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Abstract

Textured surfaces infused with a lubricating fluid effectively reduce fouling and

drag. These functions critically depend on the presence and distribution of the lubri-

cant, which can be depleted by many mechanisms, including shear flow. We present a

two-phase Couette flow computational dynamic simulation over lubricant-infused sur-

faces containing grooves oriented perpendicular to the flow direction, with the aim of

revealing how interfacial slip, and therefore drag reduction, is impacted by lubricant

depletion. We show that even a slight (20%) lubricant loss decreases slip to the point

of making the lubricant superfluous, even for lubricants with lower viscosity than the

flowing liquid and irrespective of how well the lubricant wets the grooves. We explain

that the drastic slip reduction is linked to a significant increase in the total viscous

dissipation and, to zero dissipation in the lubricant (similar to the one given by a no

slip boundary).
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Introduction

Interfacial slip at solid boundaries has attracted extensive research attention over the past

two decades, as slip allows fluids to flow faster at the solid boundary and, therefore, reduces

the large frictional drag that opposes flow on the nano- and microscale.1,2 Interfacial slip

is quantified with the slip length b, which is the imaginary distance beyond the solid wall

at which the linear extrapolation of the fluid velocity vanishes to zero. A way to increase

slip is to replace the fluid-solid contact with a fluid-fluid contact, which has been achieved

with lubricant-infused surfaces (LIS): superhydrophobic surfaces (hydrophobic structured

surfaces in which the cavities in the topography are infused with gas) or liquid-infused

surfaces (infused with a liquid lubricant).3–10 The measured slip length values on LIS are

sufficiently large to have a significant effect on microfluidic flows.1–3,11–14

On LIS, regions of small intrinsic slip (originating from low molecular interactions between

the solid wall and the working fluid) are interspersed with regions of large slip (in which the

working fluid is in contact with the lubricant, gas or liquid). The latter scenario is called

apparent slip, because it is a consequence of the lubricating effect of the (low-viscosity)

infused gas/liquid.15 Large local slip, however, does not translate always into an overall

slip effect. Gas pockets, or even shear-free interfaces, could produce a no-slip condition

if rough enough16–19 or if contaminated with impurities.20 Consequently, LIS are usually

characterized by an effective slip length, which is the equivalent slip required on a smooth

surface that would produce the same flow conditions far away from the composite surface.

Previous models16–18,21–31 have shown that the effective slip in LIS depends on lubricant

area fraction, cavity aspect ratio (to a certain extent), fluid-lubricant viscosity ratio µr, and

lubricant contact angle θ (see Fig. 1(a)). These models assume that the fluid-fluid interface

is pinned at the top of the surface topography, is flat and/or non-deformable. However, under

realistic conditions, the interface is not pinned at the top of the surface topography20,32 and

lubricant depletion occurs due to the shear stress or static pressure imposed by the external

fluid.7,32–39 The impact of a partially filled cavity on slip has not been fully investigated,
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Figure 1: (a) Definition of parameters used to model Couette flow over transverse grooves.
The flow is driven by a shear rate applied at the upper wall (y = H) in the x-direction only.
The grooves extend infinitely out of the plane. This schematic shows a case in which the
groove is partially filled with lubricant. (b) Normalized effective slip length λe (left y-axis)
and dimensional effective slip length beff for H = 40 µm (right y-axis) versus contact angle
θ for different cavity filling and µr = 10. From top to bottom, the symbols represent a
fully filled cavity and partially filled cavities with lubricant loss of 10, 20 and 50% of the
cavity volume Vc. The horizontal solid orange line is the case with no lubricant in the groove
(i.e. single phase flow) and the working fluid fully wetting the cavity. The inset shows λe
as a function of the lubricant filling ratio ψ and the symbols and colors correspond to the
legend showed in the main panel. (c) Normalized velocity magnitude Ũ = U/uin for the
cases labeled A and B in (b), with streamlines shown in white. The lubricant volume is
highlighted with a thick black line. Cases C and D are shown in Fig. S2.

despite this scenario being highly relevant to physical experiments and important for the

design of LIS.

