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Abstract

Surface roughness modifies the flow dynamics over static surfaces and can significantly affect the instantaneous generation
of lift and drag. This study presents force and flow measurements on NACAO0012 foils covered with simple, commercially
available spherical-cap roughness elements. We varied the roughness area coverage relative to the propulsive area from
0% (smooth) to 35% (mid-rough) and 70% (full-rough). Our experiments survey an angle of attack and a Reynolds number
range of —2° < a <20° and 10,000 S Re S 55,000, respectively. Within this parameter space, surface roughness leads to
small alterations in time-averaged statistics of lift and drag. In contrast, it leads substantial changes in unsteady force and
flow behavior. Specifically, surface roughness reduces lift fluctuations, up to ~ 60%, due to decreased pressure fluctuations
on the foil surface. This reduction is accompanied by a modest decrease in time-averaged lift coefficient and an increase
in time-averaged drag coefficient. Drag fluctuations increase by up to ~ 30%, except near stall, where both lift and drag
fluctuations decrease. Roughness also mitigates flow separation, as indicated by reduced velocity fluctuations and a delayed
stall onset in the C; («) curves. These results show that surface roughness influences not only time-averaged statistics but
also the instantaneous response of lift, drag, and flow fields. Our findings offer insights into the hydrodynamic function of
shark-skin-inspired surfaces and demonstrate how simple, distributed roughness can provide passive control of boundary
layer behavior and flow separation.

1 Introduction From pipe flows (Colebrook and White 1937; Moody 1944)

and cross-flow around cylinders (Achenbach 1971) to dim-

Surface roughness is ubiquitous in nature and, inevitably, in
engineering applications. Consideration of surface rough-
ness and investigation of its influence on flow dynamics and
drag production are crucial for wide-ranging applications.
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ples on golf balls (Bearman and Harvey 1976; Chowdhury
et al. 2016), a football (Ward et al. 2023) or swimsuit designs
(Moria et al. 2010), the influence of surface roughness has
been the subject of research interests across the board. The
presence of surface roughness can have detrimental effects
on the performance of engineering systems. Bio-fouling
around ship hulls causes a gradual increase in drag over time
and poor fuel performance (Monty et al. 2016; Hutchins
et al. 2023). The accumulation of sediments around wind
turbine (Ehrmann et al. 2017) or tidal turbine blades (Walker
et al. 2014) leads to a reduction in power extraction and a
performance decrease that is linked to an increase in rough-
ness density and height. Icing on airfoils, particularly around
the leading edge region, causes early flow separation and
poor lift performance (Vinnes and Hearst 2021), threaten-
ing the life cycle of wind turbine blades and airplane wings.
Given these warning signs, it is not surprising that a growing
body of literature seeks to understand the role of surface
roughness through numerous investigations of its function
on biological systems (Bechert et al. 2000), its interaction
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with turbulent boundary layer flows (Garcia-Mayoral and
Jiménez 2011; Chung et al. 2021), and its potential appli-
cations on aerodynamic control surfaces (Gad-el Hak and
Bushnell 1991) to inform the design of passive and active
flow control devices.

From feathered flight (Van Bokhorst et al. 2015) and
scales on fish (Muthuramalingam et al. 2020) to denticles
on sharks (Afroz et al. 2016; Domel et al. 2018a, b; Santos
et al. 2021), or tubercles on whales (Miklosovic et al. 2004),
the biological world demonstrates an endless combination
of scales, shapes and forms. These bioinspired surfaces have
been reported to benefit from surface roughness in the form
of drag reduction (Domel et al. 2018b), increase in lift-to-
drag ratio (Domel et al. 2018a), delay in static or dynamic
stall (Van Bokhorst et al. 2015; Miklosovic et al. 2004;
Hrynuk and Bohl 2020), delay in transition to turbulence
(Muthuramalingam et al. 2020) and flow separation control

Laser

Fig. 1 a A schematic of the experimental setup and test section show-
ing the orientation of the PIV measurement plane relative to the
hydrofoil. Note that the laser sheet does not illuminate the region
behind the hydrofoil where no flow information could be captured.
b A schematic of the actuation mechanism, manipulating the angle
of attack of the hydrofoils. The laser sheet illuminated the hydrofoil
cross-section at its mid-span, as indicated by the green line. ¢ Sche-

@ Springer

(Van Bokhorst et al. 2015; Afroz et al. 2016; Santos et al.
2021).

Numerous studies have investigated the effects of com-
plex surface textures on turbulent boundary layers, with par-
ticular attention to their potential for reducing skin friction
and drag (Chung et al. 2021). It has been shown that surface
textures such as longitudinal riblets, once properly scaled
(Garcia-Mayoral and Jiménez 2011), can lead to reduced
wall shear stresses and skin friction (Choi et al. 1993;
Bechert et al. 2000; Dean and Bhushan 2010; Garcia-May-
oral and Jiménez 2011), by restricting the spanwise motion
of near-wall structures, reducing turbulent momentum trans-
fer near the wall and creating a viscous sublayer buffer that
turbulent eddies cannot penetrate as easily.

Since their introduction in the 1940 s (Taylor et al.
1947), vortex generators (VGs) have been widely
employed in classical aerodynamics to mitigate local flow
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matics of the hydrofoils with different surface coverage for smooth
foil (0%), mid-rough (36%) and full rough (70%) with a schematic
showing the geometry of the individual spherical cap bumpers used
on the foil surfaces. Note that spherical-cap roughness elements are
aligned in their rows for both rough foil cases. d A schematic present-
ing the direction of the lift and drag forces measured relative to the
hydrofoil and the direction of the free-stream velocity



Experiments in Fluids (2025) 66:198

Page3of20 198

Table 1 A comparison of the protrusion height and streamwise width of the roughness elements in the relevant literature and the present work
for a given chord-based (or length-based) Reynolds number range of interest

Domel et al. (2018a) Du et al. (2022) Lin (2002) Present work
WIH ~0.34 ~0.39 4,5,..,12 5
H[mm] ~0.67,~ 1.35,~ 2.03 0.94 - 1.6
Re 40,000 20,000 20,000, ..., 500,000 13,000,..., 53,000

separation on lifting surfaces. Typically arranged as rows
of small plates or airfoil-shaped elements angled to the
flow, their effectiveness depends on their height relative
to the boundary layer thickness, (k/6). High-profile VGs
(h/6 ~ 1) offer strong local control but increase profile
drag. To address this, Kuethe (1972) demonstrated that
low-profile VGs (h/6 = 0.27 and 0.42) can exert a longer
range influence, reducing wake deficits by suppressing von
Kéarméan vortex formation. Subsequent studies confirmed
that low-profile VGs (0.1 < /6 <0.625) balance effec-
tive separation control with reduced drag penalties (Lin
2002). Departing from these conventional devices, recent
work has explored distributed roughness as a flow control
strategy, often inspired by biological surfaces. Examples
include shark skin samples (Afroz et al. 2016; Santos et al.
2021; Guo et al. 2021) and 3D-printed biomimetic textures
(Domel et al. 2018a, b; Du et al. 2022). Afroz et al. (2016)
showed that shark skin reduces separation regions, while
(Lang et al. 2008) demonstrated that vortex formation
between bristled denticles enhances near-wall momentum
and reduces shear stress. On flat plates, Du et al. (2022)
found that biomimetic scales with fixed tilt angles delay
stall and mitigate adverse pressure gradients. Similarly,
Domel et al. (2018b) reported that properly scaled shark-
inspired textures can reduce drag on NACA airfoils at low
to moderate Reynolds numbers, whereas oversized tex-
tures increase drag. Their follow-up study (Domel et al.
2018a) showed that suction-side placement of such scales
can improve lift-to-drag ratios, performing comparably to
micro VGs (Gad-el Hak and Bushnell 1991; Lin 2002).
Despite these advances, most studies emphasize time-
averaged flow and force statistics, overlooking the instanta-
neous dynamics that are crucial for unsteady maneuvering

