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Abstract We assess the applicability of slip-length models to represent textured superhy-
drophobic surfaces. From the results of direct numerical simulations, and by considering the
slip length from a spectral perspective, we discriminate between the apparent boundary con-
ditions experienced by different lengthscales in the overlying turbulent flow. In particular,
we focus on the slip lengths experienced by lengthscales relevant to the near wall turbulent
dynamics. Our results indicate that the apparent failure of homogeneous slip-length mod-
els is not the direct effect of the texture size becoming comparable to the size of eddies in
the flow. The texture-induced signal scatters to the entire wavenumber space, affecting the
perceived slip length across all lengthscales, even those much larger than the texture. We
propose that the failure is caused by the intensity of the texture-induced flow, rather than its
wavelength, becoming comparable to the background turbulence.

Keywords Drag reduction - Turbulent boundary layers - Superhydrophobic surfaces

1 Introduction

Superhydrophobic surfaces combine chemical hydrophobicity with surface micro-roughness.
This combination can allow pockets of gas to be entrapped between the roughness ele-
ments when the surface is submerged in water [1]. These entrapped gas pockets give
superhydrophobic surfaces the ability to reduce skin-friction drag. Drag reduction using
superhydrophobic surfaces has been demonstrated under experimental conditions, in lami-
nar [2, 3] and turbulent flows [4, 5], as well as in numerical simulations [6, 7]. A reduction
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Fig. 1 Schematic showing the No-slip Free-shear
mixed boundary conditions of a
flow over a submerged Licuid
superhydrophobic surface 1qui

Gas

in drag results from the overlying flow being free to slip over the entrapped gas pockets, as
shown in Fig. 1. In the limit of vanishingly-small surface texture size, i.e. where the texture
size is much smaller than the turbulence structures in the overlying flow, it is reasonable to
consider only the averaged effect of the surface. By considering the mean velocity at the sur-
face the concept of a slip length is introduced through the Navier slip condition [8], defined
as
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MS=E @

ey

N
where u; is the mean slip velocity, |[du/dy|, is the mean velocity gradient at the surface
and ¢ is the mean slip length. The value of the slip length is a parameter dependent on
the geometry and size of the surface texture and can be found by extrapolating the mean
velocity profile from the surface to its virtual origin. Analytical solutions for the slip length
have been derived for textures of streamwise and spanwise aligned ridges in the Stokes
regime [9, 10] and have been obtained numerically for textures of regular arrays of posts in
the same regime [11]. The slip lengths obtained in the Stokes regime have been shown to
hold in turbulent flows when the slip length is small, £+ < 5 [12], where the + superscript
denotes scaling in wall units, based on the friction velocity, u,, and kinematic viscosity, v.

While drag reduction in laminar flows is solely described by the streamwise slip length,
in turbulent flows the spanwise slip length, ¢,, also influences the surface drag [7]. This is
analogous to the drag reduction mechanism of riblets, where drag reduction was shown to be
proportional to the difference between the streamwise and spanwise slip lengths [13, 14], or
protrusion heights in riblet terminology. While streamwise slip increases the mean velocity,
which is a drag reducing effect, spanwise slip has the effect of increasing drag, resulting in
a downward shift of the logarithmic region of the mean velocity profile. This drag increase
has been attributed to spanwise slip allowing quasi-streamwise vortices, which drive the
near-wall turbulent cycle, to move closer to the surface [7, 14].

The classical theory of wall turbulence states that small surface modifications only influ-
ence the intercept of the logarithmic region of the mean velocity profile. In essence, the only
change is the location where the outer flow experiences the wall. The Kdrmén constant, «,
and wake function remain unaffected [15]. It follows that the free-stream velocity, U 8+ can
be given by

2\ 1/2
Uy = (q) =« log st +B+AUT, )
where ¢ is the skin friction coefficient, AU is the velocity difference in the logarithmic
region of the mean velocity profile compared to a smooth wall, 8§V is the flow thickness and
B includes the smooth-wall logarithmic intercept and the wake function. When considering
a boundary layer, § corresponds to the boundary layer thickness. For a channel § is the
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channel half-height, with U 5* the channel centreline velocity. For riblets, and for small slip
lengths, it was shown that the shift AU could be given by [14],

AUT = po (6F =€), 3

where o is a coefficient found to be of order unity [13, 16, 17]. From Eq. 2, an expression
for the drag reduction can be obtained,
_ By oo
DR = =1 5 )
€fo (1 + AU+/U5+0)

where ¢y, and U, ; are the skin friction coefficient and free-stream velocity for a reference
smooth wall, respectively, and are weakly dependent on the Reynolds number.

