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ABSTRACT
Wind tunnel experiments were conducted on rough

wall boundary layers developing over surfaces characterised
by heterogeneous roughness with the aim of investigating
the presence and strength of Prandtl’s secondary flows of
the second kind. The surfaces investigated herein are cre-
ated by employing spanwise periodic alternating strips of
different grit sandpaper (i.e. variation in the equivalent
sand-grain height, ks). These were adopted with a fixed
spanwise wavelength, whilst systematically varying the ra-
tios of the width of coarse/fine sandpaper. Velocity and
skin friction drag measurements are obtained via three-
dimensional Stereoscopic Particle Image Velocimetry and
floating-element force balance, respectively. Evidence is
shown for the presence of SFs for all three cases consid-
ered. The strength of the mean flow modulation is found
to be linked to the underlying surface morphology, and ap-
pear to be more affected by a sudden increase in the wall
shear stress in the spanwise direction than to a decrease
of the same quantity. The location of the high- and low-
momentum pathways was found to be consistent with ks-
born SFs in previous literature. Finally, results also indi-
cated that both the mean velocity profiles (in defect form)
and the streamwise velocity fluctuations (in the the diagnos-
tic form) conform to outer-layer similarity.

INTRODUCTION AND BACKGROUND
Prandtl recognised the potential existence of secondary

flows (SFs) within turbulent boundary layers and attributed
those to the non-homogeneity and anisotropy of turbulence
(Prandtl’s SFs of the second kind). The last decade has seen
a renewed interest in these flows, as a number of heteroge-
neous surfaces have been found, perhaps counterintuitively,
to promote significant SFs. These include surfaces char-
acterised by converging-diverging riblets (Nugroho et al.,
2013; Kevin et al., 2017), sandpaper roughness (Bai et al.,
2018), urban roughness (Vanderwel et al., 2019; Vander-
wel & Ganapathisubramani, 2015; Medjnoun et al., 2018;
Yang, 2016; Cheng & Castro, 2002; Yang & Anderson,

2018), uneven wear (Barros & Christensen, 2014; Anderson
et al., 2015; Mejia-Alvarez & Christensen, 2013), variations
in the wall shear stress (Chung et al., 2018; Willingham
et al., 2014), and natural river beds (Wang & Cheng, 2006).
Therefore, it is paramount to further our understanding of
these surface-induced motions. This study is limited to SFs
that develop over spanwise heterogeneous surfaces; these
induce localised streamwise vorticity, and in turn, coherent
pathways of high and low momentum (HMP and LMP).

A classification of these studies is here proposed based
on the type of forcing that the surface morphology imposes
on the flow and its response. For walls with alternating high
and low roughness (i.e. equivalent sand-grain height, ks)
a downwelling motion is induced over the rougher patch
due to the increased surface stress, generating HMP, while
smoother areas result in LMP (Barros & Christensen, 2014;
Anderson et al., 2015; Mejia-Alvarez & Christensen, 2013;
Chung et al., 2018; Willingham et al., 2014). Contrarily, for
surfaces with severe spanwise discontinuity in the surface
elevation (i.e. k) the flow tends to channel in the canyons,
as it is not impeded by the rough elements, and there-
fore, high- and low-momentum regions line up with val-
leys and peaks, respectively (Vanderwel & Ganapathisub-
ramani, 2015; Medjnoun et al., 2018; Yang, 2016). This
simple physical interpretation of the effect of spanwise pe-
riodic surface elevation or surface roughness, and hence of
the direction of the induced SFs, is conceptually represented
in figure 1. This classification has found to reconcile most
of the previous studies described so far. Interesting cases,
however, are represented by surfaces with a small span-
wise gradient in the surface elevation, which show incon-
sistency in the locations of the HMPs (Yang & Anderson,
2018; Awasthi & Anderson, 2018). The roughness and the
surface elevation appear to be competing effects, and the
dominance of one over the other depends on a number of
additional parameters, which need to be further explored.

Here, we attempt to eliminate the surface elevation
from the parameter space, by employing surfaces with span-
wise variation in roughness (i.e. ks), while minimising the
discontinuity in height (k). Three different surfaces were
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Figure 1. Classification of secondary flows based on sur-
face morphology over which they originate. (a) alternating
surfaces with high and low roughness; (b) alternating sur-
faces with elevation discontinuity.

considered to systematically investigate (i) the presence and
strength of SFs, and (ii) the location of the HMPs as a func-
tion of the coarse to fine sandpaper width ratio, wc/w f ,
whilst keeping the wavelength of the heterogeneity, S, fixed.
To the best of the authors’ knowledge, this has not been at-
tempted before.

