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ABSTRACT

Superhydrophobic surfaces (SHSs) can reduce friction
drag in turbulent flows. In the laminar regime, it has been
shown that trace amounts of surfactant can negate this drag re-
duction, at times rendering these surfaces no better than solid
walls (Peaudecerf et al. (2017)). However, surfactant effects
on the drag-reducing properties of SHSs have not yet been
studied under turbulent flow conditions. Predicting the effects
of surfactant in numerical simulations remains expensive by
today’s standards. We present a model for turbulent flow, in
either a channel or boundary layer, over a periodic array of
longitudinal ridges (of period P and gas fraction φ ) inclusive
of surfactant. To acquire an expression for the drag reduction,
we adopt a technique based upon a shifted log law. The ho-
mogenised streamwise and spanwise slip lengths are derived
by introducing a local laminar model within the viscous sub-
layer, whereby the effect of surfactant is modelled by modify-
ing the streamwise slip length. We compare the predictions of
our model with numerical and experimental results from the
literature and discuss the potential effect of surfactants on tur-
bulent flows over SHSs. Our model agrees with available data
for small P+ (subscript + denotes wall units), showing a clear
departure at large P+, where the drag reduction data asymp-
totically approach φ for P+ → ∞.

INTRODUCTION

SHSs owe their performance to a combination of hy-
drophobic chemistry and surface roughness, which acts to
entrap gas layers in their surface and reduce the drag when
compared to solid walls. Harnessing this feature in turbu-
lent flows could benefit numerous marine and industrial ap-
plications. Maritime shipping alone contributes to over 2%
of CO2 emissions, and over 13% of NOx and SOx emissions
(Smith et al. (2015)), with up to 80% of the energy expended
to overcome friction drag (Fukuda et al. (2000); Xu et al.
(2020)). Early investigations into the laminar regime mod-
elled the SHS as a mixture of no-slip and shear-free boundaries
(where the liquid-gas interface is assumed flat), thereby pre-
dicting large reductions in drag (Rothstein (2010)). However,
more recent experimental studies in laminar flow conditions
have shown that trace amounts of surfactant, unavoidable in
practice, can strongly impair the drag-reducing effect of SHSs
(Kim & Hidrovo (2012); Bolognesi et al. (2014); Peaudecerf
et al. (2017); Song et al. (2018)). Motivated by these ex-
perimental findings, laminar theories have been developed for
the fluid and surfactant in channels bounded by SHSs (Lan-
del et al. (2020); Temprano-Coleto et al. (2021)), where it has
been shown that model predictions can be improved relative to
surfactant-free theories.
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Figure 1. The mechanism by which the presence of surfactant can negatively impact the drag reduction for a flow over a SHS, with
period P, gas ridge (plastron) width W and gas fraction φ =W=P. A build up of surfactant at the downstream stagnation point induces an
adverse Marangoni force due to the reduction in surface tension (Peaudecerf et al. (2017)). The adverse Marangoni force acts to reduce
the spanwise-averaged streamwise slip length λx and slip velocity Uw at the interface. The smaller spanwise-averaged streamwise slip
length (or slip velocity) reduces the drag reduction when compared to a surfactant-free flow over a SHS.

Numerous studies have investigated the performance of
SHSs, both experimentally (Daniello et al. (2009); Park et al.
(2014); Xu et al. (2021)) and computationally (Park et al.
(2013); Türk et al. (2014); Rastegari & Akhavan (2015)), in
turbulent flows without added surfactant. A recent review
of 14 experiments shows broad inconsistencies (Gose et al.
(2018)); the drag reduction ranges from −90% (i.e. drag in-
crease) to +90%, with five studies finding little (< 20%) or
no drag reduction. There exist a number of possible causes
for this disagreement in the literature due to the complicated
physics associated with flows over SHSs, which are discussed
in detail in Park et al. (2021). As an example, the liquid-gas
interface at the SHS can deform due to pressure differences
in the bulk fluid and gas cavity, which has been shown to al-
ter the drag reduction in laminar flows depending on the sign
and magnitude of the protrusion angle (Teo & Khoo (2009)).
Alternatively, turbulence may induce partial or complete wet-
ting of the plastron containing the gas subphase, where the
flow would no longer benefit from a shear-free surface (Raste-
gari & Akhavan (2019)). We neglect both these features of
SHSs here, as apart from in certain asymptotic limits (see, for
example, Crowdy (2017)), the laminar solutions found in the
viscous sublayer would need to be found numerically.

This study aims to investigate the potential effects of sur-
factant in turbulent flow conditions, for both internal and ex-
ternal geometries, over longitudinally ridged SHSs (see Figure
1). We consider longitudinal ridges only as they are gener-
ally considered optimal when compared to transverse ridges,
pillars or random surface roughness (Park et al. (2021)). We
assume the liquid-gas interfaces are flat and can be approxi-
mated as shear-free, which allows us to relate the geometry of
the SHS to the drag reduction using a technique based on a
shifted log law (Fukagata et al. (2006)).

SHS PERFORMANCE

There are two main quantities of interest that characterize
the local and global performance of the SHS flow compared to
a no-slip flow over solid walls. Firstly, the spanwise-averaged

longitudinal slip length is commonly defined as

λx =
Uw

γw
; (1)

where Uw is the spanwise-averaged slip velocity at the SHS
boundary y = 0 and γw is the spanwise-averaged shear rate
at y = 0 (see Figure 1 and 2). The average longitudinal slip
length λx represents the extrapolated distance, below the SHS,
where the time-averaged longitudinal velocity U vanishes (see
Figure 1).

Secondly, for flows under the constant flow rate condition
(equivalent to U = U0, where U and U0 are the cross-plane
average velocities for the flow over a SHS and a solid wall
respectively), we define the drag reduction

DR =
τ0 − τ

τ0
; (2)

where τ is the spanwise-averaged wall shear stress of the SHS
flow, and τ0 is the spanwise-averaged wall shear stress of the
no-slip flow. Alternatively, the SHS and no-slip flows can be
driven by imposing the same constant pressure gradient, such
that the average shear stresses at the boundaries in both flows
are equal (Türk et al. (2014)). To evaluate the global perfor-
mance of a SHS geometry, the relationship between the drag
reduction and the relevant independent non-dimensional pa-
rameters is sought in the form DR = f (Re;P=H;φ); where Re
is the Reynolds number, P is the pitch, H is the channel height
(which is replaced by the boundary layer thickness δb, if we
are considering external flows such as Park et al. (2014); Xu
et al. (2021)) and φ = G=P is the gas fraction, with G the plas-
tron width (see Figure 2).

MODEL
As noted earlier, turbulent flows can be characterised by

two regions of variation: an inner viscous sublayer and an
outer log-law layer (see Figure 1). We assume that the vis-
cous sublayer thickness, of order 10δτ (where δτ = ν=uτ is

2