The relationship between the spanwise slip length and AU ™ mimics the linear relation-
ship observed with riblets for small values of spanwise slip. However, as the spanwise slip
length increases, the downward shift of the logarithmic region saturates [18]. A parametric
study was carried out in [19] to map drag reduction for a range of streamwise and spanwise
slip lengths. Their results can be interpreted as the spanwise effect being governed by an
‘effective’ spanwise slip length, £, .77, given by

¢+
o= (&)
“ell 1 ef /4

When the spanwise slip length is small, Kzr <, ZZe N Zj, recovering the linear
relationship observed with riblets. For large values of spanwise slip, ZZE tends to a value
of 4. Due to this saturation of the spanwise effect we propose that the shift of the logarithmic
region is better represented by

AUT =¢F

X

+
= off (6)

The coefficient, 1, in Eq. 3 is here taken to be 1. Figure 2 portrays the results from [19]
for AU vs. the suggested parameter £ — ZZ off? scaled by the friction velocity for each
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Fig. 2 Data taken from [19] showing (left) the variation of AU with streamwise and spanwise slip lengths
and (right) the linear relationship between the difference of E;’ and ZZ off and AUT. Re;, = 180 (o),
Req, = 360 (A), coloured from blue to red for increasing spanwise slip. The data has been rescaled by the
friction velocity of each individual case
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case. The results are consistent with g = 1 as proposed in [13]. There is a discrepancy for
large values of the streamwise slip at Re;, = 180. However, at this Reynolds number relami-
narisation was reported for large values of streamwise slip. Under laminar conditions, Ej no
longer plays an adverse effect, which would explain the discrepancy in AU ™. Preliminary
analysis by [20] suggests that saturation effect of £ is due to the impermeability imposed at
the surface of these slipping simulations, which limits the shift of quasi-streamwise vortices
towards the surface, an effect not present with riblets.

The theory of slip lengths, or protrusion heights assumes that the size of the sur-
face texture is small compared to the scales in the overlying turbulent flow [21]. In this
vanishingly-small limit, the overlying turbulent structures only experience the surface as
the averaged effect of the texture, i.e. its slip lengths, and do not perceive individual tex-
ture elements. Slip-length boundary conditions were used in early DNS studies to predict
the performance of superhydrophobic surfaces [7, 19]. The use of this model is attractive in
computational simulations because additional spatial resolution to resolve the flow around
the texture is not required. However, simulations of superhydrophobic surfaces with texture
size of the order of scales in the overlying flow and larger exceed the vanishingly-small
assumption. Consequently, the majority of recent simulations resolve the surface texture [6,
12, 22-26].

To assess the limit of applicability of the slip-length model, Seo and Mani [12] compared
simulations where the texture geometry was resolved to ones where equivalent homoge-
neous slip lengths were instead applied. They assessed the validity of the homogeneous
slip-length model for textured surfaces by measuring the instantaneous velocity and shear,
spatially averaged over individual texture elements. The ratio between the two gives the
instantaneous slip length over that texture element. They found that, for small textures, in
their case LT < (O(10), where L is the texture size, as shown in Fig. 1, the equivalent slip
length simulations agreed well with the textured simulations. There was a strong correla-
tion between the velocity and shear, validating the slip-length model, and the mean velocity
profiles of the homogeneous slip length simulations agreed with the textured simulations.
For larger textures, however, the velocity and shear lost correlation and a large mismatch
between the mean velocity profiles of the two simulations was observed.

The results of [12] suggest that the limit of the applicability of the slip length model is due
to the texture size becoming of the order of scales in the near-wall turbulent cycle, specifi-
cally that of the quasi-streamwise vortices [27]. However, what is not clear is if lengthscales
still much larger than the texture size, for example the near-wall streaks, still experience the
averaged effect of the texture, i.e. a slip length. If lengthscales much larger than the texture
size experience an apparent slip length, an extension to the slip-length model could be pro-
posed, at least for those large scales. To investigate this possibility, in this work we consider
the slip length from a spectral perspective and assess the apparent boundary condition expe-
rienced by different lengthscales in the overlying flow. The paper is organised as follows.
In Section 2 our numerical method is outlined. In Section 3 we present the results from our
simulations. Finally, our conclusions are summarised in Section 4.