In this study, we found that the effective slip on LIS containing grooves oriented per-

pendicular to the flow direction is severely affected by lubricant depletion. A 20% lubricant

loss reduces the effective slip to the point where the remaining 80% of the lubricant becomes

superfluous. Given that in experiments a certain degree of lubricant depletion is observed to

occur, the large slip reported previously in LIS6,7,40,41 is difficult to explain with the presence

of the lubricant alone. We recently showed that spontaneous nucleation of nanobubbles on

LIS enhances slip and explains the large slip observed.10

Here we further corroborate this recent result, showing that, in realistic scenarios, the
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presence of the (depleted) lubricant alone is unlikely to explain the large slip observed in

LIS. We report numerical simulations to quantify the effective fluid slip over a LIS in which

grooves perpendicular to the flow direction are filled (or partially filled) with a lubricant, as

shown in Fig. 1(a). The effect of lubricant filling ratio ψ and lubricant contact angle θ on

the effective slip is explored by modeling an interface that is not pinned at the top of the

groove. The filling ratio is defined as ψ = Vo/Vc, where Vo and Vc = wh (see Fig. 1(a))

correspond to the lubricant and cavity volume, respectively. The numerical model by Ge et

al.42 considered the effect of a cavity partially filled with lubricant, but only for two lubricant

contact angle values, corresponding to slightly concave or convex interfaces. Ageev et al.43,44

studied the effect of gas depletion in superhydrophobic surfaces on effective slip, but only

considered the limit case in which the shear stress on the curved bubble surface vanishes.

Here we consider the effect of the viscous dissipation in the lubricant and demonstrate that

a high interface curvature only reduces slip when the cavity is fully filled with lubricant.

The model

In the simulation domain (Fig. 1(a)) the working fluid (viscosity µw and density ρw) flows

over a groove infused with a lubricant (viscosity µo and density ρo). The flow is driven by a

shear stress in the x-direction τ = µwγ̇ imposed on the upper wall, where γ̇ is the shear rate.

All the solid walls are assumed to hold a no-slip condition. The deformation of the fluid-

lubricant interface was calculated numerically so as to satisfy the prescribed static contact

angle of the lubricant with the wall θ, the working fluid-lubricant interfacial tension σ and the

shear rate γ̇. Unless specified, parameters common in microfluidic experiments on LIS were

used:4 L = 20 µm, H = 2L, h = w = L/2, ρr = ρw/ρo = 1.07 (see Supporting Information,

SI, for explanation), σ = 40 mNm−1 (interfacial tension of silicone oil-water), and µo = 7.6

mPa s; the shear rate was adjusted to achieve a volumetric flow rate of 100 µLmin−1m−1

across all the simulations. The phase-field method45 was used for tracking the working
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fluid-lubricant interface, and the continuity and momentum equations of an incompressible

Newtonian fluid flow were solved:

∇ · u = 0, (1)

ρ
∂u

∂t
+ ρ(u · ∇)u = ∇ · [−pI+ µ(∇u+∇uT )] + Fst, (2)

where u = (u(x, y), v(x, y)) is the velocity, t is time, Fst is the imposed external force

derived from the phase-field method for representing the interfacial tension σ; ρ and µ

are the density and viscosity, respectively, and are defined as ρ = ρw + (ρo − ρw)Vf and

µ = µw + (µo − µw)Vf . Vf the volume fraction of the lubricant (Vf = 0 represents the

working fluid, while Vf = 1 the lubricant). Given that the phase-field method is employed,

the interface has a finite thickness (see45 and SI), which is defined to be thin in comparison

with the overall size of the domain (around few nanometers), to guarantee that the interface

is sharp enough to simulate an interface between two immiscible fluids. The lubricant mass

was monitored over time to guarantee the mass conservation of both fluids throughout the

simulation, which in turn validates the correctness of the model.

At each coordinate (x, y) the fluid velocity magnitude is computed as U(x, y) =
√
u2 + v2.

Additionally, the height-average velocity at the inlet uin is computed as uin = 1
H

∫ H

0
u(−L/2, y) dy.

