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ABSTRACT
Momentum transport within a turbulent boundary layer in

the vicinity of rough and smooth walls is discussed in the con-
text of their contributions to inducing wall pressure fluctua-
tions. Specifically, the existence and nature of turbulent super-
structures, in the presence of ordered surface roughness is pre-
sented. Results obtained from wall-parallel stereoscopic Par-
ticle Image Velocimetry (PIV) show evidence of streamwise-
oriented meandering coherent motions convecting downstream
with the boundary layer over both smooth and rough surfaces.
Statistical analyses conducted at friction Reynolds number
(Reτ )≈ 3300 (smooth) and 6200 (rough), at a near-zero pres-
sure gradient are presented. The presence of roughness limits
the streamwise extent of coherence in u velocity, while reor-
ganizing the streamwise momentum into wall-normal compo-
nents. While insignificant impacts in the spanwise component
are reported, the relative importance of the slow terms in the
pressure Poisson equation are highlighted by showing the ex-
tent of their coherence within the measurement domain. The
need for increased number of flow run-through times is also
suggested for improved statistical convergence.

INTRODUCTION
Large-scale organized motions in the vicinity of an aero-

dynamic surface have been a topic of interest, specifically for
the fluid mechanics and the aeroacoustics community. It is
hypothesized that the large-scale coherent motions may be re-
sponsible for the generation of low-wavenumber surface pres-
sure fluctuations in surfaces that interact with turbulence. This
drives a particular interest in the investigation of superstruc-
tures as they may generate both near and far-field disturbances
in the velocity and pressure field.

The idea of the existence of organized motions larger than
the boundary layer thickness δ was speculated by Kovasznay
(1970). Although the idea was presented, the authors admit-
ted the lack of experimental evidence to transform the spec-
ulations into a robust argument. Later in 1999, these motions
were observed and characterized as ‘Very Large Scale Motions
(VLSMs)’ in turbulent pipe flows by Kim & Adrian (1999),
after organized motions as large as 12-14 pipe radii were ob-
served. A detailed spectral analysis of these motions was later
presented by del Álamo & Jiménez (2003) to identify their
localities within the different regions of a turbulent channel
boundary layer. Using two-point anchored spatial correlation
functions computed over stereo PIV data, Ganapathisubramani
(2005) showed the presence of these long meandering struc-
tures in the log layer of the boundary layer. That same year,
the periodicity and spanwise separation of these large, ordered

motions was studied using spatial correlation functions and
spectral analysis by Hutchins et al. (2005). To separate the ter-
minology between wall-bounded flows and turbulent boundary
layer flows, Hutchins et al. (2005) used the term ‘superstruc-
tures’ specifying it for boundary layer flows.

Similarly, the presence of streamwise oriented coherent
motions over various types of rough surfaces has been ex-
plored in the past. However, disagreements still exist over
the region of influence where the topography of the surface
dominates the flow. This region, often termed as the rough-
ness sublayer was theorized to be confined to a wall-normal
height of 3-5 ks by Flack et al. (2005), where ks is the equiva-
lent sand grain roughness. Wu & Christensen (2010) observed
qualitative consistency in statistics while comparing smooth
and rough walls using flow-aligned, wall-normal PIV mea-
surements with a scale separation of δ/ks = 48. However, a
reduction in the spatial extent of coherence in the streamwise
velocity was observed. Mejia-Alvarez & Christensen (2013)
conducted statistical analysis of the high and low momentum
regions observed in a wall-parallel, flow-aligned PIV measure-
ment and observed similar shortening of the extent of coher-
ence in streamwise velocity. However, a surprising stream-
wise elongation of the wall-normal velocity coherence was
observed which was attributed to the near-wall ejections of
low-momentum fluid. More recently, a somewhat contrast-
ing observation was made by Barros & Christensen (2019)
where shortening in the streamwise velocity correlations was
observed for the rough-wall case, but no effect was reported
on the other two velocity components.

