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Abstract
Liquid-infused surfaces present a novel coating for passive drag reduction in turbulent flows. Conceptually similar to supe-
rhydrophobic surfaces, which are composed of air pockets trapped within hydrophobic roughness, liquid-infused surfaces 
instead rely on a preferentially wetting, liquid lubricant to create a heterogeneous surface of fluid–solid and fluid–fluid 
interfaces. The mobility of the lubricant within the textures allows the fluid–fluid interfaces to support a finite interfacial 
slip velocity. In the proper configuration, the collection of slipping interfaces can result in a significant reduction in skin fric-
tion drag. However, sustaining this drag reduction is predicated on maintaining the integrity of the lubricating layer. While 
liquid-infused surfaces are robust to the most common sources of superhydrophobic surface failure, they exhibit a distinct 
susceptibility to shear/slip-driven drainage. Here, the robustness and behavior of lubricant-infused streamwise microgrooves 
are studied, in a turbulent channel flow facility. In the presence of external turbulent shear flow, a finite length of lubricant is 
found to be retained within the microtextures by a mechanism analogous to capillary rise, consistent with the observations 
of Wexler et al. (Phys Rev Lett 114(16):168301, 2015b), while the remainder of the lubricant is driven out of the surface. 
This retention mechanism is exploited to maintain a lubricating layer over a larger surface area by using a novel chemical 
patterning technique. Chemical barriers are scribed along the streamwise length of the grooves. These periodic barriers 
disrupt the continuity of the streamwise groove and inhibit the downstream drainage of the lubricant. The effectiveness of 
this approach is evaluated in a turbulent channel flow with promising results.

1 Introduction

Superhydrophobic surfaces [SHS] are one of the most prom-
ising, passive methods for achieving turbulent drag reduc-
tion in aquatic and marine environments. These surfaces are 

composed of hydrophobic roughness elements which trap 
pockets of air when submerged underwater; the mobility 
of air within these pockets can sustain a finite slip velocity 
at the local air–water interfaces, effectively lubricating the 
external flow. In the appropriate configuration, the collection 
of local slipping effects can significantly reduce skin friction 
drag in laminar (Ou et al. 2004; Ou and Rothstein 2005) 
and especially turbulent flows (Daniello et al. 2009; Park 
et al. 2014). Though there have been numerous advance-
ments in the robustness (Srinivasan et al. 2015) and scal-
ability (Golovin et al. 2016) of SHS design and fabrication, 
the reliability of these surfaces is currently insufficient for 
many practical and industrial applications. This shortcoming 
is especially true of naval applications where the compress-
ibility and solubility of the gas phase make SHS susceptible 
to many failure modes including hydrostatic pressure and 
pressure-driven instabilities. Since the slip effect is predi-
cated on maintaining an air-layer, these air-depleting failure 
mechanisms can disrupt the drag reduction and even result 
in a drag increase.
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Liquid-infused surfaces [LIS] present an attractive alter-
native to SHS for drag reduction applications. Inspired by 
the Nepenthes pitcher plant, LIS consist of functionalized 
surface textures wetted with an immiscible liquid lubri-
cant to produce a collection of fluid–solid and fluid–fluid 
interfaces (Wong et al. 2011). The fluid–solid heteroge-
neity enables LIS to exhibit numerous desirable qualities 
such as self-cleaning, omniphobicity (Wong et al. 2011), 
and ice-phobicity (Kim et al. 2012), while the incompress-
ibility of the infused lubricant grants LIS a high degree of 
pressure stability (Wong et al. 2011). More recently, it has 
been demonstrated that grooved configurations of LIS could 
reduce turbulent skin friction through a slipping effect at the 
fluid–fluid interface in both laminar (Solomon et al. 2014) 
and turbulent (Rosenberg et al. 2016; Van Buren and Smits 
2017) flows. Though the properties of the lubricating fluids 
in LIS and SHS are very different, the mechanism by which 
these surfaces facilitate drag reduction is fundamentally the 
same (Fu et al. 2017).

By utilizing a liquid lubricant, LIS can exhibit robustness 
to the most common forms of failure associated with SHS. 
However, this choice also introduces a unique set of failure 
modes, in particular, a susceptibility to lubricant drainage 
by external shear flow (Wexler et al. 2015b). Much like 
SHS failure, as lubricant is depleted from the surface, the 
underlying roughness is exposed, and the drag reduction is 
mitigated. While streamwise groove configurations of LIS 
(Fu et al. 2017; Van Buren and Smits 2017) are some of the 
most successful at reducing drag, they are also highly sus-
ceptible to shear-driven failure. Many of the studies report-
ing LIS drag reduction have circumvented this failure mode 
through the use of periodic flow domains. There, the lubri-
cant can be allowed to drain downstream indefinitely since 
the streamwise periodicity globally retains it. Most practical 
flow scenarios, however, are aperiodic, and achieving LIS 
drag reduction requires either a replenishment or retention 
mechanism to sustain the lubricant layer and drag reduc-
tion. From the authors perspective, continual replacement 
of the lubricant could be practical for SHS, but is an expen-
sive choice for LIS. Preferably, a more elegant solution is 
to design LIS that can locally and passively retain lubricant 
within the microtextures, even in turbulent flow.