and flow control. Understanding how roughness elements
affect the transient lift and drag response, as well as the
corresponding velocity and pressure fields, remains a
relatively unexplored area, particularly for aerodynamic
or hydrodynamic control surfaces operating at moderate
Reynolds number conditions. Additionally, biomimetic
textures often introduce challenges in fabrication, param-
eterization, and directional sensitivity. The high-resolution
3D printing required to replicate biological features such
as scale bristling or riblet alignment presents significant
manufacturing hurdles (Yasuda et al. 2019). Many of these
surfaces are inherently directional, making them less suit-
able for applications involving variable flow orientation or
multi-degree-of-freedom motion. Recent efforts to address
these limitations have investigated surface-symmetric
roughness elements under dynamic conditions, such as
pitching hydrofoils (Vilumbrales-Garcia et al. 2024) or
undulatory motion (Massey et al. 2023), using idealized
egg-carton-like textures or parametric geometries.

In this study, we aim to isolate and understand the influ-
ence of surface roughness coverage and distribution on
static hydrofoils using commercially available spherical-
cap roughness elements. These elements are geometrically
simple, surface-symmetric, and lack directional bias, ena-
bling us to avoid the secondary complexities introduced
by biomimetic textures. Our approach focuses on both
time-averaged and instantaneous lift, drag forces and flow
fields to provide a more comprehensive picture of how
roughness affects flow dynamics over a finite foil surface
with a well-known NACA cross-section. In the follow-
ing, we introduce the experimental methodology and the
considered parameter space in Sect. 2. In Sect. 3, first, we
compare the time-averaged lift and drag measured from

Table2 Summary of the

0.123
17,000

0.156 0.195 0.234 0.376

22,000 27,500 33,000 53,000

: . Parameters
experimental parameters used in
the current study U [m/s] 0.095
Re 13,000
a —4°t0 20°
¢ [m] 0.16
AR 2.5

2° increments

For brevity, we have provided the range of interest for
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hydrofoils with different surface roughness distributions.
This is followed by an analysis of force fluctuations. Sec-
ond, we present a flow analysis considering time-averaged
velocity fields and reconstructed pressure fields, compar-
ing the foil surfaces. Section 4 discusses the results from
force and flow measurements and establishes connections
to fluctuating velocity and pressure fields, followed by
Sect. 5 with concluding remarks.

2 Experiment design and methodology

Force and flow measurements were conducted in a recircu-
lating, open surface water channel facility with a cross-sec-
tion of 1.2 m width and 0.8 m depth, located at the Univer-
sity of Southampton, Boldrewood Innovation Campus. Three
identical foils with a rectangular planform and a NACA0012
cross-section were 3d-printed using PolyLactic Acid (PLA)
filaments with an infill density of 70% and designed with
a chord length of ¢ = 0.16 m and aspect ratio of AR = 2.5.
The suction and pressure sides of the foils were covered with
spherical cap roughness elements with a protrusion height
of H = 0.01c and a diameter of W = 0.05¢. The size of the
roughness elements was selected to align with previously
published studies (please see Table 1) and ensure commer-
cial availability.

Foil surfaces were placed against the bottom wall of the
channel with a splitter plate installed on the water surface
to constrain the flow around foil tips and enforce nominally
two-dimensional flow, as shown in Fig. la. Two different
roughness cases were considered where the roughness area
coverage relative to the total planform area is varied from
36% to 70%. As shown in Fig. lc, the ratio of 75% corre-
sponds to the case where the entire planform area is covered
with adjacent rows of roughness elements in chordwise and
spanwise directions. 36% coverage is obtained simply by
removing alternating rows of roughness elements in chord-
wise direction. The rest of the text will refer to these foils
with 36% and 70% surface roughness as mid-rough and
full-rough, respectively. Additionally, a foil with a smooth
surface, with effectively 0% roughness coverage, was con-
sidered to establish a baseline. Since the roughness elements
are placed on the smooth foil surface, the measurements
obtained for the smooth foil surface is considered as the
reference and used in comparison to the data obtained for the
mid-rough and full-rough foils. Free-stream velocity, U, was
varied between six different values corresponding to chord-
based Reynolds number values within 13,000 < Re < 53,000,
as tabulated in Table 2. The Reynolds number is defined as
Re = Uc/v, where v is the kinematic viscosity and is calcu-
lated for bulk water temperature of 15°C. The measurements
were taken at each Re, as the foils’ angle of attack was varied
within the range of —4° < a < 20° with 2° increments. The a
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range is limited to observe pre-stall and stall conditions for
the smooth and rough foils within the Re range of interest.
The negative a values are included in the parameter space
to ensure and check for zero-lift generation at a = 0° for this
symmetric NACA cross-section in the measurements. The
angle of attack cases for a > 20°, where the foil surface is
well into post-stall conditions, is considered out of the scope
of this work.

2.1 Force measurements

We used two six-axis force sensors with different meas-
urement ranges to ensure sufficient resolution and prevent
strain-gauge saturation. ATI Mini40 was preferred for the
lower Re range, at Re = 13,000 and 17,000, whereas ATI
Gamma was used for higher Re, 22,000 < Re <53,000. Lift
and drag forces are sampled at 1000 Hz. The tests were con-
ducted for the duration of at least 100 convection cycles
(T = ¢/U) and repeated 5 times to ensure convergence in
the second-order statistics (fluctuations). To confirm that the
individual tests are sufficiently long and representative of the
problem, we compared the average fluctuations and power
spectra calculated from shorter tests with an additional set
of longer trials for two angles of attack, @ = 8°and a = 12°,
obtained over ~ 500 convection cycles at Re = 13,000. A
comparison of PSD curves is given in Fig. 13. At this Re,
the RMS values from short trials are within 10 to 20% of the
RMS values obtained from the longer tests.