This study aims to explore the effects of the wall rough-
ness on the large-scale motions in the boundary layer, particu-
larly within the roughness sublayer (y/ks = 2.8) and then sepa-
rately in the log-layer (y+ = 250) of the smooth-wall boundary
layer. Experiments for both smooth and rough configurations
are presented at a Reynolds number of 1.3× 106m−1 and at
a small favourable pressure gradient. Such a study can help
determine the region of influence that the homogeneously dis-
tributed roughness may have on the presence of streamwise
oriented coherent structures, and reveal their connections to
the low-wavenumber wall pressure fluctuations.

EXPERIMENTAL SETUP
Stability Wind Tunnel

The experiments were conducted at the Virginia Tech
Stability Wind Tunnel, which is a subsonic, closed-circuit,
suction-type wind tunnel. The details of the facility have been
documented in Butt et al. (2023). The facility’s port-side-
wall boundary layer was tripped using a 3.18 mm tall, zig-zag
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shaped (internal angle of 27.6°) strip mounted in the contrac-
tion, 3.58 m upstream of the streamwise coordinate origin. A
NACA 0012 airfoil (chord length = 0.914 m) was installed in
the middle of the test section, such that the leading edge was
3.22 m downstream of the origin in the streamwise (X) direc-
tion at an angle of attack, α = 0° spanning from the floor to
the ceiling. This α variation is used to manipulate the pressure
gradient experienced on the side walls. As stated earlier, the
current study shows results from a small pressure gradient that
corresponds to α = 0° (details provided in Table 1).

Figure 1: Experimental setup for PIV measurements

The port wall of the test section was instrumented with a
high-speed laser, while the starboard wall was equipped with
four high-speed cameras aimed at the measurement location
(starting from X = 2.41 m) on the port wall. This location was
also instrumented with an indigenously developed pressure-
sensing array, capable of isolating the low-wavenumber wall-
pressure fluctuations as discussed by (Damani et al., 2024).

In addition to the measurements over smooth surfaces,
the test section was configured by installing a k-type rough
surface, extending from the origin, and spanning the entirety
of the port wall, to allow comparative measurements. The
rough surfaces consist of staggered cylinders of diameter d =
3.14 mm, height kg = 2 mm, and separated with a pitch of
s = 6.93 mm. Vishwanathan et al. (2023) showed the effective
sand-grain roughness of this surface to be ks/kg = 1.6. The
roughness Reynolds number for the current conditions was
k+s ≈ 210, which indicates the flow to be fully rough. The
boundary layer growth was kept consistent with that of the
smooth wall for the first 3.22 m, after which the rough sur-
faces were introduced. Although the location of the boundary
layer’s trip and airfoil α was kept consistent with the smooth-
wall data, a difference in boundary layer parameters is reported
in Figure 2 and Table 1.

Stereoscopic Particle Image Velocimetry
Four high-speed cameras (Phantom v2512) were used to

acquire multiple sets of 24,000 time-resolved image-pairs in
dual-frame mode. These cameras were mounted in a linear-
configuration at a nominal working distance of 1.98 m from
the plane of measurement, such that only Cam 1 and 4 housed
a Scheimpflug adapter. All cameras were equipped with Nikon
lenses (focal length of 200 mm each), and were installed in
such a way that the resultant Field of View (FOV) created two
pairs of overlapping stereoscopic planes. A pictorial represen-
tation of the camera configuration in the test section has been
provided in Figure 1.

The two pairs of cameras had an 24% of overlap, which
provided sufficient pixel area to stitch the two FOVs, giving
a total FOV of 540× 180 mm (7.8δ × 2.6δ for smooth and

5.3δ × 1.8δ for rough case). Data was acquired at 5 kHz for
smooth and 4.5 kHz for rough wall case, and processed us-
ing a commercially available software DaVis 10 distributed by
LaVision. Such a configuration provided a pixel resolution of
3.58 pixels per millimeters. The spatial resolution was then
enhanced using overlapping correlation windows in multiple
passes of vector processing. Two initial passes of a 1:1 square
window with a 50% overlap was used, followed by 3 passes of
1:1 circular window with a 75% overlap, providing a resultant
vector resolution of 2.2 mm for both smooth and rough wall
cases. The data acquired over the rough surfaces also under-
went an additional anisotropic denoising operation to improve
the SNR of the data, which was not needed for the data over
smooth surfaces. The analysis presented in this study was av-
eraged over three independent datasets from the smooth wall
(total sampling time Ts = 14.3s) and one dataset from rough
wall case (Ts = 5.3s).