The discretization of the domain was refined to the point where the results became mesh-

independent.

A fully filled cavity, in which the contact points of the interface with the wall are located

at the corners of the groove, and a partially filled cavity, in which the interface is free to

move at y < 0 before finding the steady-state position (see reference system in Fig. 1(a)),

were simulated. For a given contact angle θ, the filled cavity case contains the maximum

lubricant volume allowed in the cavity without overflow. In the partially filled cavity case,

lubricant depletion was simulated by reducing the lubricant volume by 10, 20 and 50% of the

cavity volume Vc, irrespective of θ (ψ instead varies with θ). The normalized effective slip
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length λe was quantified as λe =
u(H)
γ̇H

− 1, where u(y) = γ̇(y + λeH) is the average velocity

as a function of y (i.e. u(y) = 1
L

∫ +L/2

−L/2
u(x, y) dx), assuming a linear velocity profile with a

slip length beff = λeH. The reference slip plane was defined to be at y = 0. All the results

presented here correspond to the case in which the system has reached the steady-state

condition.

Results and discussion

For the fully filled case, our model reproduces accurately the results obtained with previous

analytical and numerical models for different viscosity ratios (see Fig. S1),16,18,21,25,26 which

demonstrates the validity of the method. Briefly, our results show that the effective slip

length depends on the lubricant contact angle and reaches a maximum value for a slightly

protruding interface, at lubricant contact angle around θ = 107°, and increases with increas-

ing viscosity ratio. Also, for µr < 1 the presence of the lubricant reduces the effective slip

compared to the case with no lubricant (i.e. single phase flow). Most importantly, these

results show that for a wetting lubricant (θ ∼ 30°) which produces a highly concave inter-

face, the slip length is no larger than in the case with no lubricant at all, irrespective of the

viscosity of the lubricant (i.e. µr). This finding highlights a direct conflict with the common

practice of selecting lubricants which fully wet the solid substrate (with low contact angle)

to increase lubricant retention in LIS.38

Fig. 1(b) presents the effect of lubricant loss on effective slip length λe as a function of

the contact angle θ. Here, µr = 10 was chosen as it represents a realistic scenario in which

the lubricant is a liquid. However, these results can be extrapolated for µr > 1, including

superhydrophobic surfaces, for which µr ∼ 50 when the working fluid is water (however, it

must be considered that Eq. 1 clearly applies only for incompressible lubricants). As shown

in Fig. 1(b), lubricant loss of just 10% of the cavity volume Vc induces a drastic decrease of

the slip length. In the worst case (θ = 107°), a lubricant reduction of only 10%Vc decreases
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Figure 2: (a) Normalized total viscous dissipation Φ̃A, summing over both the working fluid
and lubricant, as a function of lubricant contact angle θ. The horizontal solid orange line
corresponds to the case with no lubricant in the groove (i.e. single phase flow). The inset
shows the slip length λe versus the viscous dissipation Φ̃A (orange star represents the case
of no lubricant in the cavity). (b) Normalized viscous dissipation in the lubricant Φ̃Ao as
a function of lubricant contact angle θ. Both panels are for viscosity ratio µr = 10. The
viscous dissipation for the fully filled case for different µr is shown in Fig. S3.

λe by ∼ 50%. When the lubricant loss is 20% and 50% of Vc, the values of λe are equal to

those obtained when there is no lubricant in the cavity ((i.e. single phase flow, orange line

in Fig. 1(b)). In these cases, the maximum reduction of λe reaches ∼ 60%, and on average

is 50%. This is an unexpected result given that the remaining large portion of the lubricant

in the cavity is 10 times less viscous than the working fluid, so, based on viscosity alone, it

would be expected to provide higher apparent slip. Once the lubricant loss is larger than

20% of Vc, the decrease in λe is the same irrespective of the contact angle θ and therefore the

shape of the interface. Indeed, the inset in Fig. 1(b) shows that λe is much more sensitive

to changes in the filling ratio ψ than of θ, meaning that lubricant depletion affects the slip

length more than the shape of the interface itself. Despite these results being for a case in
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which µr = 10, they are also in agreement with the ones presented by43 for a case in which

µr → ∞.

