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1. Introduction

Shark skin has fascinated physicists, engineers, and
biologists for decades due to its highly intricate drag-
reducing structure. Shark skin is comprised of small
tooth-like dermal denticles which protrude from a
flexible epidermis and are typically 0.1 mm to 1 mm in
width. Considerable variety in denticle shape can be
observed (e.g. Figure 1), not only between different
species, but also depending on the location on the
body (Reif, 1985; Diez, Soto, and Blanco, 2015; Feld
et al., 2019). The typical structure of a dermal
denticle is detailed in Figure 2, although this can
vary significantly between species (See e.g. Reif, 1985).
They are strongly three dimensional, some overlap
while others have large gaps, and many are smooth,
while some have small riblet features protruding from
their crown. The typical orientation of denticles is
indicated in Figures 1 and 2, although the effect of
denticle orientation on fluid dynamics has not yet
been investigated. Shark skin denticles are thought
to have evolved for the benefit of hydrodynamic
efficiency, resistance against abrasion, and defence
against parasites (Reif, 1985), although hydrodynamic
experiments have been largely limited to the riblets
present on the denticle crown of some fast-swimming
sharks. These riblets have been shown to improve anti-
fouling (e.g. Chung et al., 2007; Lee, 2014), and reduce
hydrodynamic drag (e.g. Bechert, Bruse, /and Hage;
2000). Shark skin-inspired streamwise surface riblets
have seen significant development over the last few
decades, and have been shown to reduce skin friction
drag by up to 10 % (Bechert et al., 1997); depending on
the shape of the riblets and their dimewnSsionless,length
scale sT = w,s/v, where s is the spacing between
riblets, u; = +/7Tw/p is the friction velogity, 7, is
the wall shear stress, p is the fluid deusity, and v
is the fluid kinematic viscosity. \, The drag reducing
behaviour of riblets over a'flat plateror channel flow
boundary layer has been thoroughly investigated using
experimental modelling (e.gaWalsh, 1982; Walsh, 1990;
Bechert et al., 1997; Lee and Lee, 2001), Direct
Numerical Simulation /(DNS) (elg. Choi, Moin, and
Kim, 1993; Garcia-Mayoral and Jimenez, 2011), and
linear stability analysis (e.g. Dmuchini, Manzo, and
Pozzi, 1991). At/small s* riblets decrease skin
friction by restrictingmspanwise motion in the near-
wall region fthat could otherwise lead to increased
mixing in the boundary layer (Garcia-Mayoral and
Jimenez«2011).7AS sT grows the efficiency of riblets
decreases until\reaching a critical value of sT, above
which drag is increased relative to a smooth surface
due to the exposure of the riblet surface to high
momentum fluid (Lee and Lee, 2001). There are,
however, many sharks that have not evolved riblet-like
features on their denticle crowns (Reif, 1985). It is

not yet known whether denticles are hydrodynamically
beneficial without riblets, or indeed how riblets may
influence the boundary layer in combination with shark
skin denticles.

Bechert, Hoppe, and Reif (1985)were the first to
quantify the drag force obtaimed when the denticles
of fast swimming sharks are exposed to a beundary
layer flow. Mako and silky shark skin denticles, both
with riblets on the crown, were replicated and fixed to
a plate section in a wind tunnel. »"Force balance data
were recorded and an increased drag force was obtained
for all the flow regimes|tested when compared to a
smooth surface. Further investigations were carried
out using an oil channel (Bechert et al., 2000). In
this case the reducedwviscosity of the fluid allowed
ribletted hammerhead denticles to be fabricated at
a larger length seale which led to better capture
of the three dimensional shapes while maintaining
similar values of st A 3% reduction in drag was
observed/ when, the denticles were tightly packed and
resembled a ribletted surface. When the denticle angle
of attack was increased, drag increased substantially
with respect to the reference flat plate. This led to
similar conclusions as their previous study (Bechert,
Hoppe, and Reif, 1985); three dimensionality of shark
skin denticles is detrimental to skin friction, and drag
1S  only reduced when denticles are tightly packed
and jresemble a ribletted surface. Similar conclusions
were drawn by Boomsma and Sotiropoulos (2016) who
adopted DNS to simulate a channel flow with mako
shark denticles on the wall surface. For a riblet spacing
of sT = 16 Boomsma and Sotiropoulos (2016) obtained
a drag increase of over 50 % compared to the smooth
channel. The three-dimensionality of denticles resulted
in substantial pressure forces which were not present
for longitudinal riblets, subsequently leading to poor
hydrodynamic performance.

Shark skin denticle surfaces have also been
reported to reduce drag as much as, if not more-so,
than longitudinal riblets (e.g. Chen et al., 2014; Wen,
Weaver, and Lauder, 2014; Domel et al., 2018). Wen,
Weaver, and Lauder (2014) 3D printed an array of
mako shark skin denticles and directly measured the
drag forces when subject to a developing boundary
layer in a water flume. They obtained similar levels of
drag reduction as ribletted plates, despite a relatively
loosely packed denticle arrangement when compared
to those of Bechert et al. (2000). Drag was reduced by
a maximum of 9% at sT ~ 5.6, with a critical st of
14, above which drag increased. This is approximately
half the expected critical st for longitudinal riblets
(Bechert et al., 1997). More recently Domel et al.
(2018) made use of the same experimental facilities
to measure the forces acting on arrays of 3D printed
mako denticles at different sizes. They observed
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Gulper shark {
(Centrophorus granulosus )i

-t

Brownbanded bamboo shark
(Chilloscyllium punctatum)

Spiny dogfish
(Squalus acanthius)

Porbeagle
(Lamna nasus)

0.5 mm

Figure 1. Scanning Electron Microscope (SEM) imagesiof shark skin denticles taken from the flank along a central line from head
to tail (left to right). Denticles are oriented such that the flow direction is approximately from left to right. Note the riblet features
protruding from the denticles of the Squalus acanthius and, Lamna nasus species. Image adapted from Fletcher (2015).

