the anisotropic denoising method
applied here. The latter was superior, as it provided a more
accurate spectral response and better preserved the small-
scale turbulence.

In the spectrogram plots of Figs. 10 and 11, we also indi-
cate the theoretical cut-off wavelengths and frequencies
associated with the temporal, particle and spatial resolution,
as determined in Sect. 4. Also, we include as an absolute
upper limit for the theoretical spatial resolution cut-offs (/W
and f,), which represents the smallest wavelength, L,;, =
IW. For the particle cut-off (f,), we display the shaded area
representing the particle size range shown in Fig. 3. For the
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Fig. 11 At axial locations, x/L = 0.45 (left) and 0.65 (right), normal-
ised premultiplied 1D energy spectrograms of the streamwise velocity
fluctuations from the denoised TR-PIV as a function of the wall-nor-
mal distance for different wavelength scales in (a) and (b). The same
spectrograms are plotted as a function of viscous timescales and fre-
quencies in (c) and (d). For both the raw and denoised TR-PIV, cut-
off wavelengths (and frequencies) are indicated for -1 dB (red) and
-3 dB (magenta) thresholds, calculated from TF profiles using the

most part, the majority of the energy content lies outside
these limits, indicating that they do not significantly impact
measurement accuracy. However, it is important to note that
the spatial resolution cut-offs (2 X IW and f,,,, represented
by the dash-dot blue lines) result in a substantial underesti-
mation, as they do not account for the spanwise averaging
effects introduced by the laser sheet thickness and any inher-
ent TR-PIV noise. Furthermore, as previously highlighted,
these theoretical limits may not accurately represent the
effective spatial resolution due to /W deformation, variations
in particle distribution and local flow gradients within the
IW. Even when assuming a negligible laser sheet thickness,
the corresponding spatially filtered DNS cut-offs (labelled
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hot-wire results as the reference. The idealised noise-free DNS wave-
length cut-offs, from 7F profiles using the fully resolved DNS as
a reference, are also shown and are represented by the dashed red
and magenta lines in (a) and (c). Theoretical derived, acquisition (f,,
dash-dotted orange line), particle (f,, grey shading) and spatial reso-
lution cut-off wavelengths (/W, dash-dotted blue line) and frequencies
(fw- dash-dotted blue line) are also shown. Reference energy spectral
isobars from the hot-wire are displayed in cyan

“DNS,,,/DNS” and represented by the dash-dotted red and
magenta lines) are considerably larger than the theoretical
spatial resolution limits.

While the temporal resolution or acquisition frequency
appears sufficient to capture the energy content of the flow in
the outer layer, the spatial resolution proved to be the limit-
ing factor. In particular, the measurement’s spatial resolution
significantly constrained the ability to resolve small scales
closer to the wall.

In Fig. 11, similar spectrogram plots are shown for the
ZPG location (left) and FPG location (right); except this
time, the small hot-wire spectra measurements (shown in
cyan colour) are used as the reference to determine the -1 dB
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and -3 dB cut-off wavelengths from the corresponding trans-
fer functions. In these plots, we observe that the large scales
of the reference spectra match well with the TR-PIV iso-
bars. We see the expected attenuation in the TR-PIV in the
small scales (and high frequencies). The new cut-off wave-
lengths and frequencies for the TR-PIV relative to the hot-
wire results are shown in the same fashion as in Fig. 10. We
observe a similar negative trend in the cut-off wavelengths.
However, the slope is steeper as the outer layer is better rep-
resented in the hot-wire results compared with the canoni-
cal DNS, which was constrained by the limited streamwise
spatial extent used to compute the DNS spectra. For the ZPG
case, we also plot the cut-off wavelengths and frequencies
for the idealised noise-free spatially filtered DNS matching
the resolution of the TR-PIV using the fully resolved DNS
as a reference. These cut-offs, labelled “DNSg pi/DNS”,
are again shown by the dashed red and magenta lines. In the
outer layer, the new -1 dB and -3dB cut-offs for the denoised
TR-PIV with the hot-wire as a reference exhibit a closer
match with idealised noise-free DNS cut-offs, with the
agreement improving as the distance from the wall increases.
The crossover point, where the denoised TR-PIV matches
the idealised case, marks the wall height beyond which the
TR-PIV can be considered effectively “noise-free”.