The Boundary Layer: Smooth vs Rough Wall
Using a rake of 30 Pitot-probes housed within an aero-

dynamic fairing (NACA0012-34 profile, chord = 42.5 mm),
the boundary layer profile for both wall configurations was
measured within the FOV (X = 2.64 m). Figure 2, shows the
boundary layer profiles for both the smooth (solid lines) and
the rough (dashed lines) walls. The line style will be kept con-
sistent to differentiate the results between rough and smooth
walls for all figures throughout this paper.

Figure 2: Boundary layer profiles for the smooth-wall
(solid) and the rough-wall (dashed) cases

The green horizontal lines indicate the location of the PIV
measurement plane in reference to the wall. Moreover, the
black horizontal lines indicate the respective boundary layer
thickness for the two surfaces. These are normalized on inner-
wall units (h+ and δ

+
99) and shown as vertical lines in the plot

to the right of Figure 2.

Table 1: Characteristic Boundary Layer Parameters

Property Smooth Rough
Friction velocity Re, Reτ 3320 6130

Momentum Re, Reθ 9860 16970
Edge Velocity, Ue 22.7 m/s 23.9 m/s

Viscous Lengthscale, ν/uτ 24.0 µm 15.3 µm
Clauser Parameter, β -0.31 -0.16

Boundary Layer Thickness, δ 69.7 mm 94.0 mm
Displacement Thickness, δ ∗ 10.4 mm 19.5 mm

Shape Factor, H 1.40 1.51

As expected, the presence of roughness shifts the logarith-
mic layer of the boundary layer to the bottom and right from
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the smooth wall boundary layer Schetz & Bowersox (2011). A
greater momentum deficit near the wall and a thicker boundary
layer is observed for the rough wall. At the same flow speed,
the boundary layer is approximately 25% thicker for the rough
wall. Moreover, the estimated skin-friction coefficient is twice
as much for the rough wall compared to the smooth wall. Fur-
ther details of the boundary layer parameters are tabulated in
Table 1. A doubling in Reτ is reported here due to a 42% in-
crease in friction velocity uτ . On the other hand, the viscous
length scales experience a 36% reduction in the presence of
surface roughness.

RESULTS AND DISCUSSION
Time-resolved wall-parallel stereoscopic PIV data ac-

quired for the two wall configurations discussed in the previ-
ous section is presented here. The smooth-wall PIV data is ac-
quired within the log-layer (y+ = 250) while that for the rough
surface is acquired at a scaling of δ/ks ≈ 30 at a wall-normal
height of y = 2.8ks (y+ ≈ 586), placing the measurements in
the mid-to-upper edge of the roughness sublayer. It is impor-
tant to acknowledge the presence of a small to mild favourable
pressure gradient in the measurement plane (i.e., β = -0.31 for
smooth and β = -0.16 for rough wall). Figure 3 shows the ab-
solute variation of the time-averaged velocity components with
x (streamwise distance within the FOV) for increasing number
of samples, N. Here, the deviation in the streamwise com-
ponent ∆U is shown in black, while that in the wall-normal
component ∆V is shown in red, and the spanwise ∆W shown
in blue. The colours are kept consistent for all future plots.
Note that the deviation is calculated with respect to the dataset
with the largest number of image-pairs, i.e., N = 71500.

Figure 3: Absolute deviation in the time-averaged
velocity components with increasing number of

samples N over the smooth-wall

Figure 3 shows that the increasing number of samples
used for the analysis significantly impact U , suggesting the
lack of convergence mostly in the streamwise component, even
for a total sampling period of 14.3 s, equivalent to sampling
over 3400δ flow through times. Although the deviation in the
resultant mean decreases for the other two components with
increasing N, the impact is significantly smaller. This is also
seen in higher-order statistics presented in Figure 4 where a
lack of convergence in the streamwise component of velocity
can be clearly seen. Figure 4 shows the integral length scales
in the streamwise direction Lix(z/δ ) on the left plot while in-
tegral timescales Tuu(x/δ ,z/δ ) are shown on the right.