Trailing Edges

®

Crown

Leading Edges

Figure 2. Triangulated 3D CAD model (A) of a Poracanthodes
sp. sample, highlighting key features of typical dermal
denticles. Subfigures (B) and (C) are side/and front projections,
respectively.

significant decreases in drag in excess of 30 % for their
smallest dentieles, printed at a length of 2.05mm.
Moulding techniques have also seen recent success for
the fabrication of shark skin surfaces: Tightly packed
and overlapping denticles have been moulded and cast
by Zhang et al. (2011a), Zhang et al. (2011b), and Chen
et al. (2014), leading to a maximum drag reduction
of 8% to12%. These studies (Zhang et al., 2011a;

Zhang et al., 2011b; Chen et al., 2014; Wen, Weaver,
and Lauder, 2014; Domel et al., 2018) have shown
that shark scales may perform more efficiently than
riblets, although the physical mechanisms that lead
to such high drag reduction are not yet quantified.
The vast range of contradictory results presented in
the literature are in part due to differences in denticle
geometries and spacings; as of yet a comprehensive
study on the effects of denticle geometry and spacing
on skin friction has not been carried out.

Despite large differences in results, all the
highlighted studies have investigated ribletted denticles
of fast swimming sharks. However, smooth denticles
without riblets are also common; even fast swimming
sharks can possess regions of smooth denticles (see
e.g. Motta et al., 2012). An open question is whether
the riblets are solely responsible for the drag reducing
effect of shark skin, or whether smooth denticles may
also reduce skin friction. The combined interaction
of riblets and denticles is still unknown. In addition
to this, there have been few reports of flow field
measurements for attached boundary layer flows over
shark skin surfaces. Some of the most informative
studies on streamwise aligned riblets have taken flow
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field measurements or adopted numerical techniques in
order to establish which fluid dynamic mechanisms lead
to increased/decreased drag (e.g. Lee and Lee, 2001;
Garcia-Mayoral and Jimenez, 2011).

To address these issues we present the first flow
field measurements of a boundary layer flow over arrays
of replica shark skin denticles, using two-component
Laser Doppler Anemometry (LDA). Two types of
denticles are fabricated; a smooth Poracanthodes sp.
(extinct shark relative) scale, and a ribletted denticle
similar to the mako denticles of Wen, Weaver, and
Lauder (2014) but with comparable proportions to
the smooth denticle.  This work is the first to
investigate the influence of smooth shark skin denticles
on an attached turbulent boundary layer, and quantify
differences between the more typical ribletted denticles
that are comparable with those common in previous
work.

2. Methodology

Two types of denticle were created using Blender
(2017) CAD software; one based on Poracanthodes sp.,
an early fossil ancestor of sharks (Brazeau, 2009), and
another based on the same denticle but with mako-
inspired riblets added to its crown. These can be
observed in Figure 3. Poracanthodes sp. denticles
were chosen due to their similarities with modern fast
swimming shark denticles, while maintaining a:smooth
denticle crown without riblets. Like modern sharks,
the Poracanthodes sp. denticle (Figure 2) has an
overhanging crown, a sharp trailing edgey and a slightly
thinner neck region below which the denticle embeds
into the dermis (Reif, 1985). Using Blender(2017)
CAD software the fossil sample was made symmetrical
and smoothed along the trailing-edge inorder to
remove imperfections. The model was also clipped at
the base of the neck region suchithat only material
exposed to water is replicated. ~The mako-based
denticle is built upon the smooth denticle, but with
three riblets added to theé denticle erown, consistent
with the denticle of Wen, Weaver, and Lauder (2014).
While the riblets have been. added to the top, and cut-
outs at the trailing.edge, the @verall dimensions have
been kept consistent between the two.

Arrays of smoeoth and ribletted denticles were
3D printed at"@ 4 mm width and bonded to a 500
x 120mm PVC sheet. The denticle size and array
dimensions (see Appendix A for details) were partially
constrairied by printing capabilities; although ribletted
denticles are typically tightly packed and overlapping
(see e.go, Figure 1), we found that larger denticle
spacings were required in order to avoid printing
defectsyz While loosely packed scales are still common
on gharks (i.e the Squalus acanthius samples of Figure

1) we would expect tightly packed scales,toprbe more
hydrodynamically efficient, particularly at»high st
when tightly packed denticles are more protectedifrom
high pressure forces. This limitation will be discussed
further in 3.2. The 4mm denticle width equates to
st ~ 8 to 30 over the range of Reynolds numbers
tested. Further details on the denticle dimensions and
fabrication process can be foundiin Appendix A.

2.1. Rig and plate design

Experiments were carried out using a recirculating
flume (Figure 4). The test section of the flume has a
width of 30 cm, and & length of 8.75 m, measured from
downstream of a 20cmdong array of 35 mm diameter
flow straightening steel tubes. The total flume depth
is 30cm, with/theswater filled to a constant depth
of 26cm. Water was Tecirculated using an inverter
governed centrifugal pump. The pump frequencies
tested corresponded to freestream velocities (Uso) of
0.11ms7%, 0.2lms™ ', 0.32ms™!, and 0.42ms™'. A
removable plate assembly (CNC machined aluminium
withwa hard anodizing coat), detailed in Figure 5,
was attached in the centre of the flume, with a
width of 140 mm and flat-section length of 500 mm.
Its leading edge was 2.8 m downstream of the flow
straighteners, and positioned at a height 18 cm from
the base of the flume, measured from the bottom of the
plate. The assembly was mounted on a bespoke two-
axis gimbal, attached to aluminium struts which were
joined to the top of the flume. Spirit levels (sensitivity
of 0.02mmm~!) were used to ensure the plate was
parallel to the flume base and LDA traverse. The
leading and trailing edges were semi-circular to reduce
the influence of blunt body effects on the boundary
layer.

The plate assembly (Figure 5) was designed
to allow different plates to be interchangeable.
Experiments were carried out on three plates; a
reference flat plate made of PVC, and the two 3D
printed sharkskin surfaces described in Appendix A.
The PVC inserts were held in place using two thin
plates on either side, which lay flush with the plate
when secured. The sharkskin protruded from the flat
section such that the base of the sharkskin denticles
lay flush with the securing plates. Boundary layer
profiles were taken from beneath the plate, with the
positive y— direction taken as the downward plate-
normal direction and the x— direction as streamwise.