2 Numerical Method

We conduct direct numerical simulations (DNS) of channels with textured superhydropho-
bic surfaces on both channel walls. No-slip is applied over the roughness crests, with the
gas pockets modelled by a free-shear condition and considered rigid, resulting in an imper-
meability condition at the surface. The surface texture consists of a regular array of square
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Fig. 3 Instantaneous realisation of vortical structures, represented using the Q-criterion, showing the surface
texture for the case Lt =47

posts in a collocated arrangement, shown in Fig. 3, with a solid fraction, the ratio between
the area of the texture posts and total surface area, of ¢; = 1/9. This is the same texture
pattern as in [12]. We study three texture sizes, L™ = 12, 24 and 47. The smallest texture
size is within the range in which the slip length has previously been observed to be homo-
geneous. The larger texture sizes simulated are beyond the size where correlation between
the velocity and shear at the surface was observed to be lost [12].

The flow within the channel is governed by the three-dimensional incompressible
Navier-Stokes equations,

V.u=0, @
du I _,
8t—i—u~Vu_ Vp—l—ReVu, (8)
where u is the velocity vector with components u, v, w in the streamwise, x, wall-normal,
v, and spanwise, z, directions respectively, p is the kinematic pressure, and Re is the bulk
Reynolds number.

The code has been adapted from [28] and is briefly summarised here. The channel is peri-
odic in the streamwise and spanwise directions, with these directions discretised spectrally.
The wall-normal direction is discretised using second-order finite differences on a stag-
gered grid. A fractional step method [29], combined with a three-step Runge-Kutta scheme,
is used to advance in time with a semi-implicit scheme used for the viscous terms and an
explicit scheme for the advective terms:

[1— afiL]uy = wp, + ar[fLGE_ ) - nN@)_ )~

©)
GN@_) — (o + BOG(D] . &k = 1.2,3,
my_ L o
PG = o gy ar D) (19)
Wl =l — (o + ) AIGH! (11)
Piy1 = Pk + &, (12)

where ¢ is the change in pressure, L, D, G are the discretised Laplacian, divergence and
gradient operators respectively and N is the dealiased advective term operator. o, B, Vk
and ¢ are the Runge-Kutta coefficients of Le and Moin [30] for the substep k, I is the
identity matrix and At is the timestep. The timestep is set by fixed CFL number CFL, =
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Table 1 Simulation parameters

Lt os Re; Ny, N, Ny, Nz, Ny N7x.x Nrx, yi+m Z:—
12 1/9 180 1152 576 128 128 153 12 12 14 3.8
24 1/9 180 1152 576 128 128 153 24 24 21 6.9
47 1/9 180 576 288 128 128 153 24 24 39 10.0

L is the texture size in wall units, ¢; is the solid fraction, Re; is the friction Reynolds number, N, and N,

Zw

are the number of grid points in the streamwise and spanwise directions in the refined blocks near the channel
walls, Ny, and N, _ are the number of grid points in the streamwise and spanwise directions in the channel
centre block, Ny is the number of grid points in the wall-normal direction, N7x, and N7y, are the number

of grid points per texture element for the refined block in the streamwise and spanwise directions, y;” is the
height of the refined block above the superhydrophobic surface, and ¢} is the obtained mean slip length

0.7 and CFL, = 2.5, where CFL, and CFL, are the advective and viscous CFL numbers
respectively, so that

Ax Ay Az

Ax? Ay A7
o Ay ar 2
mlul vl wlwl

72’ 4 0 72

At = min { CFL, |: ] ,Re CFLy (13)