The acquired force data are filtered using a simple FFT
(Fast Fourier Transform) scheme with a cut-off frequency
defined as f = kU /(c sin(«)) and adjusted to match the same
reduced frequency, k = 0.5, at each Re to ensure dynamic
similarity, except for @ = 0° cases where the data is filtered
at f = 4 Hz. The filtered data sets are then bootstrapped to
generate five randomly distributed samples with the same
length as the initial data sets. This additional step was neces-
sary to ensure random data distribution to determine average
fluctuations for the force coefficients, especially at higher
angles of attack, where intermittent flow events such as lami-
nar separation bubble formation or bursting may be present
in individual tests. The mean force coefficients were then
calculated as the average of 5 time-averaged values obtained
from 5 bootstrapped samples. The definition of the drag and
lift coefficients are given as follows:

D L
CD = 1 U2 ZAR’ CL = 1 U? ZAR’ (1)
PLAd P

where (.) denotes the time-averaged values of drag and thrust
forces from each test.

The root mean square (RMS) values of fluctuations in lift
and drag forces were obtained from the 5 bootstrapped samples
for each angle of attack and surface roughness combination.
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Fig.2 Mean lift, C;, as a function of angle of attack, a, at six dif-
ferent Re within the range of 13,000 < Re < 53,000 in ascending
order from a to f. Three foils with different surface roughness ratios,
smooth (0%), mid-rough (36%) and full-rough (70%), are plotted with
three different symbols, ¢, v, and m, respectively, as mapped to three

As a metric for the fluctuating component of the drag and lift
forces, we report the average of RMS values at each @ and Re
in a non-dimensional form, as Cp,’ and C;, respectively.

2.2 Flow measurements: particle image
velocimetry(PIV)

Flow measurements were conducted using a planar PIV sys-
tem. Two 4-megapixel LaVision MX cameras with 50 mm
Nikon lenses (f = 5.6) were placed underneath the water
channel as shown in Fig. 1a. The two cameras were arranged
side-by-side in the streamwise direction and calibrated at full
resolution (2048 x 2048 pixels), capturing image pairs with a
field-of-view of about 2¢ X 1¢ with 0.2¢ X 1¢ overlap between
the camera frames and a digital resolution of 0.087 mm/pixel.
The captured area consists of the entire foil cross-section and
an additional 0.5¢ in the foils’ upstream and downstream
regions. A laser beam output by a Litron Nano PIV laser head
with 200 mJ power output at 532 nm wavelength illuminated
the field of view through a set of sheet-forming optics at the
foils’ mid-span as shown in Fig. 1a.

A pulse timing unit was used to synchronize the laser and
the camera triggers and controlled via DaVis 10 software to

different colors shown on the right side of the figure. The errorbars
are calculated based on t-distributed error with 95% confidence from

5 repeated tests, as 2.7760,/ \/g . Here, o, is the variation from the
reported C; data point or RMS of 5 time-averaged C; values

record the image pairs. The flow was seeded with polyamide
particles with a nominal diameter of 55 um. The seeding den-
sity was iteratively adjusted to have a satisfactory number of
particles in the field of view. The image pairs were captured
at a frequency of 15 Hz. In total, 1440 and 720 image pairs
were collected at Re = 27,500 and 53,000, corresponding to
~ 117 and ~ 113 convection cycles, respectively. The acquired
particle image pairs were filtered using a temporal Butterworth
high-pass filtering with a cut-off frequency of 10 Hz, mainly
to eliminate surface reflections. The images were then cross-
correlated using DaVis 10 with the final interrogation window
size of 24x24 pixels and 50% overlap. The cross-correlation
produced velocity fields with 171 x 171 vectors with a vector
spacing Ax = Ay = 1.05 mm. The final velocity fields from
each camera were stitched and blended using half a Hanning
window over the overlapped region. Based on subpixel accu-
racy of 0.05 pixels, the biased uncertainty of the PIV fields
can be determined as approximately 4.4 mm/s, corresponding
to 1.1% of the free-stream velocity at chord-based Reynolds
number, Re = 53,000. Based on smooth foil boundary layer
thickness at the trailing edge (x/c = 1) at Re = 53,000, the
boundary layer was resolved with 346 pixels with digital reso-
lution of 11.4 pixel/mm.
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(b) Re = 17,000
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Fig. 3 Mean drag, C,, as a function of angle of attack, «, at six differ-
ent Re within the range of 13,000 < Re < 53,000 in ascending order
from a to f. Three foils with different surface roughness ratio; smooth
(0%), mid-rough (36%) and full-rough (70%), are plotted with three
different symbols, ¢, v, and m, respectively, as mapped to three dif-

3 Results
3.1 Time-averaged lift and drag coefficients

In this section, we present mean and fluctuating compo-
nents of lift and drag coefficients measured for smooth,
mid-rough and full-rough foils for a range of angles
of attack and Reynolds numbers, —4 < a <20° and
13,000 < Re < 53,000, respectively, as detailed in Table 2.
Figure 2a to f shows time-averaged lift coefficients as a
function of « at six different Re. Smooth, mid-rough and
full-rough foil data are plotted as mapped to different
colors.

Traditionally, the lift coefficient is expected to increase
linearly with the angle of attack until it reaches the stall
point, after which an abrupt drop in lift coefficient occurs,
particularly for the high Re range as widely documented
(Knight and Wenzinger 1929). Within low to moderate
Re range, deviations from this conventional behavior can
occur (Lissaman 1983; McMasters and Henderson 1979;
Hrynuk et al. 2024). Beyond the stall point, instead of an
immediate decline, the lift coefficient may plateau (cease
to increase) or increase at a lower slope angle after a brief
decline (Menon and Mittal 2020; Hrynuk et al. 2024).
Additionally, C, can increase nonlinearly against a at low
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ferent colors shown on the right side of the figure. The errorbars are
calculated based on t-distributed error with 95% confidence from 5

repeated tests, as 2.7760,/ \/5 Here, o, is the variation from the
reported C;, data point or RMS of 5 time-averaged C), values

angles of attack (Hrynuk et al. 2024). Our dataset reflects
these deviations, particularly with the smooth foil exhibit-
ing a non-linear behavior for @ < 6° across the Re range
considered. In the lower Re range, 13,000 < Re <22,000,
the lift plateaus after reaching a peak value for all the
foil surfaces. Within this Re range, the C;(a) lines show
small alterations between the foil surfaces, except for the
mid-rough foil, which experiences an earlier plateau com-
pared to the smooth and full-rough cases at Re = 13,000.
At higher Re values (27,500 and 33,000) and a > 14°, lift
increase resumes on a lower slope after a drop in lift coef-
ficient at about @ = 12°. As Re increases, the maximum lift
generated by the foil surfaces gradually rises from approxi-
mately C; . ~ 0.6 at Re = 13,000 to around C; .., ~ 0.8
at Re =53,000.