Here, we present a method to fabricate and pattern 
streamwise groove configurations of LIS that can locally 
retain lubricant in turbulent flows. Laminar studies (Wex-
ler et al. 2015b; Liu et al. 2016) on LIS robustness have 
documented the susceptibility of grooved LIS to drainage by 
external shear flows. However, it was also found that a finite 
length of lubricant can be retained indefinitely upstream of 
a drainage barrier. This retention mechanism is evaluated in 
turbulent flow conditions and applied to stabilize individual 
cells of lubricant locally. Similar to Wexler et al. (2015a), 
we extend this retention mechanism to cover a larger surface 
through the use of periodically spaced chemical barriers, 
disrupting the streamwise drainage of lubricant. A laser 
ablation technique is used to remove the chemical function-
alization and expose the hydrophilic substrate locally. The 
efficacy of this technique is evaluated in turbulent channel 
flow with promising results.

1.1  Retention mechanism

There are very few, if any, studies detailing the robustness 
of LIS in turbulent flows. Recent studies have almost exclu-
sively focused on the failure of LIS under laminar shear 
flows (Wexler et al. 2015b; Liu et al. 2016). To inform the 
design of robust LIS, the retention phenomenon outlined by 
Wexler et al. (2015b) is considered. Wexler et al. (2015b) 
studied how lubricant could be drained from streamwise 
microgrooves that were exposed to laminar shear flow. After 
an initial period of draining, it was found that a finite length 
of lubricant remains in the groove indefinitely, sustained by 
a mechanism analogous to capillary rise. While the external 
shear drives the lubricant downstream, a flux of lubricant is 
driven upstream by a Laplace-pressure gradient associated 
with the interfacial deflection; see illustration in Fig. 1.

For lubricants much more viscous than the external 
fluid, the equilibrium retention length is reached when 
the drainage flux driven by the shear stress τs is balanced 
by the return flux driven by a Laplace-pressure gradient. 
The recirculating cavity flow and its effect on the slip 
drag reduction mechanism were investigated and mod-
eled by Schönecker et al. (2014) for a laminar shear flow. 
Furthermore, Fu et al. (2017) found that under certain 

Fig. 1  Illustration of retained lubricant trapped in a streamwise microgroove by the capillary rise mechanism described by Wexler et al. (2015b). 
Deflection of the interface generates a Laplace-pressure gradient, providing an upstream return mechanism of lubricant
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conditions (i.e., the Reynolds number of the cavity flow 
is small), the slip effect of LIS in turbulent shear flow 
can be described and predicted using these low Reynolds 
number models.

These results were later adapted by Wexler et  al. 
(2015a) to design a surface with barriers placed along 
the streamwise direction to locally retain lubricant and 
inhibit downstream drainage, allowing a wider surface 
area to remain covered by the lubricant. For a given 
laminar shear flow, Wexler et al. (2015a) determined an 
upper bound on the distance between the retention bar-
riers, L∞ to ensure complete lubricant coverage. In other 
words, for a given laminar shear flow, one can prescribe 
the streamwise spacing of retention barriers such that the 
microgrooves remain fully wetted. It was found that L∞ 
is given by

where w and h are the width and height of the microgroove, 
cp and cs are dimensionless geometric parameters only 
depending on the aspect ratio of the groove’s cross section 
and rmin is the radius of the curvature of the interface at 
the upstream end of the lubricant, which depends on the 
geometry and the wettability of the substrate by the two liq-
uids, and γ is the interfacial tension between the external and 
lubricating fluid.

To establish robustness criteria for turbulent flows, 
we first seek to determine if this capillary rise retention 
mechanism can stabilize a lubricant cell under turbulent 
flow conditions and evaluate the applicability of the 
laminar retention criteria. If an analogous criterion can 
be determined, an upper bound on the barrier spacing 
necessary to retain lubricant within the cavities can be 
established for a given flow and cavity geometry.
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2  Experimental setup

To evaluate the robustness of different LIS surface configu-
rations, retention experiments were conducted in a 1-m-long, 
table-top turbulent water channel (shown in Fig. 2) with a 
half-height, H = 1.9 mm, and width W = 102 mm.