First, the convergence in the v and w components is
achieved much faster as a direct consequence of their much
shorter length and time scales. However, the u component
converges slowly, varying beyond its estimated uncertainty
bounds of ±0.02δ , as the number of samples N is increased.

This is an indication that events that scale on the order of sev-
eral δ and extremely persisting timescales bias the results, re-
ducing the effective number of statistically independent sam-
ples. For instance, for a total samples N of 71,500, the statis-
tically independent samples are calculated to be Ne f f ≈ 1500,
25000 and 10000 for u,v and w, respectively. In other words,
a streamwise oriented superstructure on the order of 20-30δ

will be sampled just over 110 times in a dataset containing
71,500 samples over 14.3 s. This is of great importance, es-
pecially for efforts to computationally capture these events, as
they require either an extensive domain size or impractically
long simulation times. The cost and complexity of such an
endeavour increases significantly once the variation of these
superstructures in both space and time is taken into account,
effectively deviating from the traditional Taylor’s hypothesis
of frozen turbulence.

Figure 4: Integral lengthscales (left) and timescales
(right) distribution over the measurement plane

showing lack of convergence in u for the smooth-wall

Nevertheless, with the lack of streamwise convergence
acknowledged, to understand the kinematics of the individ-
ual coherent motions within the FOV, Figure 5 shows the Ue-
normalized streamwise velocity fluctuations (u) at a particular
instance. The values of δ were selected for the respective wall-
configuration cases, hence a difference in the δ -normalized
FOV is expected.

Figure 5: Instantaneous u/Ue for smooth and rough wall

Interestingly, the presence of streamwise-oriented coher-
ent structures is visible for both smooth and rough walls at
the same scaling once normalized with δ , hinting at wall-
similarity at the measurement location. For both the wall con-
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figurations, the streamwise extent of the coherent motions ex-
ceeds beyond the limits of the FOV, highlighting the presence
of length-scales on the order of 10δ .

To further understand the impacts of introducing surface
roughness to the flow, two-point correlation coefficient func-
tions were computed for the three velocity components dis-
cussed previously using the following relation:

ρab(∆x,y0,∆z) =
⟨a(x,y0,z, t)∗b(x0,y0,z0, t)⟩√
a2(x,y0,z, t)

√
b2(x0,y0,z0, t)

(1)

This provides a statistical measure of the extent to which spa-
tial coherence can be expected for each velocity component.
Figure 6 provides results obtained for both the smooth (left
column) and rough wall (right column), with the correlations
performed at the mid-point of the FOV as the anchor point
for both cases. This corresponds to (x/δ ,z/δ ) = (4,0) for the
smooth, and (2.6, 0) for the rough wall case. For each compo-
nent of Figure 6, the streamwise separation is presented on the
horizontal axis, while the spanwise separation is presented on
the vertical axis.

It is important to acknowledge the difference in the wall-
normal height of the PIV planes and the thickening of the
boundary layers in the presence of surface roughness in these
measurements (Figure 2). Therefore, the results are scaled
on their respective δ . As observed previously by Butt et al.
(2023), positively correlated region of ρuu at the anchor point
appears sandwiched between the two negatively correlated re-
gions in the spanwise direction, indicating the presence of
streamwise oriented strips of high and low momentum regions.
These streamwise strips remain correlated throughout the ex-
tent of the measurement plane, highlighting the need for an
even larger spatial domain in order to truly capture the largest
scales that convect within the turbulent boundary layer.

While this spanwise stacking of high and low momentum
regions is observed for both the rough and smooth walls, a

streamwise limitation in the ρuu contours can be clearly ob-
served for the rough wall case. In other words, the streamwise
extent to which the u component remains correlated becomes
limited. This modulation in the streamwise velocity could be
attributed to the presence of homogeneously distributed rough-
ness elements, channelling the flow through their spacing, re-
structuring the streamwise momentum, and encouraging in-
creased spanwise meandering of the coherent superstructures
in the presence of rough walls.