METHODOLOGY AND DETAILS
Roughness morphology

The morphologies adopted in this work were generated
by alternating strips of different grit sandpaper mounted
on wooden boards. The boards were installed so that
the roughness strips were perfectly aligned with the tun-
nel walls by using a Stanley Cubix Self-Levelling Cross
Line Laser. The sandpaper was Norton Aluminium Oxide
Very Fine Abrasive Cloth Roll (240 Grit), and Norton Alu-
minium Oxide Coarse Abrasive Cloth Roll (40 Grit). These
were arranged in the three different configurations by keep-
ing the repeating spanwise wavelength fixed to S = 100 mm
while varying the width covered by coarse and fine sandpa-
per, wc and w f respectively, as shown in figure 2.

S S

wcwf

wcwf

wcwf

C1
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Figure 2. Sketch of test cases. Elevation gradients, ∂k/∂ z,
have been enhanced for clarity (i.e. not in scale).

The cases are summarised in Table 1. The employ-
ment of sandpaper was chosen to remove the surface ele-
vation variable from the parameter space, as the difference
in height between the two grits was limited to below 1 mm.

The flow was left to develop over the roughnesses for over
3 m before the measurements were taken; this represented
more than 40 δ . The incoming wind was lifted up to the top
of the roughness by an aluminium ramp angled at approxi-
mately 2.5◦, to allow for a gentle flow development.

Table 1. Summary of test cases. Measurements are in mm.

Case Symbol wc w f S S/δ Reτ

C1 4 25 75 100 1.57 ≈ 3200

C2 © 50 50 100 1.39 ≈ 3800

C3 � 75 25 100 1.37 ≈ 4300

Experimental Facility
The current experiments were carried out in the suction

wind tunnel within the experimental fluid mechanics labo-
ratory at the University of Southampton. The tunnel has a
working section of 4.5 m in length, with a 0.9 m× 0.6 m
cross-section. The free-stream turbulence intensity is ade-
quately low for the purpose of this work (Tu < 0.3%), and
homogeneous in the test section. The streamwise, wall-
normal and spanwise directions are named x− y− z with
respective instantaneous velocity components u− v− w.
Time-averaged velocities are capitalised, while the turbu-
lent fluctuations are denoted with a ′. All the tests were
conducted at a nominal velocity of 23 ms−1, measured by a
Pitot-static tube in the tunnel test section, and in nominally
zero-pressure-gradient conditions.

Experimental techniques
Particle image Velocimetry Measurements

were taken 3.1 m downstream of the start of the roughness.
Vector fields were acquired using Stereo Particle Image Ve-
locimetry (SPIV) in a cross-plane (i.e. y− z) roughly in the
tunnel centreline. The Field of View (FOV) was approxi-
mately 120×200 mm2 (y×z), which included two complete
spanwise wavelengths and extended well into the freestream
in the wall-normal direction. The flow was seeded with
vaporised glycol-water solution particles (1 µm in diame-
ter) illuminated with a 1 mm thick laser sheet produced by
a pulsed Litron Nano Nd:YAG Laser (200 mJ). Two Im-
ager LX 16 M pixel cameras equipped with 300 mm Nikon
lenses, at f/4, were used to capture the flow field. Sets
of 2000 image pairs were captured at 0.5 Hz for each test
case, and post-processed with DaVis 8.0 software. Veloc-
ity vectors were obtained using a multi-pass scheme down
to 24×24 pixel2 interrogation windows with 50% overlap.
This resulted in a vector spacing of 0.92×0.92 mm2.