Four representative points (A, B, C and D) are chosen in Fig. 1(b), and the velocity profile

for A and B is shown on Fig. 1(c). Point A at θ = 107°, which is around the maximum λe,

has a highly mobile lubricant, denoted by the orange and red colors (Ũ = 1 − 10−1). By

comparison, point B (with 20% less lubricant) shows a decrease of one order of magnitude

in the lubricant velocity, denoted by the more yellow color range (Ũ = 10−2). Surprisingly,

λe is the same for points C and D, despite D having 20% less lubricant than C. For θ = 30°

(points C and D), the velocity magnitude is around one to two orders of magnitude smaller

in comparison with A (Fig. S2).

For a fully filled cavity, a slightly concave or convex interface offers a ball bearing effect to

the working fluid and, therefore, enhances the overall slip in the system. However, strongly

concave interfaces (θ ∼ 30°) lose this effect as the working fluid is forced to enter into the

cavity, as shown by the strongly bent streamlines in C in Fig. S2. On the other hand,

although highly convex interfaces (θ > 120°) provide a good ball bearing effect, they are

also an obstacle for the flow, which negatively impacts λe.
16,46 For the partially filled case,

the ball bearing effect is decreased by the fact that the interface is below the corners of the

cavity, causing the working fluid to enter into the cavity, similar to the case of a concave

interface. Fig. 1(b) highlights the overwhelming effect of filling ratio on slip, which needs to

be explained with a physical mechanism.

We were able to explain this effect by calculating the viscous dissipation rate Φ in the

lubricant and the working fluid separately. For incompressible Newtonian fluid flows, the

viscous dissipation rate per unit volume can be estimated as:47

Φ = 2µi

[(
∂ux
∂x

)2

+

(
∂uy
∂y

)2
]
+ µi

[
∂uy
∂x

+
∂ux
∂y

]2
, (3)

where µi is the viscosity of the i−fluid (working fluid or lubricant). The total dissipation

in the domain of area A (including the area occupied by both, the working fluid and the
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lubricant) is calculated as follows:

ΦA =

∫∫
A

Φ dA. (4)

The dissipation is normalized as Φ̃ = ΦH2/u2inµw and Φ̃A = ΦA/u
2
inµw, where uin is the

height-average velocity at the inlet.

Fig. 2(a) shows the total viscous dissipation Φ̃A as a function of the contact angle θ, and

explains the mechanism underpinning slip for both fully filled and partially filled cavities.

The total viscous dissipation is a minimum for a fully filled cavity and for θ ≈ 107°. This is

why a slightly protruding interface, and not a flat one with θ = 90°, provides the maximum

slip length, as shown by.46 However, as the amount of lubricant decreases in the cavity from

full to 50% less lubricant volume, the total viscous dissipation approaches the case of no

lubricant in the system (i.e. single phase flow). Again, this occurs irrespective of lubricant

contact angle, as observed in Fig. 2(a).

Given that the viscous dissipation is a measure of the irreversible conversion from kinetic

to internal energy in the system, the configurations with lower total viscous dissipation are

expected to transport the fluid more efficiently. The key result is that the total viscous

dissipation Φ̃A and the effective slip length λe are inversely related for all the lubricant

volumes tested, as shown the inset in Fig. 2(a).

For a better understanding, the viscous dissipation distribution for a fully filled case (i.e.

interface located at the top of the cavity) is plotted for three representatives cases in Fig. 3.

First, both concave and convex interfaces cause the fluid flow to deviate from the straight

path as observed by the bending of the streamlines (black lines in the Fig. 3). However,

the concave interface (θ = 80°) produces a downward displacement of the streamlines which

results in a large oval region of moderate dissipation (Φ̃ ∼ 4 − 5) directly on top of the

interface. This is highlighted by the white dashed lines in Fig. 3. Interestingly, this oval

region of moderate dissipation decreases in size as the interface becomes more convex. Indeed,

in the highly convex interface (θ = 130°) the oval completely disappears, indicating lower
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viscous dissipation in the bulk fluid.
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Figure 3: Distribution of the normalized viscous dissipation rate Φ̃ for a fully filled case
for µr = 10 and three representative cases: a concave interface (θ = 80°), a slightly convex
interface (θ = 107°) and a highly convex interface (θ = 130°). Streamlines are represented
by black lines. The fluid-lubricant interface is showed as a red thick line. The dashed lines
are a guide to the eye for the comparison between cases. All panels share the same scale
bar. White regions correspond to values of Φ̃ > 10.

