
Post-Print of an Accepted Manuscript on the Laboratory of Turbulent 

Flows Website 

Complete citation: 

Abu Rowin, W., & Ghaemi, S. (2020). Effect of Reynolds number on turbulent channel flow 

over a superhydrophobic surface. Physics of Fluids, 32(7), 075105. doi: 10.1063/5.0012584 

The final publication is available at https://doi.org/10.1063/5.0012584 

This article may be downloaded for personal use only. Any other use requires prior permission of 

the author and AIP Publishing. This article appeared in Abu Rowin, W., & Ghaemi, S. (2020). 

Effect of Reynolds number on turbulent channel flow over a superhydrophobic surface. Physics 

of Fluids, 32(7), 075105. and may be found at https://doi.org/10.1063/5.0012584. 

The Accepted Manuscript begins on the next page. 

 

https://doi.org/10.1063/5.0012584
https://doi.org/10.1063/5.0012584


1 

 

Effect of Reynolds number on turbulent channel flow 

over a superhydrophobic surface 

 

Wagih Abu Rowin. Sina Ghaemi*. 

Department of Mechanical Engineering, University of Alberta, Edmonton, Alberta T6G 2G8, Canada 
*Corresponding author: ghaemi@ualberta.ca 

Abstract 

The slip boundary and the near-wall statistics of a fully-developed turbulent channel flow over a 

superhydrophobic surface (SHS) was investigated in a low Reynolds number (Re) range. The Re was varied 

from 6200 to 9400, based on the bulk velocity and the full-channel height. The root-mean-square of the 

surface roughness, normalized by the inner flow scaling, varied from 0.26 to 0.35 with increasing Re. Time-

resolved, 2D particle tracking velocimetry (PTV) was used to obtain the mean velocity profile in the linear 

viscous sublayer. Further, time-resolved, 3D-PTV, was applied to obtain the Reynolds stresses. The 

estimated wall shear stress showed that the drag reduction of the SHS increased slightly from 37 to 42% 

when Re increased. With increasing Re, the slip velocity increased linearly from 0.25 to 0.34 m/s, and the 

slip length reduced from 97.5 to 69.6 μm. When normalized using inner scaling, slip velocity and length 

remained constant with increasing Re. The mean velocity of the SHS demonstrated a log-law with the 

universal von Kármán constant but shifted upward by an amount equal to the normalized slip velocity. The 

SHS increased the dimensional Reynolds stresses in the near-wall region and attenuated them farther away 

from the wall. With increasing Re, the differences between the dimensional Reynolds stresses of the smooth 

surface and the SHS increased. However, when Reynolds stresses were normalized using friction velocity, 

the Reynolds stresses of the SHS overlapped for all the investigated Re and were larger than the normalized 

Reynolds stresses of the smooth surface.  

1 Introduction 

Reduction of skin-friction drag can significantly reduce the energy consumption and environmental 

footprints of marine vessels and pipelines. It has been well known for several decades that a stable air layer 

over a solid surface can reduce the skin-friction drag in liquid flows (Ceccio 2010). However, only recently 

have superhydrophobic surfaces (SHSs) been investigated as a passive technique to reduce drag by forming 

an air layer at the solid-liquid interface (Rothstein 2010). This type of surface consists of nano/micro-sized 

asperities covered with a water-repellant coating. An SHS can hold an air layer or isolated bubbles on its 

surface, generating what is known as the Cassie-Baxter state (Cassie & Baxter 1944). As a result, a liquid 

flow can slip over the air interface, relaxing the no-slip boundary condition of solid surfaces. 

Previous experiments in turbulent flows have demonstrated a large variation in SHS drag with respect to 

a reference no-slip smooth surface. The observations range from a similar drag (Zhao et al. 2007; Peguero 

& Breuer 2009) to a significantly smaller drag (Daniello et al. 2009; Park et al. 2014) than the no-slip 

surface. The variation in drag has been associated with the superhydrophobicity of the surface, the relative 

size of the surface asperities with respect to the length scale of the turbulent flow, and water solubility. 