Beyond the Re dependent modifications, small altera-
tions exist between different surface roughness cases.
Smooth foil generates 5 to 30% for a > 4°, compared to
rough foils across the Re range considered. This difference
in lift generation becomes more prominent as Re increases.
All three foils show similar trends of C; — @ with some
subtle differences. At Re = 13,000, mid-rough generates up
to ~ 25% lower lift than the other foil surfaces for a > 6°.
At Re = 27,500 and 33,000, there is a clear delay in stall
for mid-rough and full-rough compared to smooth foil.
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Fig.4 Time-averaged lift and drag coefficients (first and second columns, respectively) of mid-rough (a, b) and full-rough (e, d) foils relative to
the smooth foil plotted as heat-maps as functions of @ and Re. Each tile color in the heat maps corresponds to a value for a given a and Re

Figure 3 shows the evolution of drag coefficient as a
function of « for three different roughness cases across
the Re range considered. Overall, the drag coefficient
decreases as Re gradually increases from 13,000 to 53,000
in pre-stall conditions. As expected, C, increases rapidly
after the stall-point, up to Cp, = 0.4 at Re = 13,000 and
Cp =~ 0.24 at Re = 33,0000. The drag buckets framed
by C,, — a curves become larger as Re increases, as the
post-stall increase in Cj, becomes non-linear. The drag
coefficient for all foil surfaces reaches the highest val-
ues at @ = 20°, the highest angle of attack considered, at
any given Re. The highest C;, measured stays within the
range of 0.2 < Cp, < 0.3 for all Re considered, except for
Re = 13,000 at which the measured Cj, is much higher
than the rest of the parameter space, with Cp, ~ 0.41 for
mid-rough at a = 20°. The smooth foil generates the low-
est drag among the three foil surfaces within the lower a
range. Further increase in « leads to Cj, increasing on a
steeper slope for the smooth foil, prompting a higher drag
generation for the smooth foil compared to the rough foils
across the Re range.

To better illustrate the differences in C; and C, between
the foil surfaces, in Fig. 4, we present a direct comparison

of the force coefficients for mid-rough (Fig. 4a, b) and
full-rough (Fig. 4c, d) against the smooth foil metrics as
functions of a and Re. In the heat maps, each tile is colored
with the value corresponding to the relative force coef-
ficient obtained at the given @ and Re. The blue and red
colored tiles indicate reduction and increase in the rough
foil metrics, respectively, against the C; (Fig. 4a, c) or
Cp (Fig. 4b, d) obtained for the smooth foil. As can be
deduced from the line plots presented in Fig. 2, both mid-
rough and full-rough foils have lower C; compared to the
smooth foil. This difference is up to 25% for a > 6° for
both rough foils, with the lowest C; measured for the mid-
rough among the three foil surfaces considered. Within the
same range, there is a reduction in Cj, for both rough foil
surfaces indicated by the blue colored tiles. The reduction
is higher for the full-rough compared to the mid-rough.
At Re = 17,000, C, for the rough foils is 3 to 40% lower
than the smooth foil for « > 8°. The roughness coverage
on the foils lead to the highest difference at @ = 12°, as
C; reaches a peak and the stall conditions occur for all
three foil surfaces, as shown in Fig. 2. Another emerging
trend in our data set is that, across the Re range, the mid-
rough experiences higher drag than the full-rough foil.
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Fig.5 The normalized root-mean-square of fluctuating lift, C;’, as a
function of angle of attack, a, at six different Re within the range of
13,000 < Re < 53,000 in ascending order from a to f. Three foils with
different surface roughness coverage ratios; smooth (0%), mid-rough
(36%) and full-rough (70%), are plotted with three different symbols,
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*, v, and m, respectively, as mapped to three different colors shown
on the right side of the figure. The errorbars are calculated based
on t-distributed error with 95% confidence from 5 repeated tests, as
27760,/ \/5 . Here, o is the variation from the reported C, ./ or RMS

of 5 C;/ values obtained from the repeated tests
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Fig.6 The normalized root-mean-square of fluctuating drag, Cp’, as
a function of angle of attack, a, at six different Re within the range
of 13,000 < Re < 53,000 in ascending order from a to f. Three foils
with different surface roughness coverage ratios; smooth (0%), mid-
rough (36%) and full-rough (70%), are indicated with three different
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20 0 10 20
af’]

symbols, ¢, v, and m, respectively, as mapped to three different colors
and shown on the right side of the figure. The errorbars are calculated
based on t-distributed error with 95% confidence from 5 repeated

tests, as 2.7760,/ \/g . Here, o is the variation from the reported cp
or RMS of 5 C;)’ values obtained from the repeated tests



Experiments in Fluids (2025) 66:198

Page90f20 198

(b) Cp,mid —Cbp.s

CD,s/
-0.4 0 0.4
N 1_'_‘
36% -
| |
- s,
‘ |
mid-rough smooth 17
13 .
HENN NN  NNNRENC N HNE
-4 0 4 8 12 16 20 -4 0 4 8 12 16 20
af’] of’]
(c) Crpui’' —CL,s' (d) Cp,yui’ —Cp.s
CL,S, CD,SI
—0.6 0 0.6 . 0
0% B
. 33 l
vs. =275 )
% 22
full-rough  smooth - 17 -
13 R

4 0 4 8 12
al’]

Fig.7 Lift and drag fluctuations (first and second columns, respec-
tively) of mid-rough (a, b) and full-rough (c, d) foils relative to the
smooth foil plotted as heat-maps as functions of @ and Re. Each tile
in the heat maps corresponds to a value for a given @ and Re combi-

This difference is more pronounced within the lower angle
of attack regime, as shown in Figs. 3 and 4b, d, and can
be attributed to the roughness distribution having an influ-
ence on the wetted surface area. The flow may perceive
full-rough as a thicker smooth foil, whereas, mid-rough
distribution, due to larger spacing between the roughness
elements along the flow direction, may lead to a more pro-
nounced impact on the foil’s drag.

3.2 Instantaneous fluctuations in lift and drag
coefficients

The variation in surface roughness can also affect the instan-
taneous force fluctuations. Figures 5 and 6 show C,’ and
Cp/ as a function of « at different Re, respectively. Note that
C, and C},/ are calculated as the averaged non-dimensional
RMS values of fluctuating lift and drag obtained from the
repeated measurements, respectively. Across the parameter
space, the non-dimensional fluctuations in both lift and
drag are lower for @ < 8° with C;’ ~ 0.01 and C,,’ ~ 0.002

nation. The additional, horizontally and vertically oriented tiles that
are located at the bottom and on the right-hand side of the heat maps
represent relative fluctuations averaged across all Re for each @ and
across all a values for each Re, respectively

and with small variations between the three foil surfaces,
except for the lowest Re case where fluctuating force coef-
ficients, C;” and C})’ have notable differences between the
foil surfaces for @ > 12°. Within this region, regardless of
Re, C," and C,)’ dramatically increase with the onset of flow
separation, and peak before a downward trend starts as «
further increases. This jump in C,’ in Fig. 5 is more pro-
nounced compared to Cp, presented in Fig. 6 around the
stall point, except for Re = 13,000 case, at which both lift
and drag fluctuations rise up to comparable values with the
reported C;" and Cp of ~ 0.06 at @ = 20°. Regardless of the
surface roughness, there is a sudden increase in C;’ and Cp’
for 8° < a < 16°. There is also a gradual increase in peak
C L’ within the same « range as Re increases from 17,000
to 53,000, except for the Re = 13,000 case where the foil
surfaces experience higher amplitudes of lift and drag coef-
ficient fluctuations.