A 3D printed ribletted denticle array is presented
in Figure 6, along with a close up image taken with
a scanning Electron Microscope (SEM) of a single
denticle. The denticle is well captured at a width of
4mm, with small amounts of roughness on the leading
edge.

For each of the three plates and four flow
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Figure 3. Shark skin denticle CAD models. A Poracanthodes sp. sample (left), a smoothed and symmétrical Poracanthodes sp.
denticle (centre), and a mako-based ribletted denticle (right)
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rates experiments were typically carried out over 6-
8 hours. Temperatures were recorded throughout
experiments with an average reading of typically
19.5°C to 20.0 °C. The largest deviation during a set of
measurements was 19.0 to 19.8 °C; the fluid viscosity
was taken as the viscosity corresponding to average
temperature throughout the measurement process on
that particular day.

2.2. Measurement techniques

The flow was seeded with 10 um diameter neutrally
buoyant silver coated glass spheres. Particle velocities
in the x — y plane were measured by a two-component
LDA (Dantec FibreFlow) with optical access via a
glass side panel in the flume. Measurements were
taken in coincident mode to allow calculation of cross-
correlations, and a backscatter configuration was used.

The LDA probe had a diameter of 60 mm, a fixed
focal length of 400mm, a beam diameter of 1mm,
and a beam spacing of 38 mm. These equate to a
measurement volume diameter of approximately 1 to
5 wall units (where a wall unit is a length scaled by
the friction velocity, u,, and the kinematic viscosity, )
and a length of 30 to 100 wall units, depending on the
flow Reynolds number. The LDA probe was mounted
to a three-axis ISEL system traverse with a 410 mm
maximum range. The minimum step size and precision
of the motor were 10 um. The LDA probe/head, and
subsequently the measurement volume, was rotated by
45° along the z— axis, and 2.7° in the xz— axis. The z=
axis rotation allowed the LDA measurement volume
to get close to the wall, while the z— axis rotation
was to reduce noise from reflections off the rough plate
surfaces. Preliminary experiments found that when
the LDA probe was aligned such that the,streamwise
and wall-normal velocities could be directly measured,
the wall-normal velocity was consistently affected by
noise near the wall which ¢euld notybeasily filtered
from the velocity field. This noise was entirely removed
when rotating the probe by»45°, and-fransposing back
to standard coordinates.

Profiles were measured at| ¢ = 400mm and
z = 0, where x =_0 corresponds to the leading
edge of the plate” and z =0, corresponds to the
plate centreline. Semnsitivity to the exact x— and z—
locations were.checked-by also measuring profiles at
(x,z) = (40041) and (z, z) = (401, 0), corresponding to
different locations on' the same sharkskin denticle. No
differencessin profiles of velocity or Reynolds stresses
were observed,, within experimental accuracy. We
attribute this to the length of the measurement volume,
which leads to somewhat spatially averaged statistics
imthe spanwise direction. However, the small diameter
of the measurement volume (1 to 5 wall units) ensures
that vertical averaging is minimal.

A grid is created in the y directionr with a
minimum spacing of 0.0125mm, which grows using
a geometric scaling until ymax =75mm. The point
y = 0 lies just below the plate surface; since the plates
are replaceable the exact wall position is unknown
and estimated during post-processing. The first grid
point yo corresponds to the closest, position, to ,the
plate that could be achieved with the, LDA “probe,
without observing large scattéring in the data, within
a tolerance of 0.0125 mm.

The raw data are passéd through a moving average
filter; a filter window of 16 points is used and data
are removed from both the u<and v time series if
it falls outside of thiree standard deviations from the
local mean. This typically removes 0.2 % of the data.
Temporal statisties are calctlated using the residence
time as a weightingin order to account for velocity
biasing effectsn, A sampling time of 300sec for the
lowest flow rate ishadopted, and 200sec for the other
flow rateés.  The total number of samples recorded
over the sampling time was approximately 6500 for
the lowest flow, rate and 9000 for the highest flow
rate, in the freestream. These sampling windows were
chesen by assessing the convergence of statistics over
a 10min sampling period at several vertical positions.
The Reynolds stresses converged to a temporal error of
approximately 5 % for the sampling times chosen, when
compared against the 10 min sampling period. Spatial
filtering is adopted by assessing diagnostic plots, as
per Alfredsson and Orlii (2010). While typically used
for identifying wall effects for hot wire anemometry,
we found the technique useful in identifying regions of
the boundary layer which were affected by near wall
reflections. These points were subsequently removed
from the data series. The Reynolds numbers varied
between Reg =~ 400 — 1200, where Rey = Ux0/v,
U is the freestream velocity, and 6 is the momentum

thickness:
* U U
0= —|1—-——d 1
| o (1) 1)

The friction velocity, u, = +/7w/p where 7, is
the wall shear stress and p is the fluid density, and
subsequently the friction coefficient, Cy = 2u?/UZ,
is estimated via two indirect techniques; the weighted
total stress method of Hou, Somandepalli, and Mungal
(2006), and the total stress integral technique of
Mehdi and White (2011), both of which are coupled
to a composite profile fit as per Rodriguez-Loépez,
Bruce, and Buxton (2015). Both techniques require
computation of the total stress, l/% — u/v', weighted
by (1 —y/d). The method of Hou, Somandepalli, and
Mungal (2006) estimates u, by fitting the LDA profile
data to the linear near-wall region of the weighted total
stress, while the method of Mehdi and White (2011)
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adopts an integral equation over the full boundary layer
height. These techniques are detailed in Appendix
B, along with validation against other boundary layer
data sets. Crude estimates for u, were also obtained
from the peak of —u/v’; while they were in qualitative
agreement with the other methods they suffered from
near-wall scatter in the Reynolds stress profiles, and
are therefore omitted.