Floating element force balance The drag
generated by the different wall morphologies was directly
measured via a floating-element force balance. This inno-
vative design is described in detail in Aguiar Ferreira et al.
(2018). The floating element was located approximately
centred around the SPIV measurements at circa 3 m down-
stream along the test section. A 200× 200 mm2 coupon
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covered with the testing surfaces was positioned in the tun-
nel floor through a cut hole mechanically mounted on the
floating element of the balance. A 1 mm gap was present
around the coupon to allow for free floatation of the ele-
ment. The size of the floating element was such that two
complete roughness wavelengths were contained within the
measuring coupon. Preliminary analysis of the results of
these direct measurements suggests a non-negligible con-
tribution of the loads acting on the lip of the floating el-
ement to the drag, which amplifies the effect of the small,
yet present, streamwise pressure gradient in the wind tunnel
and the pressure difference induced by the flow through the
gap around the floating element. This was due to a design
fault within the floating element roughness tile used in this
particular experiment which has, since, been rectified. It is
yet unclear whether these direct drag measurements are re-
liable or whether they should be repeated. Therefore, in this
study we use the total stress method based on the plateaux
in the Reynolds shear stresses to calculate the skin friction
drag (Amir & Castro, 2011; Vanderwel & Ganapathisubra-
mani, 2015).

PRELIMINARY RESULTS
Two-dimensional contour plots

Preliminary results were obtained by processing a
small batch of digital images for each case. These seem
largely converged. Figure 3 shows contours of non-
dimensional streamwise velocity profiles for C1, C2, and
C3 cases, on the top, centre, and bottom, respectively.
These vector fields are taken in a cross-plane (y− z), ap-
proximately 40δ downstream of the start of the roughness.
We also included in the figure, the location of the coarse and
fine sandpaper strips. It should be noted that the C1 case in
figure 3(a) was affected by a severe light reflection in the
near wall region, which invalidated the data points within
this area. These are, therefore, not included in the analy-
sis. Additional data have been acquired after having min-
imised the laser reflection by covering the rough surfaces
with matt black paint. This data is not presented herein as it
is still currently been post-processed. It is confirmed that all
morphologies behave as spanwise heterogeneous surfaces,
as the mean flow is highly modulated by the features of the
underlying wall. This modulation is a typical manifesta-
tion of Prandtl’s SFs of the second kind, and is qualitatively
in line with previous numerical and experimental work on
surfaces characterised by a spanwise discontinuity in wall
shear stress (Chung et al., 2018; Willingham et al., 2014;
Bai et al., 2018). Also in line with previous work on simi-
lar surfaces is the location of the high- and low-momentum
pathways. These are found to be aligned with the coarser
(40 grit) and smoother (240 grit) roughness strips, respec-
tively, in line with the phenomena described in the intro-
duction of this paper. Interestingly, different degrees or
strengths of the mean flow modulation are shown across
the three different cases, in line with the aims and research
question of this paper.

Qualitatively, it appears that the strength of the sec-
ondary flows is inversely proportional to the ratio of the
coarse to fine sandpaper widths, wc/w f . This could be an
indication that either (a) these secondary motions are more
susceptible to a sudden increase in the wall shear stress in
the spanwise direction than they are to a decrease of the
same quantity (at a fixed magnitude) or (b) that this effect is
purely due to the minute - yet present - discontinuity in sur-
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Figure 3. Contours of non-dimensional mean streamwise
velocity, U/U∞, over the tree surface roughnesses.(a) C1,
(b) C2 and (c) C3. The location of the surface roughness
is also reported where its wall normal extent has been en-
hanced for visualisation purposes. Contour for U/U∞ = 0.8
are also reported in white to highlight the mean flow modu-
lation.

face elevation across the sandpaper strips of different grit.
The latter explanation, however, seems unlikely given that
the distribution of the high- and low- momentum pathways
are in accordance with ks-born SFs (as discussed in the in-
troduction), and that the difference in elevation between the
two surfaces is below 1 mm. Also of importance seems to be
the width of the coarser roughness as the flow needs a cer-
tain ”fetch” to adjust to the spanwise gradient in wall shear
stress.

To further explore the structure of the secondary flows,
an example of the transverse turbulent stresses is also shown
in figure 4, where the particularly significant u′w′ product is
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compared across all the roughness cases. These are clearly
found to be largely periodic and symmetric for all cases,
in accordance with the spanwise variation in the surface un-
derneath, which dictates the directionality of the SFs. These
findings are in agreement with those contained in Anderson
et al. (2015). Similar conclusions can be drawn by explor-
ing maps of v′w′, omitted here for the sake of brevity. Also
noticeable is the strength of the transverse stress across the
surfaces. This correlates well with the severity of the SFs
and their effect on the modulation of the mean velocity (pre-
viously shown in figure 3). Here, it appears that C1 and C2
display the strongest SFs, while case C3 shows the weakest.
To be noted that the near-wall region for the C1 case was not
appropriately resolved, which makes it is difficult to conclu-
sively discuss this case - however, qualitatively this seems
to align with case C2. Also of note for case C1 is the lo-
cation of the positive and negative lobes, which appears to
be slightly shifted in respect of the overlying texture when
compared to the other two cases - this is consistent with the
location of peaks and valleys in the mean velocity profiles
(see figure 3), however it requires further investigation.

