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S1 Background and Context for the Test
Geometry

The axisymmetric body of revolution geometry used in
this study and the fully appended variant (known as
the BB2) have featured in a number of experimental
and computational studies, see Fureby et al. (2016);
Manovski et al. (2020); Lee et al. (2024) and references
therein. The geometry has been adopted internationally
as a benchmark geometry for validation of experimen-
tal and computational methods (Bettle, 2018; Carrica
et al., 2021). These studies highlight that the key to
accurate flow fields lies in the computational simula-
tions’ ability to effectively capture the near-wall flow
behaviour, especially at low angles of incidence where
the influence of viscous drag force is predominant. Ac-
curate measurement of the TBL flow, turbulence levels
and spectral content is therefore of high importance and
a focus of this study.

In Manovski et al. (2020), a high resolution
(6600 × 4400 px2) camera with large focal length lens
(400 mm) was used to conduct long-distance, high
magnification PIV, which enabled TBL measurements
over the same body of revolution geometry. That
study underscored the benefits of employing PIV
for measuring the flow field around this geometry,
notably its capability to capture the streamwise and
wall-normal velocity components with high spatial
resolution. Unlike traditional methods such as hot-
wires or pressure probes, PIV proves to be reliable
in conditions of high flow angularity and reverse flow
scenarios (as supported by Willert et al., 2021), making
it especially suitable for analysing flow over the tail
section. In the study by Manovski et al. (2020), the
TBL’s mean and fluctuating velocity components were
found to compare well with a Pitot probe and standard
hot-wire measurements. The evolution of the boundary
layer thickness and mean streamwise velocity along
the streamwise direction closely conformed to a flat
plate TBL in the parallel mid-body section of the
geometry, where the flow is subjected to a near ZPG. A
comparison of the experimental Reynolds stresses with
DNS of a ZPG TBL on a flat plate indicated lower
turbulence levels, which were primarily attributed to
the spatial averaging present in both hot-wire and
PIV measurements. To verify this, the approach of
Lee et al. (2016) was adopted, thereby filtering the
DNS data to match the spatial resolution of the PIV
and hot-wire measurements. The comparison revealed
that the measured turbulence levels were generally
higher than the spatially filtered DNS data. However,
definitive conclusions about the measured turbulence
levels relative to the DNS could not be made due to

limitations in the temporal resolution of the hot-wire,
uncertainties in its active length and wire wall-normal
location, and uncertainties in the laser sheet thickness.
This study presents an opportunity to re-examine these
TBL flows using TR-PIV and new highly resolved
hot-wire measurements.

S2 Oil Film Interferometry

Previous work on this geometry (Manovski et al., 2020,
2022) used the Clauser chart to estimate Uτ , albeit with
an acknowledgement of its diminished fidelity in con-
ditions involving non-ZPG and non-equilibrium TBLs.
Consequently, this study adopts the oil film interfer-
ometry (OFI) technique to measure the shear stress
and friction velocity directly, leveraging its high ac-
curacy and ability to work under pressure gradients
and curvature. Örlü and Vinuesa (2020) summarise re-
cent studies and developments in wall shear stress mea-
surements. They highlight that, when executed pre-
cisely, OFI can achieve the lowest uncertainties in mean
shear stress measurement, typically below 1.5%, com-
pared with other test techniques. This is corroborated
by Naughton and Liu (2007) and further supported by
a more recent investigation by Gluzman et al. (2022),
which documents an accuracy of 1–2% even under con-
ditions of high curvature and adverse pressure gradi-
ents. The determination of wall mean shear stress via
OFI relies on the thinning rate of the oil film, which
is dependent on the wall shear stress, provided the oil
film remains sufficiently thin, and the variation of wall
shear stress across the measurement area is minimal.

This study used XiameterTM PMX-200 silicon oil
with nominal viscosity 100 cSt. Following, Naughton
and Liu (2007), black Mylar film (40 µm thickness
equivalent up to 3.5 wall units) was attached to the
surface to provide a smooth reflective surface that
can best capture the internal reflections required to
generate the fringe pattern. A 29 Mpx camera with
200 mm lens is positioned directly above the test
region, with a stand-off distance of approximately
1.4 m. This setup achieved a spatial resolution of
35 px/mm. A high-powered white LED light provided
illumination. Near monochromatic light was obtained
by fitting a 532 nm ± 5 nm band-pass filter to the
camera lens, such that only a small narrowband of
light is recorded by the camera.