Gose et al. (2018) demonstrated that SHS performance is best characterized by contact angle hysteresis at 

a pressure higher than the ambient pressure. 47 investigated SHSs with different surface roughness 

characterized using k+, which is defined as the root-mean-square of surface roughness normalized by the 

inner length scale of the turbulent flow. They observed that SHSs with k+ < 0.5 reduce drag, whereas SHSs 
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with larger k+ increase drag. By varying water pressure in a microchannel, Dilip et al. (2015) controlled air 

solubility and therefore could control the bubble size over a hydrophobic surface. They demonstrated that 

change in air solubility may grow or shrink the bubbles, while the minimum surface drag is obtained when 

the bubbles are flush to the surface. Ling et al. (2017) and Vajdi Hokmabad & Ghaemi (2017) observed 

that supersaturated water increases the lifetime of the air layer, while undersaturated water increases the 

dissolution rate, resulting in a faster decay of the air layer. These parameters can change the morphology 

and thickness of the air interface, which directly affect the liquid slip over the SHS, and consequently, the 

drag reduction (DR) obtained using an SHS. However, if liquid slip is maintained, an SHS has the following 

effects on bulk properties of the turbulent flow.  

It has been observed that liquid slip at the wall increases the mean velocity within the viscous and buffer 

layers (Abu Rowin et al. 2017). When the inner-layer Reynolds stresses of the turbulent flow are compared, 

streamwise and spanwise normal stresses of the SHS are larger than the no-slip surface, as seen by the direct 

numerical simulations (DNS) of Min & Kim (2004) and Rastegari & Akhavan (2015), and the experiments 

of Woolford et al. (2009) and Ling et al. (2016). Since the SHS has a non-permeable boundary condition, 

the wall-normal Reynolds stress over an SHS with low roughness has a similar magnitude as that over the 

no-slip surface (Min & Kim 2004; Rastegari & Akhavan 2015; Abu Rowin et al. 2017; Abu Rowin & 

Ghaemi 2019). In contrast, if an SHS has a large roughness, a higher wall-normal Reynolds stress can form 

as observed by Ling et al. (2016). Ling et al. (2016) and Abu Rowin et al. (2017) also reported a finite 

Reynolds shear stress at the wall, which was not observed by Rastegari & Akhavan (2015) in a DNS of 

turbulent flow over a flat SHS with regular patterns. The discrepancy was associated with the surface 

roughness in the experimental investigations of Ling et al. (2016) and Abu Rowin et al. (2017). In the outer 

layer, all Reynolds stress components are smaller than those over the smooth surface (Rastegari & Akhavan 

2015; Abu Rowin & Ghaemi 2019), which is consistent with the reduction in turbulence over an SHS. 

These numerical and experimental investigations have characterized the distribution of Reynolds stresses 

for an SHS. However, the investigations were all carried out at a single Reynolds number, Re, while the 

effect of Re variation on the turbulent statistics of the flow over an SHS is not known. 

There are a few experimental investigations that studied the effect of Re only on the magnitude of 

superhydrophobic DR. The experiments show two possible trends of DR increase with increasing Re (Jung 

& Bhushan 2009; Srinivasan et al. 2015; Daniello et al. 2009), and reduction of DR with increasing Re 

(Gogte et al. 2005; Reholon & Ghaemi 2018), depending on whether the air plastron has been maintained 

with increasing Re. Jung & Bhushan (2009) measured pressure drop in a channel flow with 

superhydrophobic walls at several Re within the laminar regime and a single turbulent Re of 4200 (defined 

based on bulk velocity and channel height). They observed a DR of 12% in the laminar regime and 30% in 

the turbulent regime. Srinivasan et al. (2015) measured the drag of an SHS in a Taylor-Couette apparatus 

operating in the turbulent regime. They observed 6% DR at a Re of 2×104 that increased to 22% at a Re of 

8×104, where Re was defined based on the gap of the two cylinders and the surface velocity of the inner 

cylinder. For an SHS with a micro-ridge pattern, Daniello et al. (2009) measured negligible DR for Re 

smaller than 2500 in a turbulent channel flow. Beyond this Re, DR rapidly increased to 50% and was 

sustained up to a Re of 9500. In contrast, with the increase of Re in the laminar regime, Gogte et al. (2005) 

observed DR attenuation based on the total drag of a hydrofoil coated with a superhydrophobic layer. 