6 Concluding remarks

This study reported the application of TR-PIV to measure
the mean velocity, fluctuating components and spectral
response in a TBL over an axisymmetric body of revolu-
tion. The TR-PIV method was successfully validated against
highly resolved hot-wire measurements of the same flow
field and DNS of a TBL over a flat plate. By taking into
account the spatial filtering of each method and compar-
ing the equivalent DNS spatially filtered data, a direct com-
parison of the expected turbulence levels was made. For the
boundary layer flow over an axisymmetric body of revolu-
tion, the mean velocity profiles of all methods were shown
to compare well. It was confirmed that inadequate spatial
resolution attenuates the measured turbulence levels and was
consistent across two locations along the geometry, where
the TBL exhibits a ZPG and mild FPG. The attenuation level
increased with lower spatial resolution and distance closer
to the wall. The small hot-wire (IT = 29) revealed better-
resolved turbulence levels close to canonical flat plate DNS.
In the outer-layer portion of the boundary layer (z* = 600 or
z =~ 0.56), the difference between the DNS and the measured
streamwise Reynolds stresses from the hot-wire and TR-PIV
was similar (=~ 3%) and of the same order as the measure-
ment uncertainty. Using the DNS as a reference, an effective
laser sheet thickness for the TR-PIV was determined and
found to be 40% of the measured burn paper thickness and

approximately twice the FWHM value predicted by thin lens
theory.

The spectral response of the TR-PIV was then analysed,
again using the DNS spatially filtered to match the TR-PIV
as a reference. The premultiplied spectra provided insight
into the wavelength scales contributing to energy content.
It was found that the spectral content that could be resolved
by the different methods increased monotonically with better
spatial resolution. Close agreement between all methods is
observed in detecting the large-scale motions with a stream-
wise wavelength of /1: > 3000 throughout the TBL, whereas
a better broadband agreement was found in the outer region
of the boundary layer (z* > 600), where energetic contribu-
tions from small-scale fluctuations are less.

The spectral analysis was able to identify small-scale
noise in the TR-PIV. The investigation then turned to appro-
priate denoising filters to reduce the TR-PIV noise. The
implemented denoising filter of Wieneke (2017) reduced
small-scale noise. From the comparisons of spectra from
the raw and denoised TR-PIV with reference spectra (DNS
or hot-wire), a transfer function was derived and used with
-1 dB and -3 dB thresholds to establish cut-off wavelengths
as a function of wall-normal distance. The premultiplied
spectrograms, combined with these cut-off wavelengths,
quantified the resolvable flow scales at various wall heights
within the TBL. It was found that the TR-PIV spatial reso-
lution significantly limited the cut-off wavelengths (and
frequencies). In contrast, the theoretical Nyquist, particle
response and interrogation window cut-off wavelengths for
the TR-PIV were much lower and generally fell outside the
primary energy range. The interrogation window cut-off
wavelengths (and corresponding frequencies) significantly
underestimated the actual cut-offs because they did not
account for the full 3D spatial filtering inherent in TR-PIV.

In the context of “time-resolved” measurement tech-
niques, this study highlights the key factors that influence
the capability of wall-bounded TR-PIV measurements. The
interplay between spatial resolution (determined by IW size
and laser sheet thickness) and its effect on small-scale atten-
uation is crucial, along with inherent TR-PIV noise, tempo-
ral resolution, particle response and particle displacements,
all varying with wall height. As demonstrated in this study,
these factors must be carefully assessed to accurately evalu-
ate the “time-resolved” validity of TR-PIV measurements.