More intriguing still is the fact that at θ = 80° and θ = 130° the slip length is the same,

as shown in Fig. 1(b). In these two cases the total viscous dissipation is the same, as shown

in Fig. 2(a). Although the viscous dissipation in the bulk fluid is low for θ = 130°, near the

wall the dissipation is high, as shown in the close-up images in Fig. 3 and highlighted by the

cyan dashed lines. This is an indication of the lubricant-fluid interface increasing the local

velocity of the fluid near the wall but at the same time acting as an obstacle for the fluid

flow. Indeed, for θ = 130° the viscous dissipation near the wall is the highest of the three

cases analyzed here. More protruding interfaces (e.g., θ > 130°) are expected to worsen the

situation, as they display even smaller slip length values as predicted by the model of Davis

and Lauga.18 Finally, the slightly convex interface (θ = 107°) is a balance between these two
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extreme conditions. It permits the flow to accelerate near the wall, increasing the interfacial

velocity and increasing the viscous dissipation only locally, and does not act as an obstacle,

resulting in a small oval region of viscous dissipation within the bulk. As a result, a slightly

convex interface produces the largest slip length possible. This result also shows that that

for the cavity aspect ratio studied here (i.e. w = h), the slip length is mainly controlled by

the viscous dissipation occurring at the edge of the groove, as explained in46 and.48

For a fully filled cavity, one can suggest that slightly concave or convex interfaces offer a

ball bearing effect to the working fluid and, therefore, enhance the overall slip in the system.

However, strongly concave interfaces (θ < 80°) lose this effect as the working fluid is forced

to enter into the cavity, as discussed later. On the other hand, although highly convex

interfaces (θ > 115°) provide a good ball bearing effect, they also represent an obstacle for

the flow, which negatively impacts slip.16,46

In Fig. 2(b) the viscous dissipation occurring only in the lubricant Φ̃Ao is plotted against

the contact angle θ. Counter intuitively, Φ̃Ao is higher for the fully filled case, in which

the total viscous dissipation Φ̃A in the system is the lowest, and the effective slip length λe

is maximum. Similarly, Φ̃Ao is virtually zero when the lubricant loss is 50% of Vc, which

surprisingly correspond to the highest Φ̃A, as shown in Fig. 2(a). Also, Φ̃Ao tends to zero

as θ approaches 30°, irrespective of the volume of lubricant in the cavity. Consistently with

these results for a partially filled cavity, the slip length for a fully filled cavity is inversely

proportional to the total viscous dissipation, irrespective of the viscosity ratio (Fig. S3).

For highly concave interfaces (θ ∼ 30°), the low lubricant viscous dissipation occurring in

the lubricant is mainly due to the low velocity magnitude of the lubricant, as shown in Fig.

S2. As the interface becomes more concave, the lubricant becomes less mobile and loses its

ability to facilitate the flow of the external fluid. This behaviour justifies why the effective

slip in cases with highly concave interfaces approaches the case with no lubricant in the cavity

(i.e. single phase flow, see Fig. 1(b)), as it is the external fluid entering the cavity which

produces the apparent slip. The latter scenario was experimentally demonstrated by.20 This
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effect is further detailed in Fig. 4(c-d) showing the distribution of viscous dissipation rate Φ̃

for points C and D.

(d) (e)

(a) (b) (c)

Φ
~

0246810

A

D

B C

different similar
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θ=107°
ψ=1.05

θ=107°
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θ=30°
ψ=0.80

θ=30°
ψ=0.60

No
Lubricant

Figure 4: Distribution of the normalized viscous dissipation rate Φ̃ for partially filled cases
for (a)-(d) points A, B, C and D in Fig. 1, and (e) the case with no lubricant in the groove
(i.e. single phase flow). The fluid-lubricant interface is showed as a red thick line. The
dashed lines are a guide to the eye for the comparison between cases. All panels share the
same scale bar. White regions correspond to values of Φ̃ > 10.