A downstream portion of the channel can be tiled with 
interchangeable glass slides that lay flush and are held in by 
a vacuum chuck. The transition between the channel wall 
and surface slides was smooth to the touch. Furthermore, the 
slides and channel wall were sanded and polished to elimi-
nate gaps and heterogeneities. The height of the channel 
was verified at different locations using a depth microscope 
(Titan Tool Supply Inc.). Samples were placed approxi-
mately 80 mm (> 160 channel half-heights) downstream of 
the channel entrance, and the pressure drop over the fully 
developed section of the channel was monitored with a Vali-
dyne DP103 differential pressure transducer (0.25% accu-
racy on 20 kPa full-scale range). The pressure drop over 
the test section was monitored by four evenly spaced static 
pressure ports separated by 127 mm. The bulk flow rate was 
monitored with an inline flow meter (GPI TM150, ± 3% 
reading accuracy) and the fluid temperature was monitored 
with K-type thermocouple. Based on the propagated experi-
mental uncertainty from the instrument accuracy, the aver-
age wall shear stress has an uncertainty no larger than 4% 
at the lowest Reynolds number, and the friction factor has 
an uncertainty of approximately 5%. The resulting friction 
factors computed from the pressure drop over the smooth 
glass slides (i.e., no LIS surface textures) for the Reynolds 
numbers considered in this study showed good agreement 
within experimental uncertainty with the empirical, turbu-
lent friction factor correlation from Dean (1978).

Different surface textures were either molded or 
machined onto the interchangeable slides and placed in 
the channel test section. The retention was monitored by 
mixing the infused lubricant with a fluorescent tracer and 

Fig. 2  Illustration of the turbulent channel flow facility and remova-
ble surface slides. Fifty streamwise microgrooves were molded out of 
optical epoxy onto glass slides. The total length of the microgrooves 

and upstream reservoir is 36  mm, and the spanwise width of the 
groove array was under 1  mm. Approximate pressure tap locations 
are illustrated with cylinders
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photographing the retained lubricant. The imaging tech-
nique utilized here is similar to the method described in 
Wexler et al. (2015b). The channel was operated in a dark 
room and illuminated with a strip of LEDs with a peak 
emission wavelength of 395 nm. The infused lubricants 
were mixed with Tracer Products TP-4300 UV Fluores-
cent Dye in a volume ratio of 1000:2. A Nikon AF Micro-
Nikkor 200 mm lens and Tiffen Yellow 8 filter (Wratten 
8 transmission) were fitted onto a Nikon D7100 DSLR 
camera programmed to take images every 10 s where the 
captured frames saved in JPEG format (6000 × 4000 pix-
els) with a resolution of approximately 290 pixels per mm. 
The filter permits the camera to capture the dye fluores-
cence in the visual spectrum while blocking the ultraviolet 
excitation light. The imaging setup can resolve the width 
of individual grooves, and the fluorescent tracer enables 
accurate measurement of the length of oil retained in the 
groove. Image acquisition settings (e.g., white point set-
ting, focal distance, aperture, and shutter speed) were man-
ually adjusted before each trial to account for any changes 
in ambient lighting conditions. Additional images were 
also obtained with a wider field of view to provide a bet-
ter illustration of the drainage behavior prior to reaching 
steady state. Imaging was conducted for a duration suf-
ficiently long to ensure steady-state retention, typically 
between 1 and 2 h, which exceeds the nominal time to 
reach the steady-state length, typically 10–30 min. Both of 
these durations significantly exceeded the critical drainage 
timescale derived by Wexler et al. (2015b).

Two different configurations of streamwise grooves 
were considered. First, we considered how lubricant is 
drained from a set of narrow, streamwise grooves that are 
sufficiently small, so they exhibit negligible roughness or 
riblet effects. We then considered larger configurations of 
grooves machined where the retention will be more sus-
ceptible to drainage from turbulent fluctuations and rough-
ness effects.

3  Retention in narrow grooves

3.1  Microgroove fabrication

Several surfaces were created following the methodology 
and lubricant choices of Wexler et  al. (2015b). Micro-
grooved surfaces were molded from optical epoxy and 
cured onto glass slides that can be placed flush into a tur-
bulent channel flow facility. Fifty streamwise microgrooves 
were patterned onto a glass slide, with each groove being 
35 mm long, with a spanwise periodicity, p = 20 µm, depth, 
h = 10 µm, and width w = 9 µm. The groove sizes for each 
sample were measured with an Olympus LEXT OLS4000 
confocal microscope, an example of which can be seen in 
Fig. 3.

Immediately upstream of the grooves was 1 mm by 1 mm 
by 10 µm lubricant reservoir, while the downstream end of 
the groove terminated in a vertical wall to prevent continual 
lubricant drainage. A positive mold of the groove geometry 
was fabricated onto a silicon wafer using photolithography 
and deep reactive ion etching (DRIE, Bosch process). A 
layer of trichloromethylsilane (TCMS) was vapor-deposited 
onto the wafer to reduce adhesion, and polydimethylsiloxane 
(PDMS, Sylgard 184 mixing ratio of 10:1 elastomer base 
to curing agent) was then molded onto the wafer to create a 
negative of the structure. A positive of the grooves was then 
molded from Norland Optical Adhesive (NOA 81) and cured 
onto glass slides using the microfluidic ‘sticker’ technique 
Bartolo et al. (2008).