A critical aspect of the OFI technique is calibrating
oil viscosity to account for ambient temperature varia-
tions. Prior to conducting OFI measurements, the oil’s
viscosity, νo, was calibrated using a constant temper-
ature water bath and an Ubbelohde viscometer. This
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procedure enabled the derivation of an exponential re-
lationship between temperature and viscosity, as out-
lined by Ng et al. (2007), ensuring the accuracy of the
OFI technique under varying test conditions. The oil’s
temperature on the model’s surface is another crucial
parameter, and was measured immediately after testing
by a handheld infrared thermometer (Fluke 63).

The imaging of the droplet was orthogonal to the
top of the surface of the cylindrical section of the model.
The oil droplet and subsequent interference fringe pat-
tern were positioned and centred near the optical axis
to minimise perspective distortions. The lens aperture
was set to f# = 4 to minimise the depth-of-field. Due
to the relatively large focal length of the objective lens
(200 mm) and considerable stand-off distance (1.4 m),
the impacts of perspective viewing and surface curva-
ture were deemed negligible. This setup facilitated a
linear calibration within a confined interrogation area,
approximately 4 mm by 4 mm. At such a stand-off
distance and viewing angle of 12.3◦, the imaging rays
within this small central area can be considered nearly
parallel. These assumptions are validated by Naughton
and Liu (2007), who show that for a stand-off distance
of 2 m and local surface angle of 15◦, the corresponding
error in the fringe spacing is less than 0.5%.

In the tail section, the camera viewing angle re-
mained orthogonal to the model axis of symmetry. By
considering the local tail surface angle, the fringe spac-
ing imaged by the camera was transformed to be tan-
gent to the wall. The fringe spacing tangent to the wall
(Sw) is given by Sw = Sc/cos(θw), where Sc is the fringe
spacing measured by the camera and θw is the local wall
angle.

For each OFI measurement case, an image is cap-
tured every 0.5 s with 0.35 ms exposure time for 100–
200 images. The fringe spacing or period was deter-
mined using the spatial fast-Fourier-transform (FFT)
method, as outlined by Ng et al. (2007). This approach
identifies the fringe spacing by locating the peak Fourier
mode across a row of pixels. In this study, a 3-point
Gaussian peak fitting method (akin to what is used
in PIV) was employed to improve the accuracy of the
peak detection. Subsequently, the fringe spacing is plot-
ted as a function of time, and the thinning rate was
derived from the slope of the best-fit line, determined
through least-squares linear regression. The shear stress
was then determined for 40 rows of pixels, which cover
a span-wise extent of 1.1 mm. These were all aver-
aged to provide an overall mean shear stress result.
The standard error of the shear stress was estimated
to be ±0.7%, and represents twice the standard devia-
tion (95% confidence interval) of the shear stress across
the 40 rows of streamwise pixels. The total uncertainty

in the skin friction coefficient and friction velocity is
estimated to be ±1.5%.

The skin friction results are plotted in Fig. S.1,
where a comparison is shown between different meth-
ods, including Clauser chart estimates from the new
hot-wire data and high-resolution PIV from Manovski
et al. (2020). The methods generally agree well, with
the OFI results typically within 2-5% of Clauser chart
estimates. There is notably more scatter between the
methods in the tail section (x/L = 0.8 and 0.9), where
the pressure gradient has a larger influence on the ac-
curacy of the Clauser chart estimates. From here for-
ward, the OFI skin friction results are used to obtain
the friction velocity (viz. U2

τ = Cf U2
e /2). Preston tube

measurements and Clauser chart estimates in Manovski
et al. (2020) show a peak Cf value near the nose, fol-
lowed by a steep decrease over the bow. In the current
study, measurements begin at x/L = 0.25, revealing
a slightly elevated Cf value that gradually subsides as
the flow approaches the ZPG, remaining relatively con-
stant between x/L = 0.45 and 0.65. At x/L = 0.7, a
slight increase in Cf is observed, which is expected due
to the influence of the FPG. This location, x/L = 0.7,
marks the transition from the cylindrical section to the
tail contraction. Beyond this point, Cf decreases as the
APG begins to dominate.

Fig. S.1 Distribution of skin-friction coefficient (Cf ) along
model geometry as determined by different methods. High-
resolution PIV are from Manovski et al. (2020). Hot-wire and
OFI are from the current study. The method of determination
of Cf is indicated in the parenthesis.