Figure 5b—f shows an increase in lift fluctuations for the
smooth foil for 8° < @ < 12°and 17,000 < Re <53,000 com-
pared to rough foils. At Re = 13,000, there is a sharp increase
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in non-dimensional fluctuations of lift and drag across all the
foil surfaces within the second half of the a range. Within
this range, the mid-rough foil experiences the lowest non-
dimensional lift and drag fluctuations, while the fluctuations
over the smooth foil rises sharply up to ~ 0.06 levels in both
lift and drag directions, as shown in Figs. 5a and 6a. Beyond
these observations, the differences in C;" and Cp’ between
the roughness cases are subtle and hard to detect. Thus, to
enable a direct comparison, Fig. 7 presents the variation of
lift and drag fluctuations of the rough foils relative to the
smooth foil as a function of « and Re, as heat maps. The
relative fluctuating lift and drag for mid-rough are shown in
Fig. 7a and b, and the corresponding data for the full-rough
are shown in Fig. 7c and d, respectively. The additional tiles
oriented horizontally and vertically, at the bottom and on
the right of the heat maps, show relative fluctuation values
that are averaged across the Re range at each «, and across
the a range at each Re, respectively. Each tile is mapped
to the colorbar indicating relative fluctuation levels at the
corresponding (a, Re). The negative and positive values of
relative fluctuations indicate lower and higher force fluctua-
tions for the mid-rough and full-rough foils compared to the
smooth foil, mapped to blue and red colors, respectively.

Across all Re, except for Re = 13,000, roughness on foil
surfaces reduces the lift fluctuations for a < 12°, with the
highest reduction obtained when a ~ 10° — 12°. Beyond, for
a > 12°, lift fluctuations increase for both mid-rough and
full-rough, up to 25-30% higher than the smooth foil. There
is a reversal of this trend at Re = 13,000. The lift and drag
fluctuations are higher for the first half of the @ range, and
lower for the second half for the rough foils compared to the
smooth foil. The overall reduction in C,’ for the rough foils
compared to the smooth foil in pre-stall conditions cannot
be solely explained by lower time-averaged C;, as the com-
parison of these two metrics in Fig. 15, C;’/C, shows lower
than 1% difference between the three foil surfaces fora < 8°,
and up to 5% increase for the smooth foil compared to the
rough foils for & ~ 10° — 12°.

In Fig. 7b and d, the addition of roughness elements on
mid-rough and the full-rough foil surfaces leads to higher
relative drag fluctuations for most a — Re space. The excep-
tion to this trend is for « ~ 10° — 12° range where the onset
of stall occurs (Fig. 2), and the rough foil surfaces expe-
rience lower C;” and C))’, compared to the smooth foil. A
comparison of the heat maps presented for the rough foil
reveals that the mid-rough foil generally experiences lower

Carter&Ganapathisubramani, RANS, Re = 70,000
Carter&Ganapathisubramani, PIV, Re = 70,000
present data, RANS, Re = 53,000

9 % present data, PIV, Re = 53,000

Fig.8 Comparison of the time-averaged velocity magnitude normal-

ized by the free-stream velocity, Vid +7° /U, and the time-averaged
pressure (Cp) plotted for smooth foil in a and d (first column), for
mid-rough foil in b and e (second column), and for full-rough in ¢ and
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f (third column), respectively, at Re = 53,000 and & = 12°. At the bot-
tom, we present a comparison of the reconstructed surface pressure
with dynamically matched RANS data, using the smooth foil data
in the present work at Re = 53,000 and a similar data comparison at
Re =70,000 from (Carter and Ganapathisubramani 2023, 2024)
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lift fluctuations and higher drag fluctuations than the full-
rough within the considered @« — Re space. Both Re averaged
(horizontal tiles at the bottom) and a averaged (vertical tiles
on the right) values show higher lift fluctuation reduction
and an overall increase in drag fluctuations against smooth
foil for the mid-rough in Fig. 7a and b compared to full-
rough in Fig. 7c and d. The increase in roughness coverage
on the foil surfaces from 36% to 70% decreases the reduction
in lift fluctuations and leads to an overall increase in drag
fluctuations between the mid-rough and full-rough foils.

3.3 Flow-field comparison: time-averaged velocity
and pressure

To understand the effect of roughness on the static foil sur-
faces, we compared the velocity fields and pressure fields
reconstructed from planar PIV measurements. We used a
Poisson solver approach for the pressure reconstruction
as detailed in previous studies (de Kat and Ganapathisub-
ramani 2012; Laskari et al. 2016; Ferreira and Ganapa-
thisubramani 2020; Carter and Ganapathisubramani 2023,
2024). First, we considered the Navier—Stokes momen-
tum equation for two components of the velocity field for
incompressible flows:

Jdu 1 2
E+u-Vu_—;Vp+vVu )
where u(x, t) = (u(x, t), v(X, t)) is the instantaneous veloc-
ity vector with streamwise(u) and cross-stream velocity (v)
components, p(X, ) is the planar pressure, p is the density
and v is the kinematic viscosity of water. We used Taylor’s
hypothesis approach to calculate the unsteady velocity term,
following the work by de Kat and Ganapathisubramani
(2012) and Ferreira and Ganapathisubramani (2020). This
method assumes that the fluctuations in the velocity field are

Fig.9 Comparison of the velocity fluctuations for streamwise (u')
and cross-stream (v') components of the velocity field normalized by
the free-stream velocity, U, for smooth foil in a and d (first column),

convected at a certain velocity u, that varies spatially and in
time. If the fluctuations are frozen, invoking Taylor’s hypoth-
esis, the temporal and spatial gradients can be expressed as:
Du' _ ou

or = o T Vu 3

The substitution into Eq. 2 and taking the divergence of the
left and right side of the equation yields:

Vipm =V {=p{@ - Vu+ [(w-u,) - V|u' - V?u}} 4)

where py; denotes the pressure reconstructed using Taylor’s
hypothesis in Eq. 4, based on two components of the velocity
field. The local convective velocity is assumed to be equal
to the time-averaged local velocity, u, = u, following previ-
ous studies (Laskari et al. 2016; Ferreira and Ganapathisub-
ramani 2020; Van der Kindere et al. 2019). To solve Eq. 4,
Neumann boundary conditions were applied along the inlet,
outlet, and lower boundaries of the domain as well as the
foil surface. Using Bernoulli’s equation, Dirichlet boundary
conditions were applied to the upper boundary. The velocity
fluctuations are limited to 2 to 3% of the free-stream veloc-
ity in magnitude on the upper boundary. Thus, the flow can
be assumed to be irrotational and Bernoulli’s equation is
expected to hold.