To reduce the computational cost, a ‘multiblock’ grid is used which allows finer reso-
lution near the walls. This is achieved through additional Fourier modes near the channel
walls compared to the channel centre. The signal in these modes decays away from the wall,
and is set to zero at the interface with the coarser, central block. It is verified a posteriori
that the position of the interface is sufficiently distanced from the wall, so that the addi-
tional modes are not damped artificially. Further details of this multiblock grid are given in
[28]. The grid resolution in the channel centre is Ax™ ~ 8.8, Azt ~ 4.4 with the stream-
wise and spanwise grid resolution near the surface dependent on the textured case, to obtain
sufficient resolution for the flow induced by the texture. The grid is stretched in the wall-
normal direction with resolution Ay,:in ~ (.3 at the surfaces and Ay,", . ~ 3 in the channel
centre. Full details of the simulation parameters are given in Table 1. For the L™ = 24 and
47 cases 24 grid points per texture in the streamwise and spanwise directions were used in
the refined blocks near the surfaces. For the LT = 12 case, due to the computational cost,
12 grid points per texture were used. For validation purposes, the L+ = 24 case was also
run with 12 grid points per texture. From this, a grid resolution dependency on the value of
the mean slip length was observed. The exact value of the mean slip length, while impor-
tant for quantifying the drag reduction, is not the focus of the present work. To investigate
the grid dependency of the mean slip length, we have conducted viscous Stokes-flow sim-
ulations for varying grid resolutions. A comparison for a collocated, spectral discretisation
and a staggered, finite difference discretisation is shown in Fig. 4. Both simulations set-
ups converge to the same value of the mean slip length with increasing grid resolution. The
spectral discretisation, however, converges at a slower rate. For the spectral discretisation,
using 24 grid points per texture element the difference of the obtained slip length, compared
to a staggered finite difference discretisation with 64 points, is 14%, compared with a 27%
difference using 12 points per texture. This is a difference consistent with the resolution
dependency of the DNS results. The turbulent statistics for both texture resolutions showed
good agreement, shown in Fig. 5, suggesting that the overlying turbulence is not affected by
this difference in grid resolution. We therefore consider the resolutions used sufficient for
the focus of the present work, although the precision of the resulting slip length is marginal.
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Fig. 4 Grid resolution dependency of the mean slip length in Stokes-flow simulations. Finite difference
discretisation (staggered) (—-O-); Spectral discretisation (collocated) (—1)

All simulations were run at a friction Reynolds number Re; = 180 by applying a constant
mean pressure gradient. The channel is of size 276 x 7§ x 26 in the streamwise, spanwise
and wall-normal directions respectively, where ¢ is the channel half-height. Statistics were
obtained by averaging over a period of 10 eddy-turnovers after statistical convergence had
been reached.

While the code is spectral in the streamwise and spanwise directions, due to the discon-
tinuous nature of the boundary conditions they are applied in physical space. The boundary

0 25 yt 50 0 25 yt 50

Fig. 5 Difference between (a) mean velocity profiles, with slip velocity (u) subtracted; b—d velocity fluc-
tuations of the DNS grid resolution dependency test for L™ = 24. Smooth wall —; 24 points per texture
(—[F); 12 points per texture (—O-)
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conditions are implemented in the numerical method when solving the implicit part of the
viscous term in Eq. 9,
|:I — AtﬂkLi| u = RHS. 14)
Re
To apply the boundary conditions in physical space, following [29], the streamwise and
spanwise directions and the wall-normal direction of the implicit viscous term are split and
solved separately,

[1 - AZEL} u~ |:I - At&LxZ} [1 - Az&Ly] u, (15)
Re Re Re

where L, includes the streamwise and spanwise components of the Laplacian, and L, the
wall-normal component. This maintains the second-order accuracy of the method [29]. The
streamwise and spanwise directions are solved first, in Fourier space, and form part of the
right hand side when solving in the wall-normal direction,

Br B -

I —Ar—L =|I—-Ar—L RHS. 16

|: Re ” " Re ¢ (16)

Due to the second-order finite difference discretisation in the wall-normal direction,

this forms a tridiagonal matrix equation. The implementation of the textured boundary
conditions was validated against the L™ = 39 case of [25], as shown in Fig. 6.

20

0 50 100 0 50 100
y* y*

Fig. 6 Validation of the implementation of the superhydrophobic boundary conditions against the Lt =

39 case from Seo et al. (2015). a mean velocity profiles, with slip velocity (us) subtracted; b—d velocity
fluctuations. Smooth wall (- -); Our results (—); Seo et al. (2015) (O)
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Fig. 7 Correlation between the instantaneous surface velocity and shear for the L™ = 12 texture for wave-
lengths A} = 94 and A§ = 113—1131 coloured from red to blue with values 1131/a, where o, ranges from
1-10. From left to rlght velocity and shear magnitudes, streamwise phase difference between velocity and
shear, spanwise phase difference between velocity and shear. Linear fit of the above data (- - -), slip length
observed by the streamwise zero mode (...)