Precision errors are estimated by four repeated
experiments, two for the smooth plates and two for the
rough, at the two extreme pump flow rates. Differences
in Reg were at a maximum of 3.2% over the four
cases when compared to the reference data set. The
method of Hou, Somandepalli, and Mungal (2006) led
to differences in u, of up to 3%, while the method of
Mehdi and White (2011) led to maximum deviations
of just 1.4 %.

3. Results and discussion

The flow conditions can be observed in Table 1.
The different plates and flow regimes are abbreviated
by a letter and a number; The letter refers to the
plate type with ‘F’ being the flat reference plate,
‘R’ the ribletted denticle array, and ‘S’ the smooth
denticle array. The numbers refer to the imposed
flow rates and subsequent Reynolds numbers, with ‘1"
referring to the lowest Reynolds number cases.and ‘4’
the highest. Two estimates of the friction wvelocity
have been provided by our method; u;n; fromwthe
integral equation of Mehdi and White (2011), and
Ur lin from the linear fit method of Hou,;Somandepalli,
and Mungal (2006). Both estimates agree well for
all cases; typical deviations from one another are less
than 1%, with a maximum of 2.1 % for the F2 case.
Further results are presented using.usz = uzime due to
its lower precision errors, although results differ little
when adopting u i, instead.

3.1. Comparisons between the plates

Profiles of mean velocity; U, canibe observed in Figure
7. Throughout the manuscript the superscript +
denotes scaling in inner umits#(normalisation by wu.,
and v). It is cleay that differences/between the three
plates are characterised by a downwards offset from the
flat plate profile; as pertypical roughness. Cases R1
and R2 show negligible deviation from the flat plate
profile, indicating hydraulically smooth behaviour. In
contrast,wthe ‘Sl case shows small deviation from
the flat plate data, and the S2 case shows a large
downward offset. As the Reynolds number increases
the differences between the three plates gets larger,
with-the ribletted denticle plate consistently leading to
a smaller downward offset than the smooth denticles,
indicativé of a lower coefficient of friction. These

velocity profiles suggest that while both stypes of
shark skin denticle behave like standard roughness, the
ribletted denticles have a significantly lower impaet on
the flow than the smooth denticles.

Profiles of the streamwise andy vertical  Root-

Mean-Square (RMS) velocity’ fluctuations, A/ u'v/’
+
and Vv'v'! , can be observed in  Figure 8.» /The

divergence between datasets in the outer region of
the boundary layer is associated with differences in
turbulent intensity and boundary layer/thickness. This
is demonstrated in Figure 9 by, plotting data using
the outer coordinate, n'= y/d, /and subtracting the
freestream turbulenceflevels Va/a/ o, and Volu! o from
respective RMS velocitysprofiles. Normalising in this
way causes profiles to collapse in the outer region of
the boundary layer;, demonstrating that the effect of
roughness is limited to'the inner region. Differences in
RMS velocitiesimthe inner region are clearly a result of
the roughmess. Cases R1, S1, and R2 coincide with the
flat plate profilesiin Figure 8, indicative of hydraulically
smooth behaviour. As the Reynolds number increases
differences beecome more pronounced. The near-wall

—
peak of Muw/u' is reduced as the Reynolds number
increases.) The smooth denticles consistently lead to a

+
smaller peak in Vu/u/ when compared to the ribletted
casepultimately resulting in a larger deviation from the
flat plate.

The near-wall peak of Vol " is unaffected by the
rough surfaces. As the Reynolds number increases
the near-wall region lifts, consistent with typical
rough-wall surfaces and indicative of a less strict
wall boundary condition for v (Schultz and Flack,
2007). Consistent with profiles of Ut the smooth
denticles lead to larger deviations from the flat plate
profiles than the ribletted denticles, indicating worse
performance.

The principal Reynolds stresses u/v’ * are plotted
in Figure 10. Consistent with the RMS velocity
fluctuations differences are negligible between the flat
plate and cases R1, S1, and R2. The remaining rough
cases indicate similar behaviour to profiles of W+; we
observe a slight lift in the near-wall region, indicative
of the weaker wall boundary condition for v, consistent
with typical rough wall flows (Schultz and Flack, 2007).

Direct comparisons of the friction coefficients
would be inappropriate due to the different Reynolds
numbers Rey, most pronounced at the lowest Reynolds
number cases; F1, S1, and R1 (Table 1). Empirical
reference friction coefficients are therefore obtained
using the correlation of Osterlund et al. (2000):

2
L1nReg + Bo”’

Cy = ; (2)
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Table 1. Flow conditions for all plates and flow rates. Cases are identified by a number 1-4 representing the flow rate, and an
initial with ‘F’ representing the flat plate, ‘S’ the smooth denticle plate, and ‘R’ the ribletted denticle plate. Roughness, heights,
k, are presented based on mean (k;f,ean) and maximum (k;;ax) denticle heights, where the superscript + represents scaling by w-
and v. The freestream turbulent intensities in the streamwise (I, = Vu/'u'/Uso, at y = ) and vertical (I, = Vo’ /Usgpat y = §)
directions are also presented. B is equal to the log-law constant B plus the roughness function AU+ (see Appendix B for details).
Marker styles are used for all following figures.

Plate  Reg  kihean Kmax  Urint Ur tin U Iu I 5 ot B
(mm/s) (mm/s) (m/s) (%) (%) (mm)
o F1 458.2 - - 5.62 5.60 0.11 52 4.3 60.84 (336.26 6.15
A F2 719.5 - - 10.45 10.67 021 58 4.5 46.04)488.72 6.3
* F3 853.5 - - 15.61 15.78 032 64 4.6 36.06  559.53 5.91
B T4 12210 . . 20.26 20.4 042 6.6 49 412 851134~ 5.76
o R1 398.8 2.8 8.5 5.83 5.8 0.11 50 4.2 5146 301.22 5.95
A R2 646.6 5.1 15.8 10.72 10.76 021 57 43 [37.11 40412 5.72
* R3 810.9 8.2 25.1 17.22 17.13 032 6.4 46 2794 483.73 3.78
B R4 11977 114 349 23.7 23.29 043 6.7 44w 3171 76353 25
o S1 410.7 2.9 7.0 5.92 5.9 011 51 44 5029 299.45 5.53
S2 693.7 5.5 13.2 11.22 11.39 0.21 58 44 3668 414.09 4.65
S3  1029.1 9.0 21.7 18.36 18.46 0.32  6.44. 46 _33.04 611.91 2.14
S4 12273 127 305 26.03 26.05 043 68 47 2793 728.01 0.39
auiam
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Figure 7. Mean velocity profiles. Line styles represent linear region, Ut =yt (----), and log-law, UT = %ln yt + B (—), with
the Von Karméan constant x = 0.42 and 8B = 5.76.