Two different f low conditions were tested, the 
f irst of which corresponds to Reτ ≡  Hδν

−1 = 190 
(ReH ≡ UbHν−1 ≈ 3000) and τw = 10.5 Pa and the second of 
which corresponds to Reτ = 330 (ReH ≈ 6000) and τw = 30 Pa, 
where δν is the viscous length scale of the flow given by 
δν ≡ ν(ρτw

−1)1/2, Ub is the bulk flow velocity, ν is the kinematic 
viscosity of the working fluid (deionized water), and τw is 
the average wall shear stress measured by the pressure drop. 

Fig. 3  Representative height 
map of the epoxy microgroove 
surface acquired using confocal 
microscopy. Dimensions of 
each axis are given in microns. 
Each microgroove is nominally 
10 µm deep and 9 µm wide, 
with a spanwise periodicity of 
20 µm
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For these retention experiments, the infused lubricant was 
1,1,5,5-tetraphenyl 1,3,3,5-tetramethyltrisiloxane (Gelest 
PDM-7040, µoil = 42.7 mPa·s) giving a viscosity ratio of 
N = µwater/µoil ≈ 1/43. The interfacial tension between the 
lubricant and water is γ = 29 × 10−3 N/m, and the receding 
contact angle for the system is assumed to be approximately 
56° as measured by Wexler et al. (2015a) for the epoxy, oil, 
and water configuration. The surface reservoir was filled 
with oil and allowed to wet the length of the microchan-
nel completely. Once filled with oil, the microgrooves were 
gradually covered with water to ensure no air was trapped in 
the oil and grooves. The surfaces were then exposed to the 
turbulent channel flow and allowed to drain until the retained 
lubricant level reached a steady state. Retention lengths for 
this particular configuration were not observed to be appre-
ciably affected by the rate at which the flow was ramped to 
the steady-state wall shear stress. This insensitivity is pri-
marily attributed to the large viscosity of the lubricating 
fluid, whereby the time scales associated with draining of 
the lubricant exceed the ramp time.

Here, we hypothesize that the microscopic groove size 
and viscous lubricant maximize the chances that the lami-
nar results can be replicated in the presence of turbulent 
flow. Despite ReH being three orders of magnitude larger 
in the external flow than the laminar study, the flow within 
the microgrooves is locally at a very low Reynolds number 
(Recav = O(10−3)) and should be well modeled by Stokes 
flow approximations. Equally important is that the relevant 
dimensionless numbers regarding surface tension are also 
small, specifically the Bond and Weber numbers. In each 
experiment, the maximum shear Weber number, defined as 
Weτ = τswγ−1, is O(10−2). Furthermore, we expect there to be 

minimal roughness or riblet effects from the grooves because 
the groove width, w, is on the order of viscous length scale 
of the flow with wδν

−1 = 1 − 3 for the experiments conducted 
here.

3.2  Retention results

Similar to the laminar drainage, a finite length of retained 
lubricant was observed in each experiment using the epoxy 
microgrooves. Images from a typical drainage event at 
τw = 30 Pa are shown in Fig. 4. The steady-state retention 
length was estimated using a representative image taken 
approximately 30 min after exposure to flow. This amount 
of time also exceeds several hundred critical drainage time 
scales as established by the laminar literature (Wexler et al. 
2015a). For the particular combination of lubricant and sur-
face composition used in the narrow groove experiments, 
a sharp gradient in pixel intensity is observed and easily 
identified at the upstream edge of the lubricant front similar 
to the observations made by Wexler et al. (2015b) in the 
laminar case. The streamwise distance of this edge from 
the downstream end in each respective groove is used as the 
steady-state retention length. The lengths of the lubricant 
within individually identifiable microgrooves were meas-
ured and averaged together to generate an estimate the mean 
steady-state retention length as shown in Fig. 5. Error bars 
denote the standard deviation of the steady-state retention 
lengths of the different microgrooves obtained during a sin-
gle trial.

In contrast to the laminar drainage event, where the front 
of lubricant recedes until it reaches the equilibrium length, 
the turbulent drainage occurs throughout the streamwise 

Fig. 4  Images of lubricant 
retention in microgrooves. Tur-
bulent channel flow (from left 
to right) with wall shear stress 
τw = 30 Pa drains fluorescent 
silicon oil lubricant (green) 
from microgrooves. Final 
retention length, L, of wetted 
lubricant seen in the final image 
is stable for at least 1 h
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length of the microgroove. The specifics of this transient 
behavior are difficult to identify specifically due to their 
dependence on the channel start-up condition; however, 
in every experiment, the microgrooves were successful in 
retaining a finite length of lubricant. Steady-state retention 
images were analyzed to determine the amount of lubricant 
retained in each individual microgroove (Fig. 6).

The final retention lengths were measured after several 
drainage experiments. In each experiment, the green bars 
represent the retained length of lubricant in millimeters and 
the dashed line represents the prediction from Wexler et al. 
(2015a) for retention length of lubricant where the down-
stream end is pinned by a barrier given by Eq. (1).