3 Results and Discussion

We first analyse whether, for the texture sizes that have previously observed a loss of cor-
relation, the turbulent scales that are much larger than the texture size still experience the
surface as an apparent slip length boundary condition. To discriminate between the slip
lengths experienced by different lengthscales in the overlying turbulent flow, we investigate
the slip length from a Fourier perspective. In Fourier space, the velocity and shear contain
both a magnitude and a phase, with the phase having a streamwise and a spanwise com-
ponent. We analyse the instantaneous streamwise and spanwise slip lengths experienced by
lengthscales larger than the texture size, and at wavelengths relevant to the near-wall turbu-
lence dynamics. Specifically, we focus on lengthscales with a fixed spanwise wavelength,
AT = 94, and streamwise wavelengths A} = 113 — 1131, which correspond to scales of the
order of the near-wall vortices and streaks Figures 7, 8 and 9 show the instantaneous slip
lengths of these lengthscales for each texture size. For these scales to experience an appar-
ent slip length, the instantaneous velocity and shear magnitudes should collapse to a single
line, and the velocity and shear should be in phase. In the following discussion we define
two slip lengths, the mean slip length and the dynamic slip length. The mean slip length, £,
is the time-average of the slip length experienced by the streamwise zero mode, i.e. it is the
apparent slip length of the mean velocity profile. The dynamic slip length, £, is the time-
average slip length experienced by the fluctuations. For each case the dynamic slip length
is obtained from a linear fit of the instantaneous velocity and shear fluctuations. Both slip
lengths are included for reference in Figs. 7-9.
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Fig. 8 Correlation between the instantaneous surface velocity and shear for the L™ = 24 texture for wave-
lengths A;‘ = 94 and A} = 113 — 1131 coloured from red to blue with values 1131/, where o, ranges
from 1-10. From left to right, velocity and shear magnitudes, streamwise phase difference between velocity
and shear, spanwise phase difference between velocity and shear. Lines as in Fig. 7
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Fig. 9 Correlation between the instantaneous surface velocity and shear for the LT = 47 texture for wave-
lengths A;r = 94 and A} = 113 — 1131 coloured from red to blue with values 1131/, where o, ranges
from 1-10. From left to right, velocity and shear magnitudes, streamwise phase difference between velocity
and shear, spanwise phase difference between velocity and shear. Lines as in Fig. 7
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The smallest texture size, L™ = 12, is approximately within the range of texture size
where correlation between the velocity and shear has previously been observed [12]. These
results agree with the previous literature, and show that the velocity and shear are strongly
correlated in both the streamwise and spanwise directions. The dynamic slip lengths are
¢+ =33 and £} = 3.0. In comparison, the mean streamwise slip length is ¢; = 3.8. The
fluctuations of thls size therefore appear to experience a slightly smaller slip length than the
mean-flow. This is consistent with the results of [12] for small textures. The lengthscales
relevant to the near-wall turbulent dynamics experience no significant variation in the slip
lengths.

As the texture size is increased to L1 = 24, which is of the diameter of near-wall vortices
[27], there is still a strong correlation between the spanwise velocity and shear. However,

W ”h j

V"l

tu
1 2 T
0 3 5

Fig. 10 Time history of instantaneous slip lengths fora L™ = 12 b LT = 24 ¢ Lt = 47. Streamwise slip
length of the mean-flow (—); Streamwise slip length for A} = 1131, )»2' = 94 (—); Spanwise slip length
for Al =188, A7 =94 ()
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the correlation becomes significantly weaker in the streamwise direction, even for length-
scales an order of magnitude larger than the texture size. These lengthscales therefore do
not appear to experience the averaged effect of the texture. The time-averaged dynamic
slip lengths are £ = 5.2 and @Zf = 4.8, with the mean streamwise slip length £ = 6.9.
The fluctuations therefore appear to experience significantly smaller slip lengths than the
mean-flow. The streamwise dynamic slip length is, however, beginning to lose physical sig-
nificance due to the large fluctuations in its instantaneous value. As the texture size is further
increased to L™ = 47, the correlation between velocity and shear becomes still weaker, the
fitted dynamic slip lengths are for this case are @‘ = 6.1 and @‘ = 4.1, compared with the
mean streamwise slip length £ = 10. While the dynamic slip lengths fluctuate in time, if
they experienced small oscillations around a mean value, with a time-scale faster than the
overlying turbulent structures perceive, then it could still be reasonable to model the sur-
face by the time-averaged value. Time histories of the instantaneous slip length for different
lengthscales are shown in Fig. 10. These show that for the largest texture, L™ = 47, the
fluctuations are large compared to the mean, and their time scale is comparable to that of
near-wall eddies, typically 0.1 §/u, at Re; >~ 180. A time-averaged dynamic slip length is
therefore not an appropriate model.