One-dimensional velocity profiles
It was shown in the previous section (particularly in

figure 3) that a significant extent of the wall-normal range
is influenced by the SFs, therefore, their effect on the self-
similar characteristics of the mean velocity profiles is an im-
portant aspect to be addressed. This is explored in this sec-
tion which presents one-dimensional profiles spatially aver-
aged across on roughness wavelength. The mean velocity
profiles are shown in figure 5.

All rough surfaces appear to show a reasonable col-
lapse in the outer region, however, as highlighted in Van-
derwel & Ganapathisubramani (2015) closer to the wall the
ratio of the roughness wavelength to the boundary layer
thickness becomes an important discriminant. Here the
case C1 sits just below the other two in accordance with
its ”coarser” spanwise roughness spacing as reported in ta-
ble 1. Here, the term ”coarse” is used in accordance with
the definition in Vanderwel & Ganapathisubramani (2015).
Next, the characteristics of the streamwise velocity fluctua-
tions are considered. Given the high degree of heterogene-
ity of these rough surfaces - and hence of the local skin
friction (Medjnoun et al., 2018) - the most appropriate ap-
proach to address the validity of Townsend’s similarity hy-
pothesis (Townsend, 1976) is by means of diagnostic plot,
which eliminates the need to define an appropriate scaling
(Alfredsson & Örlü, 2010). This is shown in figure 6. The
three surfaces show a good collapse over the entire wall-
normal range in investigation, which suggests the validity
of outer-layer similarity for the streamwise velocity fluctu-
ations. The data does not, however, conform to the fully-
rough asymptote proposed by Castro et al. (2013), despite
the relatively high roughness Reynolds number (shown in
table 1). This is believed to be due to (i) the presence of the
SFs and (ii) the fact that this asymptote was obtained mostly
based on rough wall datasets characterised by severe rough-
ness.

CONCLUSIONS AND FUTURE WORK
Wind tunnel tests were conducted on alternating strips

of different grit sandpaper to investigate the formation
mechanism of Prandtl’s secondary flows of the second kind.
These sandpaper strips were adopted with a fixed span-
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Figure 4. Contours of non-dimensional turbulent stresses,
u′w′/U∞

2, across one roughness wavelength for the tree sur-
face roughnesses.(a) C1, (b) C2 and (c) C3. The location of
the surface roughness is also reported where its wall normal
extent has been enhanced for visualisation purposes.

wise wavelength while modifying the ratios of the width
of coarse/fine sandpaper. Stereoscopic PIV and direct force
measurements are employed in this work. SFs were found
to be present and significant for all the surfaces tested
herein. Their strength appeared to be more affected by a
sudden increase rather than a decrease in the wall shear
stress in the spanwise direction. The location of the up-
welling/downwelling was found to align with strips of low
and high roughness respectively, in accordance with previ-
ous work on similar roughness types (Barros & Christensen,
2014; Anderson et al., 2015; Mejia-Alvarez & Christensen,
2013; Chung et al., 2018; Willingham et al., 2014). Finally,
results indicated a good collapse of the mean and fluctu-
ating velocity profiles in the streamwise direction, which
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Figure 5. Profiles of defect mean velocity profiles av-
eraged across one roughness wavelength for the different
rough surfaces. Markers are spaced every 10 data points for
clarity.
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Figure 6. Diagnostic plot for the different rough surfaces.
The black solid line represents the fully-rough asymptote
from Castro et al. (2013), while the dashed line is the
smooth-wall asymptote, as in Alfredsson et al. (2011).
Markers are spaced every 10 data points for clarity.

points toward the validity of outer-layer similarity hypothe-
sis. It should be noted that the analysis described herein is
only preliminary and has been conducted on a limited sub-
set of the available data. These are still being investigated.
Further work aims to explore the role of SFs via means of
quadrant analysis and proper orthogonal decomposition.
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