3.3  Groove overflow

Deviations from the theoretical predictions are best 
explained by the use of vertical walls or “dead ends” at the 
downstream end of the groove. The effect of a “dead end” 
downstream barrier on the drainage dynamics and retention 
length was investigated by Jacobi et al. (2015), where they 

noted that the effect of the droplet formation on the reten-
tion was readily apparent but hard to quantify. Additionally, 
the slip velocity present at the oil–water interface causes 
the accumulation of surfactant molecules towards the down-
stream end of the groove. The net result is a streamwise 
gradient in the interfacial surfactant concentration and corre-
sponding Marangoni stress near the “dead end” termination. 
It is difficult to measure or predict the size of this Marangoni 
stress without knowing the exact surfactant concentration or 
interface shape. From a retention perspective, the Maran-
goni stress is able to counter the draining shear stress from 
the external flow and increase the retained stretch of lubri-
cant. However, the interfacial nature of Marangoni reten-
tion means that this additional length of lubricant does not 
exhibit a net streamwise slip velocity and will not contribute 
significantly to any drag reduction.

Furthermore, we also observe the overflow cascade 
described by Jacobi et al. (2015) where the accumulation 
of excess oil at groove ends generates a pearling instabil-
ity, and the oil droplets overflow the tops of the grooves. 
Droplets, which can be significantly larger than the width 
of the grooves, coalesce and drain oil from the attached 
grooves. Drainage through this mechanism locally varies 
the downstream boundary condition and accounts for the 
variations in retention lengths on individual grooves in a 
given experiment.

4  Retention in wide grooves

While the narrow groove configurations are capable of 
retaining lubricants in turbulent flow, significant drag reduc-
tion can only be achieved if the groove features exceed the 
viscous length scale of the turbulence, δν (Fu et al. 2017). 
Van Buren and Smits (2017) evaluated the performance of 
streamwise grooves filled with alkane lubricants in a Tay-
lor–Couette facility and found a maximum drag reduction 
when the groove width, w, was approximately 35 times larger 
than the viscous length scale, w+ ≡ wδν

−1 ≈ 35. The diminish-
ing performance for larger values of w+ was attributed to the 

.
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Fig. 5  Experimental retention lengths in narrow grooves for 
τw = 10.5 Pa and τw = 30 Pa. The error bars denote the standard devia-
tion among the measured retention lengths in the 50 individual micro-
grooves. Dashed lines denote the prediction from Eq. (1)

Fig. 6  Droplet coalescence 
and removal at the downstream 
end of the groove. The whole 
sequence of images spans 30 s. 
Images start approximately 
t0 = 8 min into the test with 
wall shear stress, Reτ = 190 Pa. 
Streamwise flow moves from 
the top of the image to the 
bottom
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observed loss of lubricant. However, as noted before, the 
periodic nature of the Taylor–Couette facility meant that 
the lubricant was allowed to recirculate in the streamwise 
direction, meaning the lubricant loss was due to the inability 
of surface tension to stabilize the interface in the presence 
of turbulent fluctuations. In LIS, shear or slip-driven drain-
age will be a much more significant factor in limiting the 
performance of aperiodic grooved LIS. According to the 
laminar theory predictions, the physical dimensions of the 
groove do not directly affect the retention length, but rather 
the aspect ratio of the cavity. Therefore, if the aspect ratio 
of the cavity is kept constant for each case, any deviations 
from the laminar prediction are a direct result of turbulence 
driven drainage. To evaluate this hypothesis, we conduct a 
series of similar retention studies on wider arrays of grooves 
to evaluate their ability to retain lubricant successfully.

Here, we consider grooves with width and depths from 
200 to 400 µm. Because the physical size of the grooves 
approaches a non-negligible fraction of channel height, pat-
terning the grooves onto glass slides via the microfluidic 
sticker technique would create a significant obstruction in 
the flow. To evaluate the wide groove surfaces, we instead 
rely on aluminum slides in place of the glass slides used in 
the previous section. While this configuration is suitable for 
evaluating the failure of these grooved surfaces, the local 
change in the effective channel height, the small footprint of 
the sample, and coarse spacing of the pressure taps make it 
difficult to deduce the local shear stress or any drag reduc-
tion measurements.

Aluminum slides were first machined to be flush with the 
adjacent surfaces. The wide groove arrays were then micro-
machined into an aluminum surface, so the crest planes of 
the grooves were flush with the channel wall. A slitting 
saw was used to machine long grooves in the streamwise 
direction. This method of fabrication is efficient at creat-
ing extremely long grooves with a small cross section over 
large areas.

A novel laser patterning system was developed to create 
lines in the cross-stream direction with different chemical 
properties that act as barriers to the lubricant liquid. The 
idea of chemical patterning to retain lubricant was suggested 

by Wexler et al. (2015a) to sustain oil layers under a body 
force or shear.

While the idea presented is intriguing, the methods imple-
mented by Wexler et al. (2015a) to create the chemical pat-
terns do not lend themselves to the samples considered here.