To investigate the source for this apparent loss of correlation we analyse the profiles in y
of the spectral, time-averaged streamwise energy, E ., for different wavelengths. Figure 11
shows these profiles for each textured case, and for a smooth wall case for reference. Since
we are not concerned with the energy magnitude for each wavelength, but only with the
shape of the profiles, we normalise the results with their value at a reference height of
y* = 15. The wavelengths shown correspond to A1 = 94 and A = 60—377, coloured from
red to blue. As with Figs. 7-9, these are wavelengths larger than the texture wavelengths.

0 0.6 ELL/E+ 1.2 0 0.6 EAL/Ew 1.2

wu,15 uw,15
Fig. 11 Wavelength-dependent profiles of the streamwise energy spectrum, Iz",j;, normalised by their value
at yT = 15, for wavelengths A} = 94 and, from red to blue, A = 60 — 377 with values 1131 /o, where o
ranges from 3-19 for a smooth wall; b L™ = 12; ¢ LT = 24;d L™ = 47. The dotted lines indicate reference
heights of y* =2.5and 7.5
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The extrapolation of these profiles to their virtual origins gives the apparent slip length
experienced by each lengthscale.

For the Lt = 12 case, the predominant effect of the surface on these energy profiles
is a shift due to the slip at the surface, with the shape of the profiles essentially otherwise
unmodified, compared with the smooth wall profiles. This indicates that the predominant
effect of the surface, for this texture size, is the direct effect of the surface slip. For the
LT = 24 and 47 cases, however, there is a clear secondary effect near the surface, an
additional energy that decays with height above the surface. This additional energy is con-
sistent with the energy produced by the coherent flow induced directly by the texture [22,
25, 26]. Using the triple decomposition [31], the flow variables can be decomposed into
a time-averaged component, a texture-coherent component and the turbulent, background
fluctuations,

ulx,y,z,t) =u(y)+u'(x,y,z,0) =u(y) +ax, y,2) +u"(x,y,z,0), (A7)

where u(y) is the mean velocity at a given height and u’(x, v, z, ) is the total fluctua-
tion. By considering the periodicity of the texture, u’ can be further decomposed into the
texture-induced coherent fluctuations, i (X, y, 7), where X and z refer to the local coordi-
nates within the texture period, and the remaining velocity fluctuation u”(x, y, z, t). The
velocity (X, y, z) directly results from the presence of the texture, which is periodic over
texture elements. The triple decomposition has previously been used to assess the strength
of the texture-induced flow over superhydrophobic surfaces [22, 25, 26].

20 6 ——

+ RN

3 a , b):

| (a) |
+ N
IS :
10 + 3
(‘E
0 0=

10! yt 102 0 25 yt 50

0 25 y* 50 0 25 y* 50

Fig. 12 a Mean velocity profile with the slip velocity subtracted (b—d) rms’s of the turbulent velocity fluc-
tuations for the case L™ = 12. Full velocity fluctuation (—); turbulent fluctuation obtained from the triple
decomposition (— _); texture-induced coherent fluctuation obtained from the triple decomposition (. —).
The dotted lines indicate reference heights of y* = 2.5 and 7.5
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Fig. 13 a Mean velocity profile with the slip velocity subtracted (b—d) rms’s of the turbulent velocity fluc-
tuations for the case L™ = 24. Full velocity fluctuation (—); turbulent fluctuation obtained from the triple
decomposition (— _); texture-induced coherent fluctuation obtained from the triple decomposition (. —).
The dotted lines indicate reference heights of y* = 2.5 and 7.5