i 3’ |
3 R W peres & e :?3:}{3 .
dyoul, A, ATF2 AR2 482 Alaart,, T 4 =R4 -S54
‘:.:l.i - 4 244 R Sl T
+ 9] f %..t.\‘A‘ + . 91 s ::;:;-.-.
-~ -TH_H> b 544 " LETHLI
1 "
=/ AT = 50
RN SRR X N Ml
B rOnanih AhESESER ey 0 21 1 OO P e S S
| ﬂ"‘ | "-'i‘."".‘zl' .= —.;:ﬂ" L o T
% P
A ’#‘;‘l" e
O esed ' ' | 0 ' I I
10! 102 103 10! 102 103

y* Y

Figure 8. Reynolds stresses scaled in inner units. Upper curves are u/u’ component, lower curves are v/v’ component
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Figure 9. Reynolds stresses scaled in mixed units. Upper curves are u/u’ component, lower curves are v/v/ component
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Figure 10. Reynolds stresses u/v’ scaled in inner unitsaData is offset by 0.5 for clarity

where Osterlund et al. (2000) spécify By, = 4.08 and
k = 0.42 is the Von Karman constant. This correlation
was developed for Reg > 2500 although agrees well
with cases F3 and F4, leading,to differences of less
than 2%. Cases F1 andF2 leadsto errors of 3%
and 5% respectively. [The Osterlund et al. (2000)
correlation (2) is subsequently used for rough-plate
reference friction coefficients:

The relative ¢change in skin friction coefficient for
the ribletted denticlé plate can be directly compared
to previous studies bysplotting its dependence against
st = su,o/l, where u,o is the reference flat plate
friction velocity, as /per Figure 11. Two data sets
of Becherty Hoppe; and Reif (1985) also specify the
denticlé¢ Angle of Attack (0). Data sets that do not
report st or an/equivalent Reynolds number have been
omitted from Figure 11 and subsequent analysis (e.g.
Zhang et al,, 2011a; Chen et al., 2014; Domel et al.,
2018).

The ‘ribletted denticle plate leads to a relative

change in drag coefficient in reasonable agreement
with Wen, Weaver, and Lauder (2014). We observe
a maximum drag reduction of 2%, a little lower than
the 3% obtained by Bechert et al. (2000) for tightly
packed hammerhead denticles. As s increases beyond
sT = 20 the ribletted denticles lead to a larger increase
in drag than the denticles of Bechert et al. (2000).
Levels of drag increase at high s and are in reasonable
agreement with the silky shark and mako (6 = 5°)
data of Bechert, Hoppe, and Reif (1985). The largest
deviations from the present ribletted denticle plate
data are the DNS data of Boomsma and Sotiropoulos
(2016) and the mako (O = 10°) data of Bechert,
Hoppe, and Reif (1985) who both predict a significant
increase in drag.

Differences in Cy are also presented as a function
of dimensionless denticle width w™ in order to make
comparisons between the smooth and ribletted denticle
plates (Figure 12). The smooth denticles consistently
increase drag for the full range of w™ tested, although
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Figure 11. Relative change in drag for the ribletted denticles with comparisons against literature data. Data are from (<, )
Boomsma and Sotiropoulos (2016), (O) Bechert et al. (2000), (v, A, ¢) Bechert,»Hoppe, and Reif (1985), (o) Wen, Weaver, and

Lauder (2014)

®  Smooth Denticles
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Figure 12. Relative change'in drag)for the replica shark skin
plates

only a small drag increase of»2% is observed at
wt =~ 25, suggesting that it is/ perhaps marginally
hydraulically smoothiwAS w™ increases both denticle
plates lead to significant increases in drag, with the
smooth dentiele plate consistently leading to a larger
Cy thanathe ribletted denticles. Furthermore, the
differences between the two plates appears to increase
as wt Increases; at wT ~ 80 the smooth denticles lead
to a C'y 20% higher than the ribletted denticles.

It.is, however, important to consider experimental
uncertainty when interpreting the relative changes in
drag for "the different surfaces (Figure 12). While

our repeéatability errors for w, are just 1.5% for the
integral-stress method this is of a similar magnitude to
the changes in drag coefficient for both denticle plates
at small w™. In addition, there is some uncertainty
regarding the reference friction coefficients obtained
with the Osterlund et al. (2000) correlation (2), which
were in agreement with smooth-wall data sets up to
a maximum error of 5%. The drag reduction of 2%
for the ribletted denticles, relative to the flat plate,
is thus subject to experimental uncertainty, and may
be smaller or larger than recorded. However, when
looking at relative differences in friction between the
two denticle plates, errors in the reference friction
velocity are constant. Furthermore, the differences
in friction between the two denticles plates are
substantial, especially at large w™. As a result the
ribletted denticles have a significantly lower impact on
the turbulent boundary layer than smooth denticles,
although they do not lead to substantial drag reduction
relative to a flat plate.

3.2. Discussion

The dependence of Cy on s™ in Figure 11 demonstrates
that the length scale s is incapable of collapsing all
the denticle data sets onto similar profiles. However,
discrepancies between data sets can potentially be
explained by considering differences in experimental
procedures and fabrication techniques. The two largest
discrepancies between the drag reduction data (Figure
11) reported herein and previous studies are with
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the DNS data of Boomsma and Sotiropoulos (2016)
and the mako (© = 10°) data of Bechert, Hoppe,
and Reif (1985). Disagreements between the present
ribletted denticles and DNS data of Boomsma and
Sotiropoulos (2016) can potentially be explained by
considering the differences in denticle height, Dj,.
While st is very similar between the present ribletted
denticles and those of Boomsma and Sotiropoulos
(2016) their heights are vastly different: Boomsma and
Sotiropoulos (2016) state Dj, = 1.37s while the present
ribletted denticles have D; = 1.02s. As a result,
the denticles of Boomsma and Sotiropoulos (2016)
protrude nearly 40 % further into the boundary layer
than the present denticles. Furthermore, denticles
are more closely packed in the present study. These
differences could be the cause of larger pressure forces
acting on the denticles of Boomsma and Sotiropoulos
(2016) which contribute to a larger drag force.