Instead, we developed a chemical patterning technique 
that utilizes the natural hydrophilicity of the aluminum sub-
strate to prevent drainage. By using a laser to ablate the 
functional layer, chemical barriers can be precisely scribed 
onto the surfaces, pinning lubricant cells in place. This tech-
nique can be coupled with the slitting saw manufacturing to 
create precision width grooves with tailored retention bar-
riers. The combination of physical and chemical retention 
techniques allows the surfaces to support, locally retained, 
lubricant cells in a predominantly streamwise configuration; 
see Fig. 7. The fabrication technique for the wide groove 
samples with chemical barriers is as follows:

4.1  Fabrication

1. Groove fabrication Aluminum plates were machined 
with a slitting saw to fabricate a groove along their entire 
streamwise length. This step provides the scale for the 
largest roughness features of the surface.

2. Nano-texturing To generate a hierarchical roughness, 
nanotexture was grown on the surface of the aluminum 
sample following the procedure of Kim et al. (2013). 
The surfaces were cleaned with acetone and exposed to 
an oxygen plasma (Harrick Plasma) for 20 min to render 
the surfaces strongly hydrophilic. The samples were then 
suspended in boiling deionized water for 30 min to grow 
a layer of boehmite on the exposed surface, providing a 
nanoscale roughness.

3. Functionalization The surface chemistry was modified 
by soaking the samples in a solution 1% (by weight) of 
n-octadecyltrichlorosilane (OTS) in octane overnight 
(8–12 h) similar to Van Buren and Smits (2017). This 
solution coats the roughness in a hydrophobic monolayer 
rendering the surface superhydrophobic. One could 
alternatively apply a perfluorinated monolayer follow-
ing Wong et al. (2011).

Fig. 7  Illustration of the 
grooved surface with chemical 
barriers
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4. Chemical patterning Chemical barriers were created by 
selectively removing functionalization and revealing the 
naturally hydrophilic aluminum beneath. Here, a novel 
laser machining process is used to ablate the functional 
layer from the surface and exfoliate the underlying alu-
minum. A Nd:YAG laser (EKSPLA, 355 nm, 30 ps) is 
guided through a 5X objective (N.A. 0.13) and focused 
on grooves. The repetition rate of the laser is 1 kHz, 
and the stage is moving in the direction perpendicular 
to the grooves at 1 mm/s. This results in a pulse sepa-
ration of 1 µm. The laser energy used in this paper is 
10 µJ per pulse, and the result is a strongly hydrophilic 
patch isolated in a hydrophobic surface. Importantly, this 
energy is large enough to ablate the chemical function-
alization without modifying the macroscale structure of 
the aluminum. In the samples presented here, spanwise, 
hydrophilic stripes are patterned across the streamwise 
grooves.

5. Lubricant infusion To ensure indefinite retention of 
lubricant, it is helpful to “prime” the barriers by first 
exposing the entire surface to water. The preemptive 
wetting will cause the hydrophilic barriers to pin water 
droplets to the surface. In the absence of priming, the 
lubricant will flow freely along the groove until the 
water is able to penetrate the groove and form a stable 
barrier. Priming is simple, as water will be repelled by 
the hydrophobic sections of the surface and pin easily 
to the barriers. Once the barriers have been established, 
the surface will readily wet with the chosen lubricant. 
Given the choice of a silane surface functionalization, 
alkane lubricants will readily wet the surface roughness 
when applied.

In the case of the physical barriers, the lubricant would 
ideally be wetted to the crest plane of the features, mini-
mizing the form drag and roughness effects of the surface. 
However, in the case of the chemically patterned surface, 
the lubricant cells will be pinned in place between patches 
of hydrophilic surfaces as illustrated in Fig. 7. This will 
leave patches with finite depth below the crest plane of 
the features and will likely introduce a roughness effect 
negating some of the drag reduction. The degree of this 
roughness effect will depend on the characteristics of the 
flow, lubricant, barrier width, and surface morphology.

Optimization of the barrier width for drag reduction was 
not extensively investigated. Here, the streamwise width 
of the barrier was made to be the width of the groove to 
ensure minimal interaction between neighboring pockets 
of lubricant. This barrier size was found to provide ade-
quate separation between streamwise neighbors to disrupt 
the drainage while still being several times smaller than 
the length of the retained length of lubricant.

4.2  Experimental parameters

A slitting saw was used to create long rectangular grooves 
along the entirety of one of the aluminum samples plates, 
and a series of spanwise chemical barriers were later etched 
across the grooves. The three samples considered in this 
study each consisted of 10 streamwise grooves with rectan-
gular cross sections of varying sizes; the groove geometries 
were measured via confocal microscopy and are summarized 
in Table 1 (Fig. 8).