The rms profiles of the texture-induced coherent contribution, i, for the cases L™ = 12
and 24 are shown in Figs. 12 and 13, respectively, together with u’ and u”. The coherent con-
tribution shows the magnitude and decay rate of the texture-induced flow, but not how the
texture-induced flow is distributed in lengthscales. For this, we analyse the pre-multiplied
energy spectra of the velocities. The streamwise and spanwise pre-multiplied energy spectra
at heights y* = 0, 2.5 and 7.5 for each case are shown in Figs. 14 and 15 respectively. The
equivalent pre-multiplied energy spectra for a smooth wall, shifted by the mean streamwise
slip length, are overlayed for comparison. Our energy spectra show energy at lengthscales
consistent with smooth wall-like turbulence, and energy at lengthscales of the texture size,
directly induced by the presence of the texture. In addition, however, the interaction of the
texture-induced flow with the overlying turbulent flow results in texture-induced energy
propagating to the lengthscales of the overlying turbulence. It is worth noting that the triple
decomposition cannot remove this texture-induced flow from u”, as it is only able to remove
lengthscales of the size of the texture [32]. From the energy spectra, it is clear that the
texture-induced flow propagates across the full range of turbulent lengthscales. For texture
sizes beyond Lt = 24, this interaction directly affects the turbulent lengthscales.

The magnitude of scattered energy that individual lengthscales experience depends on the
texture-length scale, but more importantly on the magnitude of the texture-induced energy.
For example, with the L™ = 24 case, the spanwise velocity and shear showed correlation,
but the streamwise velocity and shear did not. The rms profiles and energy spectra of the
velocity fluctuations show a significantly stronger energy of the texture-induced flow for the
streamwise velocity compared to the spanwise velocity. The energy spectra show that the

@ Springer



Flow Turbulence Combust (2018) 100:961-978 975

Lt =12 Lt =47

T

T

10t £

T

T T T L e T T T T T T T T T T

—TTT

102 L

T T T

10* 3

[T

T T

10! | .

10! 102 102 10! 102 100 10! 102 10°

Fig. 14 Pre-multiplied energy spectra of the streamwise velocity for the cases L™ = 12-47 at heights y™ =
0, 2.5, 7.5. Textured case (Filled contours), smooth wall case shifted by the mean slip length (lined contour)

texture-induced flow of the spanwise velocity has essentially decayed by y™ = 2.5, however
there is still texture-induced energy in the streamwise velocity at this height, which decays
by a height y* = 7.5. The weaker spanwise texture-induced flow scatters to the turbulent
lengthscales to a lesser extent, explaining why the spanwise slip length was still correlated
for this case, while the streamwise slip length was not. The upper limit of the applicability
of slip-length models is, therefore, set by the magnitude of the coherent energy resulting
from the texture, rather than a direct result of the texture size becoming too large.

From a Fourier perspective, the texture-induced flow can scatter to the full wavenumber
space through the boundary conditions. The surface texture consists of alternating regions
of no-slip and free-shear, described by wavelengths of the texture size and smaller. The
boundary condition is, in Fourier space, a convolution between these texture modes and
all the velocity modes. Through this convolution, the texture-induced flow can scramble to
all the background turbulent modes. This scattering of the texture-induced flow to the full
wavenumber space, evidenced in the pre-multiplied energy spectra, in Figs. 14 and 15, and
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Fig. 15 Pre-multiplied energy spectra of the spanwise velocity for the cases L™ = 12-47 at heights y* =0,
2.5,7.5. Textured case (Filled contours), smooth wall case shifted by the mean slip length (lined contour)

in the energy profiles in Fig. 11, results in the measured slip length being contaminated by
the texture-induced flow.

4 Conclusions

We have analysed the applicability of slip-length models to represent textured super-
hydrophobic surfaces. Slip-length models have been used to assess the drag reduction
performance of superhydrophobic surfaces when the size of the texture is within the
vanishingly-small limit. In agreement with Seo and Mani (2016) [12] we show that, for tex-
ture sizes LT < (O(10), the velocity and shear are strongly correlated for the energetically
relevant scales in the flow, making the slip-length model valid.
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As the texture size increases, beyond the vanishingly-small limit, the velocity and shear
lose correlation [12]. In this work we have assessed the slip length from a spectral perspec-
tive, to analyse whether lengthscales much larger than the texture size still experienced an
apparent slip-length. We observe that when correlation is lost, this occurs across all length-
scales in the overlying flow, even those much larger than the texture size. We propose that
the reason for the loss of correlation is due to the interaction of the texture-induced flow
with the overlying turbulent flow which scatters the texture-induced energy into the entire
flow field, contaminating the perceived slip length. We propose, therefore, that the loss of
correlation between velocity and shear at the interface is caused by the magnitude of the
energy of the texture-induced flow, rather than directly by the texture size exceeding the
vanishingly-small limit.
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