Our results indicate several factors for understanding
the limitations of TR-PIV and optimising accuracy in TBL
measurements. Future practitioners are encouraged to apply
these considerations as actionable guidelines to determine
the minimum resolvable scales and improve measurement
accuracy across varying boundary layer conditions:

— Optimise resolution to capture relevant flow scales: Use
high spatial and temporal resolution to capture turbulence
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accurately, particularly near the wall where small scales
are more pronounced. Low resolution attenuates turbu-
lence signals, particularly close to the wall. For TBLs
with strong small-scale energy, set acquisition rates with
t* < 3 and particle displacement around 0.14/W, in the
freestream (see Appendix B). These requirements may
be relaxed for larger-scale or outer TBL flow studies.

— Validate TR-PIV data: Cross-check TR-PIV measure-
ments against high-resolution methods (e.g. hot-wire
or DNS) where possible. Spatially filter reference data
to match TR-PIV conditions to understand the impact
of turbulence attenuation and small-scale noise. In the
absence of reference data, use the smallest possible IW
(within limits of seeding density) and higher acquisition
rates to mitigate small-scale turbulence attenuation.

— Determine spatial cut-off wavelengths: Establish resolv-
able flow scales from cut-off wavelengths and frequen-
cies, using a -1 dB threshold, by calculating the transfer
function with DNS or high-resolution data as references.
Report these values as a function of wall height to facili-
tate cross-study comparisons.

— Consider 3D spatial filtering effects: Recognise that cut-
off wavelengths based only on the /W size can underesti-
mate actual cut-offs, since they do not account for the full
3D spatial filtering inherent in TR-PIV measurements.

— Apply denoising filters: Use denoising filters, such as the
method of Wieneke (2017), to reduce small-scale noise
in TR-PIV data. Verify the denoising by comparing spec-
tra from raw and filtered data against reference data to
ensure minimal signal distortion.

— Account for pressure gradient and Reynolds number vari-
ations: Recognise that variations in pressure gradients
(e.g. ZPG vs. FPG) and Reynolds numbers significantly
affect small-scale turbulence characteristics, potentially

= Re; — 2996 ZPG, DNS [Sillero et al. (2013)]
Rey = 4000 ZPG, DNS |[Sillero et al. (2013)]
0.75r
oy Puy
Y o0s
025+
10' 10°  10°

Fig. 12 Effect of Reynolds number on the non-dimensional premul-
tiplied energy spectrogram of streamwise velocity fluctuations, com-
paring DNS results of a ZPG flat plate TBL from Sillero et al. (2013)
(a) with hot-wire measurements from the current study (b), which
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impacting measurement accuracy. Increased Reynolds
numbers amplify small-scale turbulence, generally
requiring finer spatial and temporal resolutions to capture
the added turbulence energy.

These guidelines depend on the application and objectives
of the TR-PIV measurement. Criteria may be relaxed for
low Reynolds number flows or outer-layer measurements.

Appendix A Reynolds number and pressure
gradient effects

The unique experimental dataset and the evolving DNS data
enable us to directly compare the effect of the Reynolds num-
ber and pressure gradient. In the case of the canonical DNS,
we consider the Reynolds number effect alone. Whereas for
the asymmetric TBL we consider the same Reynolds num-
ber change, while the flow also undergoes a transition from
ZPG to FPG, and we assume that the curvature effects are
negligible since the curvature parameter remains small (6
/a = 0.10 and 0.14). Matching Re, is preferred over Re_ for
comparing boundary layer evolution under varying pressure
gradients, as it reflects overall development and is less sensi-
tive to local pressure gradients (Osterlund 2000). In contrast,
Re_ is more influenced by near-wall effects and immediate
pressure gradients.