The viscous dissipation distribution for case A, the case with the maximum slip length,

differs from every other case shown in Fig. 4 in that it is the only case in which the interface

(or the cavity) does not represent an obstacle to the external fluid, i.e. the composite surface

roughness remains low, thanks to the position and curvature of the interface. All the other

cases in 4(b-e) display essentially the same effective slip length (as shown in Fig. 1(b)),

despite having significantly different conditions of flow. In all cases other than A, the total

viscous dissipation is higher than A because the area over which the velocity field is affected,

directly above the fluid-lubricant interface, is larger than in A, as shown by the large oval
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region of intermediate dissipation (dark green, Φ̃ = 5-6 highlighted with a white dashed line

in Fig. 4(b)-(d)).

In A there is narrow region near the cavity with high local viscous dissipation (blue and

white regions, Φ̃ > 9, in close up in Fig. 4(a)) due to the local increase of velocity magnitude

as the fluid flows from a no-slip to a partial slip condition, but overall the velocity field is not

significantly perturbed by the presence of the lubricant interface and the viscous dissipation

in the bulk fluid remains low. Indeed, the streamlines in the working fluid in A remain

almost straight, while they are perturbed in all other cases. Even in the case of case D,

where a recirculation area within the working fluid occurs inside the groove, the total viscous

dissipation is similar to the other three cases. The reason is that, in depleted cases, most

of the slip effect originates from the external fluid itself entering the cavity. As mentioned

earlier, in these cases the velocity magnitude of the lubricant is low, and the lubricating

effect can be seen as originating from a cavity of low aspect ratio (h/w) fully filled with

the external fluid. This finding supports the results obtained by26 predicting that a shallow

cavity could achieve similar slip as a deep one. Indeed, the viscous distribution in the bulk

fluid in cases B to D is very similar to that in the case with no lubricant in the cavity (i.e.

single phase flow, see Fig. 4(e)).

Conclusions

Our results show that the lubricant contact angle and the position of the lubricant-fluid

interface determine the lubricant volume in the cavity (i.e. the lubricant filling ratio), and

that filling ratio dominates the effective slip on lubricant-infused surfaces containing grooves

oriented perpendicular to the flow direction. The slip length reaches the maximum value

when the fluid-lubricant interface is slightly protruding from the cavity (θ ≈ 107 °), but only

when the lubricant fully (or almost fully) fills the cavity and µr > 1. Even a small (20% of

Vc) reduction of the lubricant volume, which in a physical experiment easily occurs as a result
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of depletion under flow or incomplete initial infusion of the surface, causes a drastic decrease

of the effective slip and almost removes the dependence of slip on interface curvature. A

∼ 20% lubricant loss produces an effective slip that is as low as when no lubricant is present

(i.e. single phase flow). The total viscous dissipation rate in the system explains this result,

as a slight decrease of the lubricant filling ratio significantly increases the overall energy

dissipation irrespective of the interface curvature, which in turn reduces interfacial slip. The

increase in viscous dissipation is qualitatively revealed by perturbations in the direction of

the flow streamlines and changes in the magnitude of the velocity in the working fluid.

Given the strong sensitivity of the effective slip length to a small lubricant loss, it might

be surprising that LIS have been found to be so effective at reducing drag in laminar and

turbulent flow.6,7,40,41 Our recent study on silicone oil-infused Teflon nanowrinkles revealed

that drag reduction in LIS could be explained with an additional mechanism of slip, namely

flow over spontaneously nucleated surface nanobubbles.10 In situations in which the lubricant

alone is expected to provide drag reduction, unless lubricant depletion can be eliminated,

one must question the benefit of infusing the lubricant in LIS containing grooves oriented

perpendicular to the flow direction, as the working fluid filling the cavity might be just as

effective.
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