As detailed extensively in previous studies, the convec-
tion velocity is scale-dependent and there are limitations
for pressure estimations based on snapshot 2D and 3D PIV
measurements (Laskari et al. 2016; Ferreira and Ganapa-
thisubramani 2020; Van der Kindere et al. 2019). However,
using TH approach based on 2D PIV, it has been shown
that the RMS pressure field for flows where shear layer
detachment is present can be reconstructed with up to 54%
correlation compared to reference pressure measurements
(Van der Kindere et al. 2019) and with less than 3% error
compared to LES (Large-Eddy Simulation) results (Ferreira

u' U

for mid-rough foil in b and e (second column), and for full-rough in ¢
and f (third column), respectively, at Re = 53,000 and a = 12°
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and Ganapathisubramani 2020). Further information on the
theoretical background and comparison between different
pressure estimation approaches can be found in this refer-
ence (Laskari et al. 2016). We would also like to refer to
these studies (Van Oudheusden et al. 2007; Carter and Gana-
pathisubramani 2023, 2024) if further reading is desired on
pressure estimation from planar PIV measurements of flows
over aero/hydrofoils.

In Fig. 8, the time-averaged velocity magnitude and pres-
sure coefficients are compared between the smooth, mid-
rough and full-rough foils at @ = 12° and Re = 53,000. The
velocity magnitude over the foil surfaces was normalized
by the free-stream velocity in Fig. 8a—c. The time-averaged
velocity fields shown in Fig. 8 are qualitatively similar
between the roughness cases, despite the subtle differences
in the time-averaged boundary layers. The boundary layer
has a larger thickness around the trailing edge region for the
smooth foil (6yy00n = 0.19¢) compared to mid-rough and
full-rough (8pi4—rougn = 0-14¢ and 6,,,4_rouen = 0.136¢), as
indicated by the white dashed lines, marking 0.99U veloc-
ity magnitude. This suggests a delay in flow separation and
stall for mid-rough and full-rough foils. At @ = 12°, more
advanced flow separation and intermittently detached shear
layers can lead to a larger velocity deficit around the trailing
edge in time-average for the smooth foil compared to rough
foils. Supporting this, the C; (a) curves presented in Fig. 2f
demonstrate that smooth foil slowly transitions to stall as the
angle of attack increases from 10° to 16°. Within the same a
range, mid-rough and full-rough foils reach peak lift levels
with a delay, at a = 14°. These trends in lift correspond to
a sudden increase in drag for the smooth foil, as shown in
Fig. 3f. At @ = 12°, drag experienced by the smooth foil
is greater in time average, while it is 10-40% lower than
the mid-rough and full-rough drag for the lower a range,
-2°<a < 10°

Figure 8d—f presents the time-averaged pressure normal-
ized by the total pressure as, Cp :f?/O.Sp(ﬁ2 +7°). The
reconstructed pressure fields in Fig. 8d—f for the foil sur-
faces show lower pressure on the suction side (upper foil
surface) and higher pressure values around the leading edge
due to flow stagnation. The pressure fields show subtle dif-
ferences between the foil surfaces, as predicted by the small
differences in C; for @ = 12° at Re = 53,000. An additional
comparison for the smooth foil pressure reconstruction
with a dynamically matched Reynolds averaged Navier
Stokes(RANS) simulation at Re = 53,000 is provided using
the reconstructed surface pressure in Fig. 8g, along with a
similar pressure reconstruction data comparison previously
published for NACAO0012 cross-section at Re =70,000 and
a = 13° (Carter and Ganapathisubramani 2024). The com-
parison shows good agreement beyond x/c¢ =~ 0.2. The previ-
ously reported deviation around the leading edge between
the reconstructed pressure and RANS results (Carter and
Ganapathisubramani 2024) is found to be smaller for the
present data set (Re = 53,000 and a = 12°) for the same foil
cross-section. We deemed this comparison as satisfactory,
as we will focus mainly on the pressure fluctuations over the
foil surfaces for x/c > 0.2.

4 Discussion

Similar to the time-averaged response of dragon-fly inspired
airfoils with leading edge corrugations (Van Bokhorst et al.
2015), our force and flow measurements show subtle altera-
tions in the time-averaged lift and drag forces, corresponding
to small changes in the time-averaged velocity fields. The
lower Cj, at lower Re leads to a slight improvement in the
lift-to-drag ratio for full rough relative to the smooth foil,

© smooth
«%9| v mid rough
@ | = full rough

Fig. 10 Comparison of fluctuating pressure fields (Cp’) at Re = 53,000 for smooth (a), mid-rough (b), and full-rough foils (c). Surface pressure
fluctuations along the three foil surfaces, as extracted from the region 0.04c above the foil surfaces (d)
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as shown in Fig. 14a and b. This limited range of improve-
ments in C, /C,, compared to previous findings (Domel
et al. 2018a) can be attributed to the difference in rough-
ness geometry, spherical-cap roughness elements used in
the present study and shark-skin inspired biomimetic scales.
The biomimetic scales tilted in the flow direction covering
the suction surface only can create an asymmetry in the foil
profile and an upward shift in C; — a curves with a nonzero
lift generation at @ = 0° (Domel et al. 2018a).

In contrast, distributed roughness coverage introduce
more significant alterations in lift and drag fluctuations, as
well as in the corresponding velocity fields.

4.1 Surface roughness leads to delays in stall
and reduction in velocity fluctuations

The mid-rough and full-rough foils experience a delay in
stall for Re >27,500. This corresponds to spatially reduced
velocity fluctuations and magnitude over rough foil surfaces.
Figure 9 compares velocity fluctuations over the foil surfaces
ata = 12°and Re = 53,000 The streamwise velocity fluctua-
tions, ' (first row), and cross-stream velocity fluctuations,
V', (second row) are shown over smooth (first column), mid-
rough (second column) and full-rough foils (third column)
as normalized by U. The flow over the smooth foil fluctuates
over a larger area with «’ and v/ up to 0.3U and 0.19U over
the foil surface, respectively. The increase in the roughness
coverage results in a reduction in velocity fluctuations spa-
tially and in magnitude. The mid-rough experiences up to
u' ~0.18U and V' =~ 0.12U, while the fluctuations for full-
rough are up to 0.1U and 0.11U for ' and V', respectively.
This suggests that the shear layer detachment and the flow
separation are more advanced for the smooth foil compared
to mid-rough and full-rough, as predicted by the respective
C; — a and C, — a curves in Figs. 2f and 3f.

The dynamics of flow separation over finite airfoil or flat
plate surfaces is highly complex and driven by changes in
Reynolds stresses that occur at low and intermediate reduced
frequencies, alternating between re-attachment zones or
full-separation (Covert and Lorber 1984; Ambrogi et al.
2023). Surface roughness can act to disrupt these dynam-
ics and reduce flow separation regions passively. A reduc-
tion in flow separation region has been reported for surfaces
covered with biomimetic, shark-skin-like scales (Du et al.
2022; Afroz et al. 2016; Domel et al. 2018a). However, here,
the manipulation of flow separation dynamics is primarily
driven by the presence of surface roughness. The ridges and
tilt angle aligned in the flow direction can act to enhance
this mechanism further (Du et al. 2022), noting that their
performance likely depends on the preferential flow direc-
tion. In such applications, the profile drag primarily depends
on the shape and cross-section of the foil. Non-preferential

flow directions can lead to further increase in profile drag,
if the surface features are tilted in one direction. Assum-
ing appropriate choice of foil shape, the roughness elements
with surface symmetry, such as spherical-cap elements, can
prove to be more versatile in flow scenarios where the flow
direction varies relative to the foil surface.