We have already shown that at x/L = 0.45, the hot-wire
captures the majority of spectral energy with minimal atten-
uation (see Figs. 4 and 6). In the absence of DNS data with
matching FPG conditions, we assume that the small hot-wire
(I = 30) resolves most scales at the downstream FPG loca-
tion (x/L = 0.65). In Fig. 12a, we plot the DNS spectra for
both Reynolds numbers and at three wall heights (z* ~ 200,

() 1

examines a similar Reynolds number change and the transition from
ZPG (x/L = 0.45) to FPG (x/L = 0.65). Spectra profiles are shown
for three wall heights: z* ~ 200 (solid lines), 400 (dotted lines), and
600 (dash-dot lines)
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Fig. 13 Comparison of the effect of acquisition frequencies (40 kHz,
50 kHz and 80 kHz) on the energy spectra (k,¢,,/U?) at x/L = 0.45
for the ZPG case. The 40 kHz case was also processed using an adap-
tive /W method, labelled as “40 kHz adpt.”. For two wall heights:
zt ~ 200 (a) and 600 (b), the spectra are benchmarked against DNS

400 and 600). As Reynolds number increases for the ZPG
TBL, small scales remain consistent, as seen in the overlap-
ping profiles, while large-scale energy rises. In Fig. 12b, we
plot the hot-wire spectra for the x/L = 0.45 and 0.65 at the
same wall heights. For the same Reynolds number increase
while the flow transitions from a ZPG to an FPG, we observe
a reduction in small-scale magnitudes at z+ ~ 200 and 400,
which is accompanied by a shift towards larger scales across
the three wall heights. At z* =~ 600, in Fig. 12b, small-scale
energy overlaps across axial locations, aligning with the
ZPG DNS spectra shown in Fig. 12a. Despite the increase in
Re,, there is less small-scale energy closer to the wall in the
FPG compared with the ZPG case. This result has implica-
tions for the acquisition frequencies and temporal resolution
effects, which will be explored in the following section.

For the raw TR-PIV results, a larger spread in the
| TF | profiles was found between the near-wall and outer-
layer measurements for the ZPG case compared with the
FPG case (see Fig. 9 a, b). This may be attributed to the
more prominent noise (i.e. “kick-up”) in the TR-PIV results
for the ZPG case, and given the result above, is likely due to
the influence of small scales on the measurement accuracy,
as the small scales contribute more to the energy content in
the ZPG case compared with the FPG case.

Appendix B TR-PIV: temporal resolution
and particle displacement effects

The effects of temporal resolution on the TR-PIV were
assessed for the ZPG case at x/L = 0.45 by examining spec-
tral responses at acquisition rates of 40, 50, and 80 kHz.
Due to the single-cavity laser used, changes in acquisition

(b)
1.5 { A | T T T
2z = 604 DNS |[Sillero et al. (2013)]
------- #* = 598 DNS (79, 65+, 79%)
125} 2+ = 601 TR-PIV (797, 657, 79*) 80 kHz
2+ = 613 TR-PIV (51%, 65, 51+) 50 kHz
2+ = 601 TR-PIV (79°, 65", 79") 40 kHz ]
2+ = 601 TR-PIV (79*, 65°, 79*) 40 kHz adpt.

Fr®uy
T 075}

from Sillero et al. (2013) and spatially filtered DNS matching TR-PIV
resolution. The spatial resolution is indicated in the parentheses as
(x*,y*,z"). The acquisition cut-off wavelengths (f,) and interrogation
window size cut-off wavelengths (/W and 2 x /W, dash-dotted blue
lines) are also indicated

frequency impact both temporal resolution and particle dis-
placement between images, complicating the ability to iso-
late these effects. Nonetheless, the analysis offers valuable
insights into temporal resolution and particle displacement
effects on TR-PIV results.