Aljallis et al. (2013) observed up to 30% DR for a superhydrophobic plate towed in a water channel 

compared to a control plate with no coating. However, at higher Re in the turbulent regime, an increase of 

drag was observed relative to the control plate. In the turbulent regime, Reholon & Ghaemi (2018) measured 

the drag of an axisymmetric model and observed a gradual reduction of DR from 36% to 6% with increasing 

Re. Their visualization of the surface showed a full air plastron at lower Re with DR > 16%, while the 
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plastron evolved into isolated menisci of air at higher Re with DR < 8%. In the above investigations, the 

variation of DR highlighted that the plastron was not fixed, and it varied across the investigated Re range.  

To model an SHS, it is necessary to understand the variation of the slip boundary condition with Re, and 

its effect on the near-wall turbulence. Daniello et al. (2009) and Reholon & Ghaemi (2018) observed that 

increase of Re over SHSs increases the slip velocity, in physical units. The measurements of Reholon & 

Ghaemi (2018) also showed that slip length slightly reduced with increasing Re, as the air plastron 

diminished. The DNS of Martell et al. (2010) simulated the flow over an SHS, with alternating regions of 

slip and no-slip, at three Reτ of 180, 395, and 590. With increasing Re, they observed that the slip velocity 

remained relatively constant with respect to the bulk velocity. They also found that the peaks of normalized 

Reynolds stresses increase and shift toward the wall with increasing of Re. The DNS of Lee et al. (2015) 

investigated Reynolds stresses normalized by friction velocity at three Re of 2800, 6785, and 10975 (based 

on channel half-height). At the lowest Re of 2800, the normalized Reynolds stresses of the inner layer for 

the SHS were larger than those of the no-slip surface. However, at Re of 6785, and 10975, the Reynolds 

stresses of the SHS became smaller than the no-slip surface.  

Although the above numerical investigations provide valuable insight into the effect of Re on the 

turbulence over an SHS, this has yet to be experimentally evaluated to also include the effect of surface 

roughness and the random texture of an SHS. The previous experimental investigations of turbulent flow 

over an SHS by Woolford et al. (2009), Ling et al. (2017), and Abu Rowin & Ghaemi (2019) did not study 

the effect of Re. Thus, the effect of Re on the mean statistics and slip boundary condition over the SHSs, 

which feature rough and random texture, requires further experimental investigation. 

We experimentally investigate the effect of Re on the slip boundary condition and the Reynolds stresses 

over an SHS installed in a turbulent channel flow. The Re is varied from 6200 to 9400, based on full channel 

height, which is equivalent to friction Reynolds numbers ranging from Reτ = 200 to 280, based on friction 

velocity, uτ, and half-channel height. The SHS has a random texture structure and is fabricated using spray 

coating. Time-resolved, two-dimensional particle tracking velocimetry (2D-PTV) with high digital 

resolution is used for accurate measurement of slip velocity and length. In addition, time-resolved, three-

dimensional PTV (3D-PTV) based on the shake-the-box algorithm (Schanz et al. 2016) is performed to 

measure near-wall Reynolds stresses. The mean velocity profile and Reynolds stresses are compared with 

measurements over a no-slip surface. To the authors’ knowledge, this the first investigation that 

systematically demonstrates the effect of Re on turbulent channel flow developed over an SHS. 