On the other hand, the contours of ρvv show a differ-
ent outcome. While the correlated region for the smooth
wall remains limited to small ∆x separations, it expands for
the rough wall in both the streamwise and spanwise direc-
tions. One could attribute this behaviour to the redistribution
of the streamwise momentum in the wall-normal ejections of
the flow, however, as indicated previously, the significantly
smaller scales of the v−velocity subjects it to increased spa-
tial filtering, as the spatial resolution becomes comparable at
these scales. Moreover, the additional denoising operation im-
plemented for the rough wall data tends to suppress sudden
variations in the signal, effectively merging sharp boundaries
of the contours and increasing their spread. While this con-
cern remains unaddressed in the present study, the indicated re-
structuring relative energy of the velocity components remains
a valid observation, as it is also supported by Mejia-Alvarez
& Christensen (2013). Interestingly, no significant impacts of
surface roughness are experienced for ρww.

Parts of Figure 6 (such as the excellent collapsing of ρww
in both x and z, the similarity of ρuu and ρvv in the spanwise
direction), provide important evidences to support the self-
similarity hypothesis between smooth and homogeneously dis-
tributed rough walls, at least at the region of the boundary
layer presented in this study. However, the limitations in the
streamwise momentum counter this evidence by claiming the
anisotropic nature of such a flow. In any case, these results pro-
vide insight to the nature of streamwise oriented superstruc-
tures that are hypothesized to excite surface pressure fluctua-
tions.

Figure 6: Two-point auto-correlation coefficient anchored at (x,z)/δ = (4,0) for smooth and (2.6,0) for rough surface:
ρuu (top), ρvv (middle), ρww (bottom).
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To further explore this, correlation coefficient functions
for a line along the midspan of the FOV are presented in Figure
7. The streamwise clipping of ρuu for the smooth wall, and an
excellent collapse of ρww between the smooth and rough wall
remain an unremarkable observation. However, the increased
width of ρvv for the rough wall to the extent that it matches the
spanwise component remains interesting. On the other hand,
the sharp drop in the correlation at small streamwise separa-
tions for the smooth wall ρvv could clearly be attributed to the
limitation of the spatial resolution at hand.

Figure 7: Left: comparisons of ρuiui along the mid-span
line for smooth (solids) and rough (dashed) wall. Right:

comparison of the integral length scales

The integral length scales along the streamwise direction
Lix allows a generalization of the energy organization in vari-
ous velocity components in the flow as a function of their re-
spective boundary layer thickness. The plot in the right-side of
Figure 7 shows the integral length-scales of the three velocity
components as a function of spanwise location, normalized on
δ . The diminishing effect on the streamwise oriented coher-
ence and enhanced wall-normal scales is another indication of
the redistribution of energy in the presence of surface rough-
ness. Moreover, the absence of statistical convergence in the
streamwise velocity remains a source of uneven distribution of
the higher order statistics for both rough and smooth wall. It is
also important to note that the spanwise inhomogeneity of the
flow was also questioned before confidently attributing the re-
sults predominantly to the lack of convergence. However, this
specific analysis is not presented here for brevity.

While the single and two-point statistics are discussed in
some detail, it is important to argue the value of such an anal-
ysis in the context of their contributions to inducing surface
pressure fluctuations, as that is the core motivation for this
study. As discussed earlier, the contribution of superstructures,
or their consequential influence on other near-wall flow phe-
nomenon is hypothesized to be responsible for inducing con-
vective, and more interestingly, the sub-convective wall pres-
sure fluctuations. This connection between the pressure fluc-
tuations and their sources are given by the pressure Poisson’s
equation given as:

1
ρ

∇
2 p =−2

∂u j

∂xi

∂Ui

∂x j
− ∂ 2

∂xi∂x j
(uiu j −uiu j) (2)