For reliable particle detection between cross-correlated
windows, particle displacement should ideally remain below
one-quarter of the initial interrogation window (IW)) size
(Keane and Adrian 1991; Scharnowski and Kahler 2020).
For our /W, of 64 px X 64 px, this sets a streamwise displace-
ment limit of 16 px at the freestream region. Therefore, it is
useful to express imaged particle displacements as a frac-
tion of /W,. In subsequent passes, the IW size is reduced to
a final size of 24 px X 24 px, while using the particle image
shift from the first pass and image deformation to account
for the local displacement gradient. In boundary layer flow
with high in-plane velocity gradients near the wall, a larger
IW, can introduce bias by capturing the faster mean flow far-
ther from the wall, potentially missing smaller fluctuations
closer to the wall. This may lead to loss of correlation or the
underestimation of small-scale fluctuations, artificially rais-
ing noise levels. Employing an adaptive or deformation IW
scheme may mitigate these effects (Scharnowski and Kihler
2020), as attempted here.

For acquisition rates of 40, 50, and 80 kHz (t:f values
of 4.8, 3.9, and 2.4), freestream particle displacements
were 18.2 px (0.28/W)), 23.0 px (0.36IW,), and 9.10 px
(0.14IW)), respectively. Notably, the spatial resolution was
increased to 38.88 px/mm for the 50 kHz case (compared
to 24.62 px/mm for the 40 and 80 kHz cases), leading to a
higher displacement for 50 kHz than 40 kHz. In Fig. 13,
we compare the premultiplied energy spectra of streamwise
velocity fluctuations for the ZPG case at two wall-normal
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heights of z* ~ 200 and z* ~ 600. The 40 and 50 kHz cases
at zt ~ 200 show increased small-scale noise, as seen by
the larger “kick-up” in the spectra at A¥ < 1000 compared
to the 80 kHz case, which adheres to recommended tem-
poral criteria of £+ < 3. However, at z* ~ 600, small-scale
noise levels are similar across all acquisition rates. This
increased noise in the lower wall-normal region is likely
due to larger particle displacements in the 40 and 50 kHz
cases. As discussed earlier, large particle displacements can
introduce bias errors due to local flow gradients and accel-
erations. This may reduce correlation when particles exit
the /W or move out of the light sheet plane (Scharnowski
and Kéhler 2020). A similar effect was also observed when
using suboptimal IW sizes (e.g. 16 px X 16 px, not shown)
for the 80 kHz case, where insufficient particle counts led to
a loss of correlation, amplifying small-scale noise levels and
resulting in a more pronounced spectral “kick-up”. In the
50 kHz case, with higher spatial resolution (517, 65%,51% in
xt,y*t, z%), the spectral profiles in Fig. 13a, b closely aligns
with those of the 40 kHz case, which has lower resolution
(79%,65%,79%). The freestream particle displacements for
these cases were 23.0 px (0.36/W,) and 18.2 px (0.281IW,),
respectively, suggesting that increased particle displace-
ment can offset the gains from higher spatial resolution.
Additionally, maintaining a final /W of 24 px but starting
with a larger initial /W, of 96 px (not shown), which cor-
responds to a freestream displacement of 0.24/W, for the
50 kHz case, resulted in no obvious reduction in noise. For
the 40 kHz case, the adaptive /W method of Wieneke and
Pfeiffer (2010) was applied, which adjusts the aspect ratio
(up to a maximum of 4:1 or 1:4) and the orientation of ellip-
tical window weightings based on local flow gradients. This
case is labelled “40 kHz adpt.” in Fig. 13. While the adaptive
method effectively reduced small-scale noise levels, con-
firming its association with high-velocity gradients across
the IW, the noise levels remained higher than those observed
in the 80 kHz case.