2 Experimental Setup  

In this section, the channel flow facility, fabrication and characteristics of the SHS, and measurement 

systems are described. 2D-PTV measurements with high digital resolution were used to track small 5-µm 

polyamide tracers for estimating the slip length and velocity. This system has the advantage of obtaining 

the exact wall location directly from the PTV images. For measurement of Reynolds stresses, we applied a 

3D-PTV based on the STB algorithm (Schanz et al. 2016) due to its smaller measurement noise. To mitigate 

the strong reflection from the rough texture of the SHSs, larger fluorescent tracers (10 µm) were used for 

3D-PTV. These tracers limited the spatial resolution and rendered the 3D-PTV unsuitable for measurement 

in the linear viscous sublayer.  

2.1 Turbulent channel flow 

Experiments were conducted in a fully developed turbulent channel flow with a 40 mm width (W) and 6 

mm high (H). The aspect ratio of W/H = 6.7 is close to the recommended aspect ratio by Dean (1978) and 

Vinuesa et al. (2014) to obtain a two-dimensional flow at the centerline of the channel. To provide full 
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optical access, the upper and lower walls of the channel were constructed from acrylic sheets while the 

sidewalls were made from glass. To break down the large vortices before entering the test section, there 

was a settling chamber, a honeycomb, a fine mesh, and a contraction section upstream of the channel, as 

seen in figure 1. As observed by Dilip et al. (2015), high pressure leads to fast decay of the SHS plastron. 

Thus, the water reservoir of the flow loop was placed below the test section to decrease the test-section 

pressure to below atmospheric pressure. The test section was 1.2 m long and the acrylic model, with 

superhydrophobic coating, was installed 720 mm (120H) downstream of the channel entrance, flush to the 

upper wall. The SHS was 40 mm wide and 240 mm long, and fabricated by spray coating, which will be 

discussed later. An untreated acrylic surface was also used as the no-slip reference. This surface will be 

referred to as the smooth surface. Figure 1 also displays the coordinate system used in this study; x, y, and 

z represent the streamwise, wall-normal, and spanwise directions, respectively. The instantaneous velocity 

components U, V, and W and the velocity fluctuation components u, v, and w are in the x, y, and z directions, 

respectively. The velocity fluctuations are also indicated as ui in which i = 1, 2, and 3 refer to u, v, and w, 

respectively.  

A centrifugal pump circulated tap water in the flow loop while the volumetric flow rate was monitored 

using an electromagnetic flowmeter (FLR6305D, Omega Engineering, Inc., USA). The repeatability of the 

flow meter was estimated as ±0.01 l/s, based on different 2D-PTV experiments. A pressure transducer (P15, 

Validyne) with a 1.4 kPa diaphragm was used to monitor the pressure drop over the test surfaces. The 

uncertainty of this system was 2%, which was evaluated by repeating the pressure drop measurement over 

a smooth surface several times. Another pressure transducer (P15, Validyne) with a 3.5 kPa diaphragm was 

used to measure the test-section pressure relative to the atmosphere. The water temperature was monitored 

using a type-k thermocouple (TTK2425, Omega Engineering, Inc., USA), and was held constant at 

23±0.5 ˚C over the course of the experiments. A program was developed in LabVIEW 2015 (National 

Instruments) to control the pump speed and maintain a fixed flow rate using a proportional-integral-

derivative (PID) controller. The pressure transducer and the flow meter were also sampled using a data 

acquisition module (NI USB-6001, National Instruments). After filling the flow loop with tap water, any 

trapped air was removed by circulating the water for several hours. Once the trapped air was removed, and 

the water temperature stabilized, the SHS was installed. 

Experiments over the smooth and the SHS were performed at the same flow rates. The previous 

investigations of Ling et al. (2016) and Reholon & Ghaemi (2018) observed a rapid decline of DR at high 

Re. The sudden reduction of the DR was associated with the stability of the plastron and higher diffusion 

of the air layer. The experiment of Ling et al. (2016) reported 36% DR at Re = 20×103 while zero DR was 

observed at Re = 36 ×103. Similarly, the DR attenuated from 23% at Re = 5.0×105 to 1% at 1.2×106 in 