Differences between the ribletted denticles and
those of Bechert, Hoppe, and Reif (1985) could be asso-
ciated with fabrication techniques. Fabrication meth-
ods have substantially improved since the experiments
of Bechert, Hoppe, and Reif (1985) due to 3D print-
ing capabilities; Bechert, Hoppe, and Reif (1985) read-
ily admit that the regions between/beneath individual
denticles is poorly captured by their fabrication tech-
nique. In contrast, the 3D printed models created in
the present study are capable of accurately eapturing
the individual denticle surfaces (Appendix A).

For small s™ the ribletted denticle data agree
well with that of Bechert et al. (2000), but data sets
diverge for s™ > 20. This deviation ¢ould potentially.
be explained by considering the forces 'subject to
denticles as they increase in size. At highhvalues
of sT denticles are relatively large compared to the
viscous region of the boundary layer; and serpressure
forces on individual denticles may becomé a dominant
contributor to skin friction. For example, 25 % of the
friction drag acting on the denticles of ' Boomsma and
Sotiropoulos (2016) was from"pressure forces rather
than viscous at s™ = 16. @neéecould hypothesise that a
reduction of this force,is directly linked to how well
denticles shield each other from high velocity fluid,
and so a loosely packed arrangement of denticles will
naturally be subjéct fo larger pressure forces than a
tightly packed and/overlapping arrangement. These
pressure forcestwill beéome dominant as st increases,
perhaps explaining the divergence between the present
data set and, that of Bechert et al. (2000). The
hammerhead denticles of Bechert et al. (2000) are very
tightly ‘packed, \overlapping, and have 5 riblets on the
denticle .crowns In contrast, the ribletted denticles
herein are more loosely packed and have three riblets
on theycrown. Therefore the denticles fabricated in
thisfstudy are more three dimensional than those of

Bechert et al. (2000) which more closely, resemble a
ribletted plate. At low sT viscous forces are much
larger than pressure, and so the two types of denticle
lead to reasonably similar levels of skin friction. As s™
increases the present ribletted denticles become more
exposed to high speed fluid while those of Bechert et
al. (2000) remain shielded due to theoverlapping, thus
causing the divergence between/the twordata sets.

It is important to note the printing limitations of
the present work, which has alsonimpacted previous
studies using 3D printing/{(Wen, Weaver, and Lauder,
2014; Wen et al., 2015; Domel et al., 2018). In
order to minimise printing defects our fabricated
denticles require logser packing than those found on,
for example, the fast swimming Mako sharks. However,
comparisons between the ribletted denticles herein and
those of Bechert ethal. (2000) illustrate that tightly
packed denticles are more hydrodynamically efficient,
particularly at high.s™ where pressure forces become
dominant. Tt would therefore not be surprising to see
performance enhanced if denticles were more closely
packed, limiting the amount of fluid that can penetrate
between denticles. It is vital that the influence
of \denticlesspacing on hydrodynamic performance is
thoroughly investigated in the future, as fabrication
techniques improve.

The turbulent boundary layers measured over the
smooth denticles indicate behaviour typical of sand-
grain roughness. At the lowest Reynolds number,
corresponding to wt = 25, drag is increased by just
2% for the smooth denticle array when compared to
the flat plate, suggesting that the flow is close to
hydraulically smooth. As w™ increases, drag increases
substantially. In contrast a minor drag reduction is
obtained for the ribletted denticles, relative to the flat
plate up to w™ ~ 50. As w" increases further drag
is increased, but consistently less so than the smooth
denticles. At w™ ~ 80 drag is over 20 % higher for
the smooth denticles when compared to the ribletted
denticles. While profiles of C's/C/g as a function of w™
are similar for the smooth and ribletted denticles, they
only appear to collapse as w™ decreases to zero (an
unsurprising result for vanishingly small roughness).
Differences between the plates appear to increase as w™
increases, suggesting that perhaps a length scale other
than w should be sought. However, when scaled by
mean or average denticle heights the trends observed in
Figure 12 are consistent, due to the similarity in length
scales between the smooth and ribletted denticles.

These results suggest that the three-dimensionality
of denticles is detrimental to flat plate skin friction
drag, and perhaps denticles have not evolved to the
benefit of drag reduction for attached boundary layer
flows. Of course there could be other hydrodynamic
functions of shark skin denticles. The ability of some
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denticles to prevent boundary layer separation via
bristling is one such function (Lang et al., 2014), al-
though the behaviour of smooth denticles in separat-
ing flows has yet to be investigated; it is not yet known
whether riblets play an active role in bristling. How-
ever, when riblets are present on the denticle crest the
adverse effects of denticles in attached boundary layer
flows are significantly diminished. In addition to en-
hancing anti-fouling (Chung et al., 2007; Lee, 2014),
riblets may have evolved as a secondary mechanism to
control drag, while the primary purpose of the shark-
skin denticles may lie in their ability to accelerate tran-
sition of the boundary layer to turbulence (Fletcher et
al., 2014), or perhaps for non-hydrodynamic functions
such as abrasion resistance (Reif, 1985).