4.2 Surface roughness leads to reductions in lift
fluctuations

The surface roughness on the foil surfaces alters the tran-
sient response of lift generation and leads to an overall
decrease in lift fluctuations relative to the smooth foil for
—2° < a < 12°as shown in Fig. 7. The reduction in lift fluc-
tuations decreases as the roughness coverage increases from
35% to 70% between the mid-rough and the full-rough foils.
The decrease in lift fluctuations can be linked to the fluctua-
tions in pressure over the rough foil surfaces.

In Fig. 10a—c, the pressure fluctuations over the foil sur-
faces were presented for smooth, mid-rough and full-rough,
respectively, at Re = 53,000. C,’ vary spatially along the
foil surfaces depending on the surface roughness. There are
larger variations in pressure along the smooth surface with
Cp' > 1 for the entire foil surface, whereas mid-rough and
full-rough maintain lower magnitudes of pressure fluctua-
tions with Cp’ < 1 for the range of 0.1 < x/c < 0.7 across
the foil surfaces. This difference in C,’ between the foil sur-
faces is more clear once the surface pressure fluctuations
are compared. C}' is extracted from the area 0.04¢ above the
foil surfaces, and plotted as a function of chord location in
Fig. 10d. For all three surfaces, Cp’ near foil surfaces gradu-
ally increase as the boundary layer development and flow
separation occur toward the trailing edge. The presence of
roughness on the foil surfaces lowers the pressure fluctua-
tions for mid-rough and full-rough, where mid-rough experi-
ences slightly lower fluctuations compared to both smooth
and full-rough. The corresponding reduction of C;’ shown
in Figs. 5 and 7 for mid-rough and full-rough are directly
linked to the lower fluctuations in surface pressure presented
in Fig. 10d. At @ = 12° and Re = 53,000, the reductions in
lift fluctuations for mid-rough and full-rough foils are up to
~ 62% and ~ 49% relative to the smooth foil control surface.

4.3 Surface roughness and drag reduction
considerations

In our data set, the spherical-cap elements reduce the drag
on foil surfaces only for low-Re conditions, at Re = 13,000
and 17,000 for pre-stall conditions. We found up to 4.3%
drag reduction at Re = 13,000 for full-rough, and up to 12%
and 21% drag reduction for both mid-rough and full-rough,
respectively, at Re = 17,000 for a < 10°. At higher a, espe-
cially for the stall conditions, this reduction increases up to
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Fig. 11 The drag coefficient
measured at « = 0°, denoted

as Cp, against Re for all foil
surfaces (a). The change in Cp
with the addition of roughness
coverage for the two rough

foil surfaces compared to the
smooth foil surface, denoted
asCpg — Ci),o’ against Re (b).
Three foils with different sur-
face roughness ratios; smooth
(0%), mid-rough (36%) and full-
rough (70%), are plotted with
three different symbols, *, v,
and m, respectively, as mapped
to three different colors shown
on the right side of the figure

Fig. 12 A comparison of

C, from present data set at

Re =13,000 (a), Re = 17,000
and Re = 23,000 (b), and

Re =33,000 and Re = 53,000
(¢) and a comparison of Cj, at
Re =53,000 is provided against
a set of digitized data from rel-
evant previous work for similar
dynamic conditions (Laitone
1997; Cleaver et al. 2010; Tank
et al. 2017; Domel et al. 2018a;
Hrynuk et al. 2024). In the
legend, where possible, we have
indicated the turbulence inten-
sity within the test facilities, as
the stall behavior and measured
C, for pre-stall and post-stall
conditions can be significantly
affected by the inflow turbu-
lence metrics
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40%. For higher Re, foils with roughness have higher time-
averaged drag than the smooth foil in pre-stall conditions,
as shown in Fig. 3. This is consistent with previous findings
from flat plates with micro biomimetic scales experiencing
drag reduction within low to moderate Re range, and higher
drag for Re greater than 50,000 (Domel et al. 2018b). The
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reduction measured for the foil surfaces is very well within
the computational predictions based on riblets in laminar
boundary layer flows (Raayai-Ardakani and McKinley
2019). The use of smaller size denticles and further manipu-
lation of the ratio between the spacing and roughness protru-
sion height may provide a larger Re range of drag reduction
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for rough foil surfaces (Domel et al. 2018b; Raayai-Ardakani

and McKinley 2019).

Determination of the roughness function directly for the
rough foil surfaces is out of the scope of this work. However,

considering the total drag experienced by the smooth and
rough foil surfaces at @ = 0°, we can comment on which
surface may deliver the largest roughness function. If the
frictional Reynolds number matches between the rough and
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Fig.15 The ratio of fluctuations over time-averaged lift coeffi-
cient, C;’/C;, as a function of angle of attack, a, for the Re range of
13,000 < Re < 53,000 in ascending order from a to f. Three foils with

full-rough (70%), are plotted with three different symbols, ¢, v, and
m, respectively, as mapped to three different colors shown on the right

side of the figure
different surface roughness ratios; smooth (0%), mid-rough (36%) and
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Fig. 16 The ratio of fluctuations over time-averaged drag coeffi-
cient, CD’ /Cp, as a function of angle of attack, a, for the Re range of
13,000 < Re < 53,000 in ascending order from a to f. Three foils with
different surface roughness ratios; smooth (0%), mid-rough (36%) and
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full-rough (70%), are plotted with three different symbols, ¢, v, and
m, respectively, as mapped to three different colors shown on the right

side of the figure
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smooth surfaces in the presence of outer layer similarity,
then, the differences in skin friction coefficient can provide a
measure for roughness function (Medjnoun et al. 2023). The
change in total skin friction (viscous drag) of the foil surfaces
due to roughness at a = 0° can then be expressed as propor-
tional to the roughness function, Cr(a = 0°) « f(AU™Y). At
a = 0°, since the foil surfaces experience zero induced drag
due to C; = 0, the total drag (Cp ) becomes a combina-
tion of profile drag or pressure drag (Cp,,) and the viscous
drag (Cp), Cp = Cp, + Cp. Here, there is often a trade-off
between skin friction and the profile drag in determination
of the effect of roughness on finite surfaces (Beratlis et al.
2019). For simplification, we will neglect the alterations in
Cp,, due to roughness and assume equivalent profile drag
at @ = 0° between the foil surfaces. Then, we can have a
measure of roughness function, with a closer inspection of
the change in Cp, ; by isolating the roughness contribution
to Cr. Figure 11a presents Cp, ; against the Re range consid-
ered for the smooth and rough foil surfaces, where the drag
coefficient decreases as the Re increases, as expected. The
mid-rough foil experiences the highest Cp,, across the Re
range. We can isolate the roughness related contributions
by subtracting the smooth foil drag coefficient (Ci),o) from
rough foil cases. We present this difference, Cpy — Cy, .,
against Re in Fig. 11b. Based on this comparison, we can
speculate that the mid-rough surface would deliver the larg-
est roughness function.