Reholon & Ghaemi (2018). The larger reduction of DR, suggested plastron depletion. Therefore, to 

investigate the effect of Re on a similar plastron, we maintained a relatively constant DR by considering a 

smaller Re range: five Re from 6,200 to 9,400 were considered. Re is defined here as Ub H /ν, where Ub is 

the bulk velocity (0.95 to 1.46 m/s) and ν is kinematic viscosity of water. Although the flowmeter was set 

at the same flow rate for the smooth and SHS tests, the 2D-PTV measurement showed a small discrepancy 

in Ub, within the repeatability of the flow meter (± 0.04 m/s in terms of Ub). The value of Ub is estimated 

from 2D-PTV measurement of velocity in the upper half of the channel where SHS was installed. Therefore, 

Re over the smooth surface and the SHS will be noted by a nominal Re, which is shown along with the 

exact values in table 1. The absolute static pressure in the test section, Pa, is also seen in this table, which 

varies from 96.5 to 99.8 kPa with increasing Re.  
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(a) 

 (b) 

 
Figure 1 (a) Schematic of the fully developed turbulent flow facility and the 3D-PTV system. (b) Side view of the 

test section and the cameras. The fourth camera is not visible as it is located behind the middle camera. 

Measurements have been carried out by a ramp-up sequence of Re, followed by ramp-down, over the 

same SHS. Both ramp-up and ramp-down phases resulted in a similar DR. This showed repeatability of the 

experiments, and also confirms that the air layer state is a function of test-section pressure; the air layer 

recovers when test section pressure is reduced by lowering Re. 

The 2D-PTV and 3D-PTV measurements were carried out 180 mm (30H) downstream of transition from 

smooth (no-slip) to SHS and 150H from the channel entrance to ensure fully developed flow at the 

measurement location. A comparison of the time-scale of the smallest eddies and the travel time of the flow 

over the 30H distance shows that the inner layer can adapt to the new boundary condition. Based on the 

bulk velocity, the flow requires an advection time of 0.18 to 0.12 s to travel 180 mm for the lowest and the 

highest Re, respectively. The inner time-scale (λ/uτ) of the flow is 0.2 to 0.1 ms for the lowest and the 
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highest Re. Here, λ is the viscous length, defined as ν/uτ. Therefore, the advection time is three orders of 

magnitude longer than the inner time-scale of the flow. This ensures that the inner-layer adapts to the new 

boundary condition over the SHS. 

The SHS was fabricated using a commercial superhydrophobic spray (Rust-Oleum NeverWet), which 

deposits two coating layers. The first layer is a silicone-based coating of methyl isobutyl ketone and butyl 

acetate (Liu et al. 2016; Gupta et al. 2016). This layer is hydrophilic and enhances surface adhesion before 

spraying the microparticles of the next layer. One pass of the silicone-based coating was applied, the surface 

was left to dry for about 30 minutes, and then two passes of the second coating were applied. The surface 

was then left for 12 hours to dry before submerging it in water. As shown in figure 2, the produced SHS 

has a random distribution of protrusions, which can be as large as 50 μm. The average root-mean-square 

height of the surface roughness, R, was 4.9±0.3 μm (Abu Rowin & Ghaemi 2019). The contact angle of the 

surface is 149±2˚ and the contact angle hysteresis is 2.8˚ measured using a droplet shape analyzer (DSA-

100 KRÜSS GmbH). An estimation of the thickness of the air layer over the SHS can be roughly obtained 

from the height of the roughness peaks (Reholon & Ghaemi 2018; Abu Rowin & Ghaemi 2019). Reholon 

& Ghaemi (2018) visualized the plastron of a similar SHS in a turbulent boundary layer. Based on their 

observation, at the relatively large DR of the current investigation, the air-water interface is expected to be 

relatively flat and pinned between the largest peaks of the surface roughness. Therefore, the height of the 

air layer should be comparable to the largest peaks, which are about 15 μm from the profilometery of Abu 

Rowin & Ghaemi (2019). In the current experiment, only some of the largest roughness peaks protrude out 

of the plastron. 