To inform the design of the surface patterning, we first 
evaluate (1) if the chemical barriers were effective at inhib-
iting streamwise drainage and (2) if these wider grooves 
geometries could successfully retain a finite length of lubri-
cant. After the different groove geometries were machined 
and functionalized, a single 1-mm-wide chemical barrier 
was scribed at the downstream end of the grooves. The 
ablation technique used to create the chemical barriers was 
found to smooth surface roughness below the scale of the 
laser beam diameter while leaving the macroscale features 
unaffected. A confocal image of the treated and untreated 
area can be seen in Fig. 9 and shows the smoothing effect of 
the laser treatment. However, the groove profiles shown in 
Fig. 10, reveal the macroscopic geometry was unaffected.

The behavior of the surfaces infused with hexadecane was 
considered (µwater/µlubricant = 1/3.7, γ = 53 × 10−3 N/m) under 
channel conditions corresponding to Reτ = 190. Because the 
grooves in these experiments are significantly wider than 
those in the narrow groove cases, it is expected that locally 
the wall shear stress will deviate noticeably from the average 
value measured by the average pressure drop. Consequently, 
the surface area of the samples was restricted to arrays of 10 
spanwise grooves to minimize the affected area still provide 
a suitable number of grooves to generate spanwise interac-
tions. Due to the large streamwise distance between pressure 
taps and comparatively small surface area of the sample, the 
influence of the samples was found to affect the wall shear 
stress measurements no more than a few percents, within the 
experimental resolution.

4.3  Results

Images of the lubricant retention using a single chemical 
barrier can be seen in Fig. 11, and the results are summa-
rized in Table 2.

Table 1  Groove geometries

Sample Depth, h (µm) Width, w (µm) Pitch, p (µm)

1 190 220 ± 40 500
2 320 345 ± 45 680
3 400 490 ± 25 800
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Fig. 8  Illustration of the 
aluminum surface fabrication 
process

Fig. 9  Height map of the surface finish over and adjacent to the 
chemical barrier in the trough of a groove. The top left area of the 
map shows the surface finish of the chemical barrier. The laser abla-
tion smoothed over the larger surface roughness and elevated the sur-
face height by approximately 10 µm. The lower right shows the area 
adjacent to the barrier. The overlying roughness in this area is an arti-
fact of the machining and functionalization process

Fig. 10  Spanwise profiles of 350  µm wide grooved surfaces with 
chemical barriers. Blue line typical profile of treated, grooved sur-
face after laser ablation treatment. The laser effectively smoothed the 
surface roughness and increased the height of the surface by approxi-
mately 10  µm in the trough. Red line typical profile of the treated, 
grooved surface that did not undergo the laser ablation

Fig. 11  Retention of hexadecane in grooves between 200 and 400 µm 
wide using a single chemical barrier with τw = 10.5 Pa. The location 
of the chemical barrier is outlined in red, and the dashed white line 
indicates the prediction from Eq.  (1), assuming a receding contact 
angle ≈ 60°. Images were taken after the retention lengths had stabi-
lized, approximately 10 min after the start of the flow
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Though the physical dimensions are different, the groove 
cross sections of each sample are geometrically similar so 
that the retention lengths predicted by the laminar model are 
the same (approx. 1 cm). However, Fig. 11 illustrates that 
not only does the laminar model significantly over-predict 
the retention length in these wider grooves in turbulent flow, 
but the discrepancy also increases with larger groove width.

While the deviation between the prediction and the meas-
ured retention lengths is clear, it is difficult to prescribe a 
model for this discrepancy. The large size of the grooves 
means that upstream roughness effects will play a signifi-
cant role in local drainage. In the samples tested here, there 
is a significant length of exposed grooves upstream of the 
retained oil. Unlike the narrow groove results, which appear 
insensitive to the external turbulence, the retained length of 
oil in the wider grooves exhibits a dependence on the rough-
ness effects related to the physical size of the groove com-
pared to δν. Furthermore, it is possible that the discrepancies 
could also stem from the presence of induced secondary 
motions from the larger patterns of slip and no-slip (Stroh 
et al. 2016; Türk et al. 2014). A more detailed investigation 
is necessary to accurately model the retention of lubricant 
in these conditions as the local turbulence and shear will be 
strongly influenced by the upstream surface configuration. 
Comparable laminar measurements could not be acquired in 
the current channel configuration.

Though modeling the drainage behavior of these surfaces 
poses a difficult problem, these experiments demonstrate that 
it is possible to retain a length of oil within these wide geom-
etries using only a patterned chemical barrier. This result 
is sufficient to proceed with additional patterning to trap a 
finite surface area of lubricant within the grooved surface. 
To demonstrate that several lengths of oil could be retained, 
additional chemical barriers were scribed across the two 
narrower arrays of grooves (Samples 1 and 2) towards the 
upstream edge of the plate and exposed to the same flow 
conditions (τw = 10.5 Pa and Reτ = 190) but with a dodecane 
lubricant (µwater/µoil = 0.7, γ = 53 × 10−3 N/m). Though the 
dodecane used here is less viscous than the hexadecane used 
above, this difference is expected to only minorly affect the 
retention length (Liu et al. 2016) and is more representa-
tive of other drag reducing lubricants. The spacing between 
the chemical barriers was chosen as half of the measured 

retention length in the single barrier experiments to ensure 
that lubricant level remained near the height of the crest 
planes of the roughness and to minimize the deflection of 
the lubricant interface. Similarly, the streamwise length of 
the chemical barriers was chosen to be the same size as the 
groove width, to minimize the exposure of the solid surface 
but ensure minimal separation of the lubricant cells. A more 
detailed exploration in optimizing these parameters was not 
conducted in this study but merits future exploration.