S3 Spatial Filtering of Direct Numerical
Simulations

To obtain spatially filtered DNS data that match the
spatial resolution of each measurement technique,
we use the DNS snapshots from Sillero et al. (2013).
A cropped streamwise extent is taken, Nx = 1284
grid points, from the full Nx = 15361 grid points of
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the evolving ZPG TBL. This region encompasses the
Reynolds number of interest at the midpoint of the
extracted section. To ensure the selected streamwise
length was appropriate, the boundary layer mean and
variance were assessed at the start, middle, and end
of the section, showing minimal variation throughout.
The DNS data were then filtered using a volumetric
spatial boxcar filter to simulate the spatial resolution
of the PIV and hot-wire measurements. Such a filtering
technique for a DNS dataset to alter the original spatial
resolution has been previously used, for example, in
Chin et al. (2009); Atkinson et al. (2013). The spatial
filtering process used in this study is outlined in the
steps below:

1. Interpolate the data to a constant wall-normal grid
spacing of 5 wall units (as the original DNS wall-
normal grid is logarithmically spaced).

2. Apply a moving window spatial average in the
spanwise y-direction without overlap, with window
length equal to the effective viscous scaled laser-
sheet thickness or hot-wire length. Slide the window
by each span-wise grid-point. The endpoints are
discarded to ensure a consistent window length.

3. Apply a moving window spatial average with 50%
overlap in the z-direction, with a window length
equal to the corresponding IW size. The grid-points
are centred at the middle of each window, i.e. sep-
arated by half the window length. The endpoints
are again discarded to ensure a consistent window
length.

4. Apply a moving window spatial average with 50%
overlap in the x-direction, with a window length
equal to the corresponding IW size. The grid-points
are centred at the middle of each window and are
separated by half the window length. The endpoints
are again discarded to ensure a consistent window
length.

The constant wall-normal spacing of 5+ used for
interpolating the DNS was chosen to ensure adequate
resolution of flow features outside the inner layer
(z+ > 50), where velocity gradients are lower and
larger scales dominate (Sillero et al., 2013). This grid
was constructed isotropically without adjustments for
spatial resolution of the TR-PIV out-of-plane (i.e.,
laser sheet thickness). The variation in laser sheet
thickness over the wall-normal measurement extent of
55 mm is negligible, as supported by simple lens theory
calculations, which indicate that the variations are less
than 0.01 mm (equivalent to 1 wall unit).

The DNS-filtered data to match the spatial reso-
lution of the hot-wire were obtained by applying only
steps 1 and 2, with the window length equal to the

viscous scaled hot-wire length (l+). The resultant volu-
metric filtered DNS datasets are then used to obtain the
statistical quantities. As an independent confirmation
of the filtering process, the approach described in Lee
et al. (2016) was used to filter the DNS to match the fi-
nite size of the TR-PIV and hot-wire. The comparison
between the two methods confirmed that the current
filtering process was consistent with the missing energy
approach and the tool developed by Lee et al. (2016).

We have previously noted that iterative PIV pro-
cessing with image deformation can alter the shape of
IW s. Analysis of the deformed window shapes from
the DaVis PIV software indicates they remain mostly
square, suggesting that deformation effects are mini-
mal in most regions, although IW s deform more near
the wall due to higher velocity gradients. Accurately
modelling these effects is challenging, so we have sim-
plified the analysis by assuming a square IW and ne-
glecting variations in laser sheet thickness, which are
minimal. Furthermore, we acknowledge that the rect-
angular (boxcar) filter used to simulate spatial averag-
ing may not accurately represent the spatial filtering in
actual hot-wire and TR-PIV measurements due to the
inherent Gaussian spatial filtering effect of the measur-
ing sensor or laser sheet. Previous studies (Samie et al.,
2018) have observed non-uniform temperature profiles
across hot-wires, leading to variations in sensor sensi-
tivity along their span. In practice, the effective length
sensing velocity is shorter than the sensor’s physical
length, meaning a boxcar filter may apply slightly more
aggressive filtering than a real hot-wire. In PIV stud-
ies, the Gaussian laser beam profile results in variations
in particle intensities across the laser sheet thickness.
Each imaged particle’s contribution to the PIV cross-
correlation function within the IW is weighted by its
size and image intensity. As a result, we aimed at es-
tablishing an effective laser sheet thickness. For the in-
plane components, the IW size establishes a nominal
length scale for velocity measurement in 2D TR-PIV.
However, the effective resolution is also influenced by
particle distribution, seeding density, and local flow gra-
dients within the IW . A well-chosen IW size combined
with appropriate particle seeding ensures accurate ve-
locity measurement, but the true effective length scale
for in-plane components is a contribution of all three
factors. Varying the particle density and distribution
within the IW requires a highly controlled experimen-
tal setup, which is impractical for most large-scale wind
tunnel measurements, or the use of simulated particle
flow fields, which is beyond the scope of this study.
Therefore, we use the IW size to reasonably approx-
imate the spatial resolution for both in-plane compo-
nents.
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