In Fig. 13, we also show the acquisition cut-off wave-
lengths (f.) for each case and the interrogation window
cut-offs (/W and 2 x IW, vertical dash-dotted blue lines).
Beresh (2021) highlights that aliasing noise effects are more
prevalent in cases where the spatial frequency (1/IW) is sig-
nificantly higher than the temporal frequency (f.). In our
40 and 50 kHz cases, the IW cut-off is slightly smaller (rep-
resenting higher spatial frequency) than the f, wavelength
cut-off. This moderate discrepancy appears to contribute
to increased noise (or aliasing), consistent with the general
observation of Beresh (2021).

Our study indicates that flows with significant small-scale
energy content, such as ZPG boundary layers, are especially
sensitive to temporal resolution and particle displacement.
For these cases, adhering to recommended temporal crite-
ria, such as £+ < 3 and maintaining particle displacements
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well below the 0.25/W, threshold—around 0.14/W, in our
study—is crucial to mitigate noise and minimise temporal
resolution effects on the velocity measurements.

Appendix C Uncertainty quantification

The uncertainty quantification accounts for the primary
sources of uncertainty specific to each test technique. As
previously mentioned, according to the guidelines in Barlow
et al. (1999), the total blockage of the test model resulted
in less than a 1% change in flow speed, which was subse-
quently used to correct the incoming freestream velocity.
Additionally, the uncertainty in determining the wind tunnel
speed, based on reference instrumentation—comprising the
differential pressure across the contraction and tunnel tem-
perature—was + 0.16 m/s at a speed of 30 m/s (Manovski
et al. 2014).

C.1 Uncertainty in TR-PIV measurements

For the TR-PIV method, the bias, and random uncertainty
components are determined based on the methodology in
Manovski et al. (2014), Manovski et al. (2021). The bias
uncertainty, e,/U_, is estimated by the combination of the
length scale calibration (6,), the laser and camera timing (6,)
and the in-plane displacement (6,,), viz.,

€ 3\ o ? 8\’
U_w‘\/<A_t> +<(R,/M)> +<Ax> ’ ©

where the terms on the right side of are described below:

— For the uncertainty in the laser and camera timing, we
account for both the laser’s electronic jitter (1 ns) and
the minimum clock resolution of the programmable tim-
ing unit (1 ns). Combining these uncertainties in quad-
rature for two pulses yields a total timing uncertainty of
0, = 4ns. As a reference time interval, we use the time
between laser pulses, At, which ranges from 12.5 ps to
25 ps for acquisition rates of 80 kHz and 40 kHz, respec-
tively. Consequently, the relative timing uncertainty is
6,/ At ~ +£0.003.

— For the uncertainty in the calibration or length scale, we
used two graduations on a ruler with a reference length
of R, = 60mm. The accuracy of selecting each gradua-
tion was estimated to be +1 px. The out-of-plane align-
ment was achieved using a spirit level with an accu-
racy of 0.005 (in/in) over a 150 mm distance, resulting
in a relative out-of-plane uncertainty of +1.9 px. By
combining the in-plane and out-of-plane uncertain-
ties in quadrature and normalising by the reference
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length, we arrive at a relative calibration uncertainty,
6;/(R;/M) ~ 4 px/(60 mm/(24.62 mm/px) ~ +0.002 ,
where M is the image magnification.

— For the uncertainty in the in-plane (x — z) displace-
ment, we use the DaVis software, which uses the meth-
ods of Wieneke (2015) and Sciacchitano and Wieneke
(2016), to calculate the uncertainty of individual dis-
placement values. As an upper bound, the instantane-
ous uncertainty using this approach revealed maximum
values averaging 0.2 px within the log layer, whereas
in the outer layer and the freestream region the uncer-
tainty was below 0.1 px. For the reference displace-
ment, we take the smallest freestream displacement,
which corresponds to the 80 kHz case, Ax ~ 8.9 px.
Consequently, the maximum total displacement uncer-
tainty is 6, /Ax ~ 0.2/8.9 ~ 0.022 ~ +0.011.

