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SHORT SUMMARY
Superhydrophobic surfaces (SHSs) can potentially achieve drag reduction for both internal and external flow applications. However, experiments have provided inconsistent results, with many studies
reporting significantly decreased performance. While a complete explanation is yet to be found,
it has been proposed that surfactants, ubiquitous in flow applications, could be responsible, as
Marangoni stresses could develop when the edges of the SHS are not aligned with the flow. However, testing this hypothesis has been challenging. Even careful experiments with purified water
have shown large interfacial stresses. We address this question with surfactant-inclusive numerical
simulations and experiments in a microchannel. By imposing a time-dependent pressure gradient,
we are able to drive complex interface dynamics that can only be explained by surfactant gradients.
Our results demonstrate the role of surfactants in increasing drag over SHSs.

EXTENDED ABSTRACT

Introduction
Superhydrophobic surfaces (SHSs) can reduce drag at solid-liquid interfaces [1]. This is attractive
for many applications ranging from maritime transport to pipe flow [1]. In the past 20 years, experiments have shown inconsistent results with some studies achieving significant drag reduction [2-4],
whilst others measure negligible drag reduction [5-7]. By contrast, theoretical and numerical models
predict large drag reduction and slip velocities [8-9].
Recent studies have suggested that surfactant could be responsible for the reduced performance
observed in some experiments [10,11]. Surfactants, naturally present in our environment [12], can
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induce Marangoni stresses if their concentration varies along the interface. In a recent article [13],
we tested this hypothesis experimentally and numerically, considering simple internal Stokes flow
over SHSs. We summarize here the main findings of this study, and present preliminary new results
for unsteady numerical simulations of SHS flow inclusive of surfactants. We discuss the impact for
applications and possible mitigation strategies.

Experimental and numerical results for steady forcing experiments
Using micro particle image velocimetry, we measured the velocity field of gravity driven flows in onesided SHS microchannels. The microchannels were made of PDMS with the SHS consisting of lanes
aligned with the flow. The velocity was measured at different planes away from the SHS (in colour in
Fig. 1). The experiments were conducted using purified water (Millipore MilliQ). No surfactant was
introduced in these experiments. Temperature was maintained uniform to avoid thermal Marangoni
stresses. The hydrostatic pressure was controlled to maintain flat plastrons (≤ 2 microns deflection).

Figure 1: SHS microchannel: (a) longitudinal cross-section; (b) view from below of SHS top surface.
Fig. 2 shows experimental results at constant pressure gradient and for lane lengths: g = 2 mm (a),
30 mm (b). No significant slip is found for g = 2 mm, whereas some slip is found for g = 30 mm.

Figure 2: Profile of the normalised experimental velocity (dots) at several distances from the SHS, for
lane width w = 40 microns, ridge width r = 20 microns, and lane length g = 2 mm (a) and g = 30 mm
(b). 3D numerical results for the same conditions and assuming no surfactant are plotted with solid
lines. (c) Normalised interfacial stress computed in 2D numerical simulations inclusive of surfactant
(concentration 10−2 mM) for varying g (circles) compared to the clean case (diamonds).
The experimental results are consistent with 2D COMSOL numerical simulations (Fig. 2c). These
simulations solve the steady Navier-Stokes equations in the bulk, coupled with the transport equations for surfactant in the bulk and at the interface. A modified Frumkin kinetics scheme models
the flux of surfactant from the bulk to the interface. The properties of surfactant sodium dodecyl
sulfate (SDS) are used. Viscous and Marangoni stresses are coupled at the plastron. We can see
in Fig. 2(c) that surfactant-inclusive simulations show a significant increase in interfacial stress for
lanes of length 0.01 mm to 1 mm. Wall viscous stress dominates for g ≤ 0.01 mm, whilst Marangoni
stresses are too weak for g ≥ 1 mm due to a reduced surfactant gradient. Although these results are
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dependent on the actual surfactant concentration and surfactant type, they describe qualitatively the
behaviour which can be expected when surfactants are present near the plastron of SHSs. In addition,
we tested numerically the influence of surfactant concentration for lanes of 0.1 mm in length. The
transition from a free slip interface to a no slip interface occurs between 10−4 and 10−2 mM. These
results are obtained for SDS, which is a mild surfactant. Therefore, most surfactants would produce significant Marangoni stresses, leading to immobilisation of the plastron, at potentially lower
concentrations or for longer lane lengths.

Experimental and numerical results for unsteady forcing experiments
We also performed a series of experiments with 30 mm long lanes using a similar setup and protocol
as described above. The key difference is that we stopped the flow abruptly after four minutes. The
velocity field of a typical experiments measured before and after stopping the flow are shown in
Fig. 3(a). Above the ridge, the velocity vanishes immediately after stopping the flow, as expected in
Stokes flow regime. However, the velocity field measured above the lanes shows a reverse flow with
negative velocity. The peak of the return flow is found just after stopping the flow. The magnitude
of the return flow decreases slowly, vanishing after approximately one minute.

Plastron-averaged

(m/s)

× 10−5
c0 (mM)
10−2
10−1
1

Driving pressure (arbitrary units)

Figure 3: (a) Experimental velocity measured above the plastron and the ridge before and after the
background pressure gradient is stopped (t ≈ 5 s). (b) Results of preliminary 2D numerical simulations, which qualitatively reproduce the unsteady experiments. The flow is stopped at t ≈ 0.25 s.
This return flow was also observed in unsteady two-dimensional numerical simulations, where the
flow was similarly stopped after reaching steady state, as shown in Fig. 3(b). The magnitude of the
(positive) loading flow velocity decreases with increasing background concentration of surfactants,
owing to an increase in Marangoni stress. However, the magnitude of the peak of the (negative)
return flow velocity appears to depend in a non-monotonic fashion with surfactant concentration,
with the maximum peak return flow velocity found at intermediate surfactant concentrations. This
is probably due to complex nonlinear surfactant dynamics.
The return flow is characteristic of surfactant-driven Marangoni flows. As the pressure gradient
initially imposes a flow in the chamber, surfactants adsorbed onto the interface are advected towards
the downstream stagnation point of the plastron. At steady state, a gradient of surfactant along the
plastron leads to a Marangoni stress that immobilizes the interface. When the background pressure
gradient is stopped, the Marangoni stress is no longer opposed, which induces the return flow to
recover a uniform concentration of surfactant.

Conclusion
Our numerical and experimental results show that small traces of surfactant can immobilize the
plastron. This effect is due to an accumulation of surfactant at the downstream stagnation points
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of the air–water interface. Surfactant traces in our experiments, and potentially in previous studies
showing reduced slip performance, could originate from unavoidable environmental impurities or
uncrosslinked PDMS chains [14]. Interestingly, a past study that achieved very large slip lengths,
in agreement with surfactant-free theory, employed annular ridges in a rheometer [3]. Since an
annular ridge does not offer stagnation points for surfactant accumulation, it corresponds essentially
to infinitely long lanes where Marangoni stresses cannot form. These previous results are therefore
consistent with the surfactant hypothesis and our conclusions presented here.
As surfactants are ubiquitous in oceans and rivers, drag reduction by SHS can be strongly impaired.
In order to prevent the establishment of adverse surfactant-induced Marangoni stresses, we have
shown that increasing the distance between stagnation points can reduce the Marangoni stresses.
Our results suggest that lanes longer than ∼ 10 mm are necessary. We note however that longer
lanes tend to have less stable plastron. Furthermore, they require a high degree of control over the
manufacturing process, which may not be practical or economical in large-scale applications.
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