4. Conclusions

Through the use of 2D LDA the influence of smooth
and ribletted shark skin denticles on the turbulent
boundary layer have been investigated for the first
time. This has enabled the identification of the role
of riblets in combination with complex 3D denticles.
Two large arrays of denticles were 3D printed onto
a flat plate submerged in a water flume. One set of
denticles was smooth, based on an early shark ancestor
Poracanthodes sp., while the other had mako-based
riblets added to the denticle crown, but maintained
similar dimensions to the smooth denticle.. ~Four
boundary layer profiles were measured over each array
of denticles, and a flat reference plate, allowing capture
of a wide range of dimensionless riblet spacings: s ~
8 — 30. Profiles of the mean velocity and, Reynolds
stresses indicate that smooth denticles behave,like a
typical rough surface; effects on the mean streamwise
velocity profile are characterised by-asdownwards shift
of the overlap region, and the near-wall peak of wa
is reduced as the dimensionless ‘denticle’ width, w™,
increases. When riblets are added to the denticle crown
the adverse effects of the 3D roughmess are significantly
reduced. We observed a modest drag reduction of 2%
for the ribletted denticles, which was maintained up to
w't ~ 50 and s ~ 18./In ¢ontrast the smooth denticle
array led to an increased drag for all wt tested. At the
highest w™ the smooth denticles ihcreased drag 20 %
more compared to'the ribletted.

These results demonstrate, for the first time,
the role of riblets on denticles. Smooth unribletted
denticles showed am increase in drag relative to a
smoothflat' plate, however, the incorporation of riblets
on thescales led to a modest drag reduction of 2 %.
The present study now enables us to conclude that
riblets evolved as a mechanism to reduce or eliminate
the skinifrietion increase due to the presence of scales
(denticles). The combination of scales and riblets

therefore appears to be relatively hydrodynamically
efficient in terms of skin-friction drag, whilst also acting
to maintain the attachment of the boundary layer
around the curved body (Fletcher et al., 2014), and
providing the other advantages associated with scales,
anti-fouling, abrasion resistance, and defence jagainst
parasites (Reif, 1985).
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Appendix A. Denticle fabrication

Dimensions of the two denticle CAD models are
presented in Figure Al. The denticle array patterns
can be found in Figure A2. Arrays of smooth and
ribletted denticles were 3D printed at a 4 mm width,
in 5 sections of 98 x 120 mm, and bonded to a 500 x
9 120mm PVC sheet using a medium viscosity epoxy-
10 resin (Opti-Tec 5013) to ensure the glue thickness was
11 negligible. A thin 10 x 120 mm 3D printed flat section
12 was added to the end of the denticle arrays to ensure
13 the full 500 mm plate was covered. A Stratasys Objet
14 Connex printer was used to manufacture the sharkskin,
15 printing in vero-white resin in 16 pm layers. The array
16 dimensions were changed slightly at the joint between
17 two plates in order to minimise the impact of any large
18 gaps. This is illustrated in Figure A3.
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Appendix B. Parameterisation of the
boundary layer

In order to calculate inner and outer length and
velocity scales we must estimate the freestream
velocity, Us,, boundary layer thickness, ¢, friction
velocity, u,, and wall-offset, A,. For the flat plate
the wall offset accounts for the unknown exact position
of the wall in reference to the grid: y = y —
Ay, where y is the true vertical coordinate and g
corresponds to the grid. For the rough surfaces it also
accounts for the offset of the virtual origin due to the
presence of roughness. We present two methods of
determining the unknown parameters, both of which
require computation of a composite velocity profile,
as per Rodriguez-Lépez, Bruce, and Buxton (2015).
The composite velocity profile Uf, . is split into an
inner U;Fand outer U}, component (Coles, 1956),
where the superscript + denotes normalisation by inner
scales u, and v, and U is the mean streamwise velocity:
Udbmp = Ut .+ Uliier- The inner region is modelled
using a functional form of the profile developed by
Musker (1979), which is valid for the full inner region
and is dependent on the Von Karmén constant, ,
and the parameter a, which primarily governs the
behaviour of U;f _in the overlap region:

inner

1 + _
UiJrqner =—In (y a)
K —a
ay/(yt —a)*+ B2
4 In|{—-——=
(a+a)n< R vt —a

« y+ — «
+E(4a + 5a) (arctan < 5 ) 4 arctan (B) } ,
(B.1)

R2

+a(4a —a)

where o = (=1/k — a)/2, B # V—2da — o2, and
R = /a2 + 2. This form of Uil  reduces to the
Ut = yT for y© < 5 and the log law for y™ > 30.
Further details on this function ean bejfound in Musker
(1979) and Chauhan, Nagibjyand Monkewitz (2007).
The outer region of UL | = is modelled using the wake

comp

model of Lewkowicz (1982):

211

chlrlter = ? 772(3 4 277) B (1 - 377 + 2772)} )

(B.2)
where n = y/é is the outer coordinate and II is an
empirical wake strength. We found that this wake
function«is most suitable for our problem, rather
than more complex exponential forms such as that
developed by Chauhan, Nagib, and Monkewitz (2007).
This is due to the reasonably high levels of turbulence
in'the freestream, where the wake strength II is either
very, small, or negative, and the quartic form of the
wake function provides an excellent fit to the data for

L
ﬁ’?

these values of II. In order to fit our LDA data to the
composite profile we adopt the coordinate transform
of Sandham (1991) which ensures that for m > 1,
Ucomp = Uso (see Chauhan, Nagib, and Monkewitz
(2007) for details).

In order to fit the composite ‘profile U;gmp to
the LDA boundary layer data we must determine 6
unknowns: u-, Ay, K, a, II, and®d. Thefitting process

minimises the RMS error

N

Ecomp = Z(Uz+ - U(j(_)mp,i)2' (B3)
=0

Additional constraints arepplaced on the variables using
profiles of the weighted total stress, Ty = T4y (1 — 1),
where the totalstress 7,,"is’equal to the sum of viscous
and Reynolds, stresses:

Toy = V% —u'v'. (B.4)
Profiles of I, are used to determine u, while the
minimisation of the RMS error (B.3) is used to
determinerthe remaining unknowns. This is achieved
using two techniques: The linear-fit method of Hou,
Somandepalli, and Mungal (2006) and the integral
equation of Mehdi and White (2011).
Hou, Somandepalli, and Mungal (2006) noted that
near the wall the weighted total stress is approximately
proportional to n:

Tﬁt =mn+ 1 for n < Nrim, (B.5)

where m is the gradient of the linear fit and 7pim
is the limit of validity for the linear region. Hou,
Somandepalli, and Mungal (2006) suggested nim = 0.5
for their boundary layers but Mehdi and White (2011)
noted that the linear region can be much smaller for
some cases. We therefore set 7y, = 0.3. This best-fit
method is therefore dependent on the unknowns wu.,
Ay, §, and m. The RMS error between the data and
the fit is given by

N

D (T — T ). (B.6)
=0

ELin =

FEri, is minimised using a Nelder-Mead SIMPLEX
algorithm (Gao and Han, 2012), and coupled to the
minimisation of (B.3) in a segregated manner. The
two errors are minimised iteratively until the friction
velocity converges to a relative tolerance of 0.001,
leading to the estimate of w, jin.