The retention results for Samples 1 and 2 with multi-
ple barriers can be seen in Figs. 12 and 13, respectively. 
Each figure shows the number of grooves that remain wet-
ted before and after 1 h of exposure to turbulent flow. While 
some of the lubricant was initially drained from the grooves, 
both surfaces were successful in stabilizing lengths of lubri-
cant between the chemical barriers. For the most part, the 
grooves that appear wetted before the onset of the flow 
remain wetted during the test, albeit with a slightly dimin-
ished amount of lubricant. The noticeable exceptions are the 
grooves that are located on the edge of the sample which are 
emptied as a result of the flow.

In contrast to the single barrier, where the lubricant over-
flowed the downstream end of the groove, the presence of 
the chemical barriers inhibited the downstream drainage. 
In this configuration, excess lubricant was drained up to the 

Table 2  Comparison between experimentally measured retention 
length in turbulent flow and the laminar prediction

Sample Model, Eq. [1] 
(mm)

Experimental length 
(mm)

w+

1 9.1 4.7 ± 0.2 22
2 9.9 2.9 ± 0.15 35
3 8.5 1.4 ± 0.13 50

Fig. 12  Images of lubricant retained within Sample 1 using chemical 
barriers spaced along the streamwise length of the groove. a Shows 
the initial level of lubricant within the grooves. The chemical barri-
ers can be seen as dark horizontal stripes that divide the streamwise 
length of lubricant. b Shows the retained lubricant after 1  h. The 
locations of the chemical barriers are outlined in red. The width of 
the groove is nominally 200  µm, and the retained length is approx. 
2.5 mm
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chemical barriers and forced out in the spanwise direction, 
spilling out and around the sample rather than the overflow 
cascade seen in the previous experiments. It will be necessary 
to understand how the overflow cascade from the upstream 
grooves influences the downstream retention for larger sur-
faces configurations.

While the shape of the retained lubricant appears quali-
tatively similar to the illustration of Fig. 7, a more detailed 
microscopy technique is needed to validate the interfacial cur-
vature and contact angles of the lubricant within the texture.

Though the use of chemical barriers can mitigate stream-
wise drainage of the lubricant, it comes with the cost of 
introducing streamwise heterogeneities into the flow bound-
ary condition. From studies of superhydrophobic surfaces 
(Seo et al. 2015, 2018), it has been shown that the periodic 
acceleration and deceleration of the flow associated with 
these streamwise heterogeneities can lead to significantly 
increased pressure fluctuations leading to depinning of the 
interface and a diminished drag reduction effect. Further 
exploration of this particular failure mechanism for liquid-
infused surfaces is warranted, particularly with respect to 
the role of lubricant viscosity.

5  Conclusions

A series of retention experiments were conducted to evaluate 
the robustness of grooved LIS in a turbulent channel flow. In 
the regime where the groove widths were small (w+ = O(1)), 

the length of lubricant retained within the grooves demon-
strated good agreement with the laminar flow model. The 
small size of the grooves indicates that there are negligible 
effects from roughness and that the overlying turbulence had 
a minimal effect on the dynamics of the lubricant retention. 
As the groove sizes increased, the retained level of lubri-
cant becomes significantly smaller than the laminar theory 
prediction. Ostensibly, the roughness effects from the large 
groove sizes increase the local shear stress and turbulence 
level, though further investigation of the local flow condi-
tions is needed to validate this hypothesis.

To retain lubricant over a longer streamwise length, a 
novel chemical patterning method was then proposed and 
validated. By using a laser to ablate the surface function-
alization, hydrophilic barriers could be created within the 
hydrophobic grooves. This method was effective in retain-
ing fluid within the wide groove geometries and serves as a 
convenient alternative to physical barriers for large samples. 
The laminar model considerably overestimated the retention 
length in the wider groove geometries and further work is 
needed to capture the influence upstream surface roughness 
on the retention. Furthermore, additional work is needed to 
parameterize the behavior of the lubricant within these peri-
odic grooves, particularly the optimum barrier size. Though 
the surfaces evaluated here demonstrate that lubricant can 
be retained in surface composed of streamwise grooves, 
this study did not evaluate how well, if at all, these surfaces 
compositions can reduce drag. Design of a drag reducing, 
grooved LIS will require finding optimum groove dimen-
sions that maximize the feature size and liquid area fraction, 
while minimizing the roughness effects associated with the 
chemical barriers.
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