By substituting the individual uncertainties in Eq. 6, gives
the bias uncertainty ¢, /U, ~ +0.011. This corresponds
to an estimated instantaneous velocity uncertainty for the
TR-PIV of +1.1% or + 0.32 m/s. This corresponds to an
estimated instantaneous velocity uncertainty for the TR-
PIV of +2.3% or + 0.65 m/s. The estimated TR-PIV bias
uncertainty fails to account for any bias errors or attenu-
ation in turbulence levels due to the spatial resolution,
which are analysed in Sect.5.2.

In TR-PIV, velocity measurements are correlated, mak-
ing it incorrect to use the total sample size (V) to estimate
random uncertainties. Instead, the effective sample size
(N ) is used, as determined by the number of samples
separated by the integral timescale (I",,), following the
approach suggested by Sciacchitano and Wieneke (2016).
Subsequently, Smith et al. (2018) demonstrated that N g is
a suitable method for assessing the uncertainty of depend-
ent samples, provided that the autocorrelation, used to cal-
culate I',,,, is accurately calculated over sufficiently long
records (greater than 20I",,). In our case, the data records
extend well beyond 10°T,,,. Using the TR-PIV time series,
integral timescales were calculated at various wall heights
for both axial locations by integrating the time-delay cor-
relation coefficient above a threshold value of 3%. At
x/L = 0.45, the maximum integral timescale was observed
at a wall height of z+ ~ 200, with I',, =4.5x 107*s,
yielding an effective sample size of N4 ~ 11,200 from
a total of 800,000 samples. At x/L = 0.65, the maximum
timescale was found at z+ ~ 400, with ', = 6.4 X 107,
resulting in N ~ 7,800 from a total of 800,000 samples.

Assuming statistically independent samples (using N,g)
that follow a normal distribution, and based on the theory
of random variables for a 95% confidence interval, where
the coverage factor s, = 2, the total normalised uncertainty
in the ensemble-averaged mean velocity is a combination

of both the bias uncertainty (e,) and the random uncer-
tainty (e,):

€y 1 l € 2 € 2
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Here, ¢, represents the random (precision) uncertainty
caused by flow unsteadiness, taken as the maximum standard
deviation of the ensemble average (e, =~ 2.5 m/s), observed
at the measurement point closest to the wall. We only con-
sider the bias sources of error that contribute to the statisti-
cal uncertainty (outlined in Eq. 6), while disregarding other
systematic bias sources that are independent and more chal-
lenging to quantify. Substituting the relevant values yields
a maximum mean velocity uncertainty for the TR-PIV of
+0.20% or + 0.06 m/s.

The total normalised uncertainty for the ensemble-
averaged streamwise Reynolds stress is estimated using the
uncertainty of variances as described by Bendat and Piersol
(2010),

euuN 2 €y : €; : 8
\mo| (@) @) ]

Substituting the values results in a maximum nor-
malised streamwise Reynolds stress uncertainty
€ = +0.039 (£3.9%). The uncertainty drops signifi-
cantly in the outer layer, for example at z+ ~ 600, €
+0.028 (+2.8%).

For the wall-normal components of the mean velocity and
Reynolds stress, we assume that the uncertainty is identical
to the streamwise component uncertainties.

uutmax

uut

C.2 Uncertainty in hot-wire measurements

A study on computer-controlled hot-wire anemometry by
Jgrgensen (1996) concluded that, with careful attention to
calibration, signal conditioning and digitisation, computer-
based anemometry can achieve accuracy within a +1%
margin of error for single-wire configurations. Similarly,
the uncertainty quantification in hot-wire measurements by
McCarthy et al. (2020) under comparable experimental con-
ditions to this study yielded a total uncertainty of approxi-
mately +0.8%, corresponding to +0.008 or +0.23 m/s. As
with TR-PIV, the uncertainty estimate does not account
for the effects of attenuation due to spatial resolution. The
uncertainty in streamwise Reynolds stress measurements
was found to be approximately +0.025 or + 2.5%.
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C.3 Uncertainty in spectra

In the spectral analysis of this study, the PSD is estimated
using the Welch method (Welch 1967). The PSD estimate,
@(f), is derived by averaging the periodograms of over-
lapping signal segments. MATLAB’s pwelch function
was used to calculate both the PSD and the confidence
intervals, which are computed based on the Chi-square
distribution (Welch 1967). For a given estimated PSD ®(f)
at frequency f, the confidence interval is calculated as:

k. - () k. - ()
500 o <20 o
X—a /24 Ko/

where

— @(f) is the estimated PSD at frequency f.