The time-averaged drag results for rough foils show that
the full-rough maintains lower drag than the mid-rough
foil across the parameter space. This difference is the larg-
est at Re = 13,000. Although the spatial resolution of the
flow measurements does not allow us to further investigate
this trend, the existing literature on wall-bounded flows
over rough boundaries provides further insights as to what
might have caused this trend. In the present data set, while
the roughness protrusion is the same, the roughness spac-
ing between the peaks of roughness elements is two times
larger for the mid-rough (~ 10H) relative to full-rough (~ 5
H). This difference in roughness spacing can lead to wake
sheltering of roughness elements, reducing drag(Jiménez
2004; Chung et al. 2021). When the roughness spacing is
larger than 3—4H, the interactions between roughness ele-
ments become weaker, and each element can generate its
own independent wake. When spacing is less than 3-4H,
the closer flow interactions can result in vortex formation,
embedded between the roughness elements, creating a buffer
that cushions the flow and decreases the wetted surface area.
This type of flow mechanism is previously observed for
shark denticles with spatial distance reduced due to bris-
tling effects (Lang et al. 2008). In the present data set, the
alternating flow scenarios between the two regimes can act
to decrease the wetted surface area for full-rough foil. This
offers a possible explanation for the higher time-averaged

drag measured for mid-rough relative to full-rough, as shown
in Fig. 3 and detailed in Sect. 3.1. To confirm this hypoth-
esis, a more systematic investigation is required, resolving
the flow interactions between the roughness elements across
different roughness arrangements.

5 Conclusions

We measured force and flow over rough foils covered with
spherical-cap roughness elements. The foil surfaces with
three different roughness coverage ratios have been used,
smooth (0%), mid-rough (36%), and full-rough (70%), sur-
veying a moderate Re range of 10,000 < Re < 55,000 and
an angle of attack range of —2° < a < 20°. The measured
lift and drag forces show that spherical-cap roughness ele-
ments have a larger influence on the instantaneous response
of the rough foils compared to the time-averaged forces. The
rough foils experience a small decrease in time-averaged
lift and an increase in time-averaged drag for @ < 10° com-
pared to the smooth foil except for lower Re cases where
time-averaged drag is 4 to 21% lower for the rough foils
relative to the smooth foil. In contrast, surface roughness has
a more significant impact on the fluctuating forces and the
flow over the foil surfaces. The flow measurements show that
surface roughness lowers the velocity fluctuations over the
foil surfaces, leading to a delay in flow separation at higher
angles of attack, evidenced by the C; — a curves. The rough
foils exhibit reductions in lift fluctuations up to ~ 60% and
an increase in drag fluctuations up to ~ 30% compared to
the smooth foil for &« < 10°. Overall, the fluctuations in lift
and drag decrease as the roughness coverage varies from
full-rough to mid-rough, which corresponds to lower pres-
sure fluctuations over the rough foil surfaces, as shown by
the reconstructed pressure fields using planar PIV measure-
ments. Our findings underline the influence of roughness
distribution on the instantaneous force response and the
flow over the static foil surfaces and reveal passive bound-
ary layer and flow separation control mechanisms enabled
by simple surface design considerations.

Appendix A: Comparison of the smooth foil
with relevant literature

We present a comparison of our data in Fig. 12 with the digi-
tized experimental data from relevant literature for moderate
Reynolds number conditions (Laitone 1997; Cleaver et al.
2010; Tank et al. 2017; Domel et al. 2018b; Hrynuk et al.
2024). As emphasized in previously published work, it is
hard to have a good agreement for measurements taken in
different facilities and using different numerical approaches,
for this moderate Reynolds number range, Re < 10°, even for
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a canonical cross-section like NACAQ0012 (Tank et al. 2017).
The flow measures like inflow turbulence intensity and flow
events like formation of laminar separation bubbles, flow
detachment/reattachment can significantly affect the lift
and drag coefficient values experimentally or numerically
obtained for static foil cross-sections, especially for stall/
post-stall conditions. Nonetheless, we provide a comparison
for C; and Cy, values for our data and several other relevant
work from the existing literature. Although, we have reason-
able agreement for the pre-stall conditions between the data
sets, as expected, deviations between data sets do occur for
the stall and post-stall conditions. In this work, our focus is
mainly on the comparison of the foil surfaces with different
roughness coverage. We used the same foil by changing its
roughness coverage. We conducted our measurements in the
same flow facility. Thus, we find this comparison with the
relevant literature to be satisfactory.

Appendix B: Power spectra of lift
forces and comparison of fluctuating
and time-averaged force coefficients

A comparison of the Power Spectral Density(PSD) curves
at Re = 13,000 for two different angles of attack is provided
in Fig. 13. The RMS value of a signal can be computed as
the square root of the area under its PSD curve. The shorter
test duration of 100 convection cycles is chosen based on
the PSD agreement of lift coefficient fluctuations between
the long trials and the average of short trials, so that the
difference in computed root-mean-square(RMS) of the
measurements is within 20% of the RMS value obtained
from the longer test. The disagreement of PSD at low fre-
quencies leads to a difference in RMS values up to 20% at
Re = 13,000, which is the highest recorded difference in
our data set.

In Fig. 14, we present the lift-to-drag ratio obtained for
all three foil surfaces at each @ and Re. Similar to the com-
parison line plots presented in §3.1 and §3.2, the values
obtained for each foil surface are mapped to different colors
indicated by the schematic on the right and the results are
arranged to present our findings at each Re in ascending
order. Overall, C; /C), increases for all three foil surfaces as
the Re increases from 13,000 to 33,000. At Re = 53,000, the
values indicate lower lift against drag for both the smooth
and the rough foils, compared to Re = 33,000. All three foil
surfaces exhibit similar lift-to-drag ratio with small dif-
ferences at Re = 13,000. As Re increases, the smooth foil
C, /Cp increases compared to the rough foils. Across the Re
considered, the mid-rough foil experiences the lowest C; /Cp,
amongst the three foils surfaces.

@ Springer

In Figs. 15 and 16, we present the ratios of CL’ and
C)p' to the corresponding time-averaged C, and Cp, for all
three foil surfaces. In Fig. 15, lift fluctuations vary within
the range of 2% < C,'/C, < 12% across the parameter
space, whereas drag fluctuation ratios increase up to 25%
for the smooth foil within the same range in Fig. 16. The
fluctuation ratios, both C,’/C, and C))’ /Cp, are the high-
est at Re = 13,000 for @ > 10° in both Figs. 15a and 16a.
Overall, all three foil surfaces experience an increase
in fluctuations relative to the time-averaged coefficient
beyond a@ = 8°, which is another indicator of the onset of
flow separation within this a range, as discussed in §3.1.
The foil surfaces follow similar trends with higher C,"/C,
for the smooth foil compared to the rough foils within
6° < a < 14°, which leads to delays in stall. The smooth
foil has higher Cp//C,, for the first half of the a range
across the Re range, except for Re = 13,000, where the
smooth foil fluctuations are higher than the rough foils
across the entire a range.
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