The details of the terms involved in Equation 2, along
with the difficulty in their experimental measurements are dis-
cussed extensively by Blake (2017). While recent studies have
argued for the relative importance of both the rapid (first term
in Equation 2) and slow (second term) terms, their experimen-
tal verification remains a challenge, even for the rapid term

which is assumed to be the simpler of the two due to its lin-
earity. Although this requires a comprehensive volumetric
flow measurement in synchrony with wall-pressure measure-
ments, the current study remains limited to a sheet of velocity
measurements at a certain wall-normal height from the sur-
face. Nevertheless, the cross-coherence of velocity fluctuation
terms can, at this point, reveal their relative importance, and
drive future research to quantify individual source terms of the
pressure-Poisson’s equation. For that, cross-correlation coef-
ficient functions of the three velocity components are plotted
in Figure 8. The axis, as well as the anchor points, are kept
consistent with those presented earlier in Figure 6. Interest-
ingly, the contours of ρuv exhibit the same nature as that by
ρuu, albeit with an opposite sign. The negative sign could be
attributed to the direction of the wall-normal velocity that re-
mains correlated with u, spanning almost the entirety of the
FOV. This nature, with a stronger magnitude is seen for the
rough wall case as well. This increased strength in the corre-
lation can be attributed to the increased coherence seen in the
contours of ρvv. The relatively disturbed nature of the corre-
lations contours for the rough wall also suggests the need for
including more averages to better converge the higher order
statistics involving u.

The other two cross-terms: ρuw and ρvw exhibit a dipolar
nature in their correlations, sourcing outwards from the anchor
point in the flow direction, with the former having a relatively
stronger impact. This region of correlation is relatively smaller
than that of ρuu and ρuv, but interestingly is significantly larger
than ρvv and ρww, indicating the importance of carefully re-
solving the cross-correlation terms in future studies. In other
words, the inclusion of the slow term, specifically the uv and
uw components, in order to relate the velocity sources to the
surface pressure fluctuations more accurately, is arguably as
important as the the rapid term. On the other hand, while the
contours of ρvw may appear relatively weak compared to the
other terms, the modulation of this component remains impor-
tant to the study of wall-pressure fluctuations over rough sur-
faces. In conclusion, the results presented here highlight the
relative importance of each of the velocity source terms that
contribute to the generation of surface pressure fluctuations,
and provide a foundation for future experimental campaigns.

CONCLUSION
Wall-parallel stereoscopic PIV measurements were con-

ducted over smooth and k-type rough surfaces using a large
FOV to capture the streamwise oriented coherent motions
within a turbulent boundary layer at Re/m = 1.31× 106, and
at y+ ≈ 250 and 580 for smooth and rough walls, respectively.
For a fully rough flow (k+s ≈ 210) and a roughness scaling
of δ/ks ≈ 30, the streamwise extent of the superstructures
experienced shortening when compared to the smooth wall.
However, a reorganization of streamwise momentum into the
wall-normal component was observed upon the introduction
of roughness, whereas the w component experienced minimal
effects in the presence of surface roughness. The need for
increased sampling was highlighted to accurately capture the
streamwise oriented superstructures and their impacts on near-
wall flow phenomena, by showing the lack of convergence in
the two-point statistics of the flow. It was found that a sam-
pling of over 3400 boundary layer flow through times was in-
adequate to quantify the largest scales with increased statistical
confidence.
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Figure 8: Two-point cross-correlation coefficient anchored at (x,z)/δ = (4,0) for smooth and (2.6,0) for rough surface:
ρuv (top), ρuw (middle), ρvw (bottom).

The extent of ρuv spanning the entire FOV and sizeable
magnitudes of ρuw revealed the significance of the slow terms
in the pressure Poisson equation. This highlighted the impor-
tance of the uv and uw components, over the traditionally as-
sumed linear (or rapid) terms, in the quantification of source
terms of the low-wavenumber surface pressure fluctuations
with increased accuracy. However, the causal relationships of
the velocity source terms and their quantitative relative contri-
butions to low-wavenumber wall-pressure fluctuations remain
a topic of interest for future studies.
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