— ky is the degrees of freedom, typically calculated as
k; = 2 X number of segments. When windows overlap,
the degrees of freedom become slightly less than 2xk,,
which introduces minor errors in the confidence inter-
vals. These errors are small when using windows such
as Hamming with 50% overlap (our case) but can grow
with greater overlap. For the case where there is no
overlap, the equation holds exactly.

- X;)-’kf is the value from the Chi-square distribution for

probability p, and degrees of freedom k;.
— « is the confidence level, where we use a 95% confi-
dence interval, a = 0.05.

Using this method, a maximum uncertainty within the
PSD over the range of frequencies, for a wall height of
7t ~ 200, was + 5.0% for the TR-PIV and + 2.9% for the
hot-wire, occurring in the large scales (4F ~ 20%) near the
peak in energy content. On either side of this peak, the
uncertainty was significantly lower. The reduced uncer-
tainty in the hot-wire data is attributed to its longer acqui-
sition period (30 s) compared to the 10 s used for TR-PIV,
allowing for greater statistical averaging and thus reduced
variability in the PSD estimate.

The contribution of velocity measurement uncertainty
to the overall PSD uncertainty includes both bias and
random errors. The bias component can be split into sys-
tematic bias errors, which are difficult to quantify, and
bias errors (¢,) of the velocity measurement due to ran-
dom noise. While the Welch method accounts for random
uncertainties due to flow variability, random measurement
noise from TR-PIV or hot-wire systems is not explicitly
considered. Since the PSD is proportional to the square of
the velocity fluctuations, the bias error contribution can be
estimated as twice €,. However, since the Welch method
averages multiple spectral estimates from overlapping
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segments, the influence of random measurement noise on
the PSD is reduced by a factor proportional to the inverse
square root of the number of effective window segments
(1/\/N_w). For a window segment length of 2° for the TR-
PIV and 2'° for the hot-wire and a 50% overlap, this corre-
sponds to N, = 3125 for the TR-PIV and N, = 2343 for the
hot-wire measurements. Therefore, the adjusted bias PSD
uncertainties are approximately 0.02% for both the TR-
PIV and hot-wire measurements, which are significantly
lower than the PSD uncertainties derived from the Welch
method. This suggests that the uncertainty introduced by
the spectral transformation is the dominant contributor to
the overall PSD uncertainty, while the contribution from
velocity measurement uncertainty is minimal.

This analysis neglects the systematic bias uncertainty
in both velocity measurements, as the PSD was calculated
based on velocity fluctuations with zero mean. Systematic
bias uncertainty primarily affects the absolute velocity meas-
urement, but since velocity fluctuations inherently remove
the mean component (bias), its influence on the PSD is mini-
mised. Furthermore, we assume that the bias uncertainty
remains constant over time, implying that any systematic
offset in the velocity measurement does not introduce addi-
tional variability into the fluctuation spectrum. However, as
noted in Sects. 5.3 and 5.4, we observe that there is a bias
error (including attenuation and TR-PIV noise) that cor-
relates with the temporal or spectral characteristics of the
velocity field, particularly affecting the small scales. None-
theless, for the purpose of this uncertainty quantification,
this effect is considered negligible, as the maximum PSD
uncertainty was found in the large scales (4, 2 2000), where
the attenuation and TR-PIV noise were minimal.
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