An alternative technique was developed by Mehdi
and White (2011) who derive an integral equation for
the friction coefficient, C; = 2u2 /U2, which has been
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reformulated herein to

1

1
dT,
u? = /Tmydn— /(1 -n) dnydn.
0 0

(B.7)

The Whittaker (1922) smoother is applied to profiles of
Tyy in order to calculate its derivative, as recommended
by Mehdi and White (2011). Subsequently a second
estimate for the friction velocity, u, ins is obtained by
minimising the RMS error (B.3) for a given friction
velocity, calculated using the integral equation (B.7).
These coupled equations are solved iteratively until
the friction velocity is converged to within a relative
tolerance of 0.001.

For the smooth plate data sets the two estimates
of u, are taken as per the methods discussed. In order
to ensure the composite profiles are suitable for the
rough plates we make some small changes. At the
three highest Reynolds numbers we obtain x = 0.42
during the optimisation process for the smooth plate,
which lies in the typical range of accepted values of k
(Nagib and Chauhan, 2008). For this reason the value
of k is fixed to 0.42 for the three highest Reynolds
numbers for the rough plates, given that roughness
only effects the offset of the log-law (treated via the
parameter a). The Von Kérmdn constant, &, is treated
as a free variable for the lowest flow rates given how
few points are in the overlap region. We also use.the
same composite profile for the rough plate surfaces,
given that the dimensionless roughness heights are very
small for most of the flows tested. Subsequently we find
that the buffer region (y* ~ 30) follows the composite
fit very well since it has not fully broken dewn over
these transitionally rough surfaces (indeed, some of
the cases appear hydraulically smooth).»The highest
flow rate tested does not follow this trend, due to the
increased dimensionless roughness height. We find that
the buffer region is fully broken down, and therefore
adopt a log-law form of U.* ' =

inner®

1 -
Ut =Tyt + B,
K

inner (BS)
where B = B+AU™ is the stun-6f the log-law constant
B and the roughngss function AU+ Subsequently the
highest Reynolds ‘number/cases for the rough plates
adopt the log-law formsof Uij;ner and optimise for B
instead of a./This is more in-line with typical methods
for calculating the wall friction where the log-law is
assumed o) holdifer all data below y* < 0.28 (see e.g.
Squire et al., 2016).

Appendix C. Validation

Fits/to the composite velocity profile can be observed
in/Figure C1 (For clarity when the y— axis is scaled

logarithmically we plot every second data gpoint for
all presented profiles in this manuscript), Excellent
agreement can be observed for all the cases. When
considering the R1 and S1 cases it isfelear that the
roughness has negligible effect on the mean velocity.
In contrast the R4 and S4 cases clearly indicate that
the buffer region has fully broken down andithe log-
law holds for the full measured profile." The freestream
turbulence intensities (I, andwl, for streamwise and
vertical intensities) reported in Table 1 account for the
negative wake strengths that can be observed in the
velocity profiles. The freestream yelocity tends to Uy
by dropping below the log-law, which is a property of
the freestream turbulence, reported by Nagata, Sakai,
and Komori (2011)yanid Thole and Bogard (1996),
among others. #Despite this, the composite profile
captures the data well,, and the inner-region of the
boundary layersremains unchanged.

Profiles of thesRMS velocity fluctuations for the
flat platé cases can be observed in Figure C2, with
comparisons against other literature data with similar
Reynolds “mumbers and turbulence intensities. The
RMS welocities follow the low turbulence intensity
profile of Nagata, Sakai, and Komori (2011) well, until
the wake region where the profiles do not decay to zero.
Instead they tend to the freestream turbulence levels.
The high turbulence intensity (10 %) profiles of Thole
and Bogard (1996) show a similar but more extreme
trend, where the turbulence levels in the freestream

+
are greater for vo'v’ than in the inner regions of
the boundary layer. The turbulence levels herein are

clearly more moderate than this where Voo - reaches
its maximum value well within the boundary layer.
Interestingly the RMS velocity fluctuations for case
F1 appear to agree well with the data of Nagata,
Sakai, and Komori (2011), despite the large differences
in freestream turbulence and Reynolds number. We
attribute this to the differences in boundary layer
thickness, which is much smaller than that of Nagata,
Sakai, and Komori (2011). The outer region of the
F1 boundary layer therefore overlaps with more of the
inner region of the reference data. As the Reynolds
number increases, data herein deviate further from that
of Nagata, Sakai, and Komori (2011).

Despite the low Reynolds numbers we obtain
reasonable agreement with the friction coefficient
correlation of Osterlund et al. (2000):

2
[L1n Reg + Bo]”’

Cr = (Cl)

where Osterlund et al. (2000) specify By = 4.08. The
agreement between the friction coefficients obtained
using the integrated total shear stress method and the
Osterlund et al. (2000) correlation can be observed in
Figure C3. Aside from case F2 the data agree well
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30 Figure C1. Composite profile fits. Line styles represent Compesite profile (—), Linear region (----), and log-law (- - -). Note
31 that profiles have been offset by 10 in the y— axis

with the correlation, despite it beingideveloped for
Rey > 2500, twice as large as the highestyReynolds
number investigated here. While the pressure gradient
was not directly measured, the close agreement with
37 the correlation of Osterlund et al. (2000) suggests that
the pressure gradient is weak.
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