Table 1. Summary of the bulk flow parameters over the smooth and SHS. 

Nominal Re 6200 7200 8000 8600 9400 

 Smooth surface 

Re 6140 7040 7880 8570 9330 

Ub (m/s) 0.95 1.10 1.22 1.33 1.45 

 Superhydrophobic surface 

Re 6230 7220 8030 8700 9380 

Ub (m/s) 0.97 1.11 1.25 1.35 1.46 

Pa (kPa) 96.5 97.5 97.8 98.1 99.8 
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Figure 2. Micrographs of the SHS obtained using scanning electron microscopy (EVO-MA10, Zeiss microscope). 

The inset presents image of a water droplet on the SHS for contact angle measurement. 

2.2 Two-dimensional particle tracking velocimetry 

The flow at mid-span of the channel was characterized using high-magnification 2D-PTV measurements 

with a field-of-view (FOV) of 4.7×6.2 mm2 in the x- and y-directions, respectively. The illumination source 

was a dual-cavity Nd: YLF laser (DM20-527, Photonics Industries) with 20 mJ/pulse at a wavelength of 

532 nm. Using a combination of cylindrical and spherical lenses, the laser beam was shaped into a laser 

sheet with 1 mm thickness in the z-direction and 5 mm width in the x-direction. The flow was seeded with 

polyamide particles (VESTOSINT 2070) with an average diameter of 5 μm and a density of 1.016 g/cm3. 

A high-speed Phantom v611 camera with a 1280 × 800-pixel complementary metal-oxide-semiconductor 

(CMOS) sensor imaged the reflected light from the tracers. Each CMOS pixel is 20 × 20 μm2 with a 12-bit 

resolution. The camera was equipped with a Nikon 60-mm lens at an aperture size of f / 11. The lens was 

connected to an 80-mm extension tube resulting in a final magnification of 2.2 and digital resolution of 8.8 

μm/pixel. The laser pulses and the camera were synchronized using a high-speed controller (PTU X, 

LaVision, GmbH) through DaVis 8.2. Six sets of 2,048 single-frame images (12,288 images in total) were 

collected at a frequency of 10 kHz. 

The signal-to-noise ratio of the images was improved by subtracting the minimum intensity from the 

ensemble of images. Following this step, the images were normalized using the average intensity of the 

ensemble of images and further improved using a bandwidth filter with a kernel of 3 to 7 pixels. To avoid 

out-of-focus particle images, particles below a specified intensity threshold and particles that were smaller 

than 2 pixels or larger than 6 pixels were discarded. The 2D-PTV algorithm in DaVis 8.4 was used to track 

the in-focus particles based on an initial velocity predictor obtained from an ensemble of correlations of the 

images (Meinhart et al. 2000). To reduce the random noise of the particle position, a second-order 

polynomial with a constant kernel size of 20-time steps was applied. 
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(a) 

 

(b) 

 
Figure 3 (a) Average of PTV images showing the region near the SHS. The glare line is due to reflection of the laser 

sheet from the SHS. (b) The intensity profile after averaging the image in the x-direction. 

The accuracy of the estimated wall location in PTV images is the main source of uncertainty in calculating 

the inner scaling, slip length, and slip velocity of the SHS. To estimate the wall location, the glaring line, 

formed by the reflection of the laser light, is averaged over all the images, as shown in figure 3(a). The 

image is then averaged in the x-direction to obtain the intensity profile of figure 3(b). The location of peak 

intensity in the wall-normal direction (y) is considered to be the wall location. The uncertainty of the 

estimated wall location from this technique is evaluated based on the radius of the intensity profile at 1/e2 

(~13.5%) of the peak value, which is equal to ±25 μm. This method of estimating the wall location resulted 

in ±5×10-3 m/s uncertainty for obtaining friction velocity and ±1.3 μm for estimating the wall unit. The 

uncertainty of the slip velocity and slip length are also estimated as ±0.04 m/s and ±9.1 μm, respectively. 

Uncertainty analysis for the measurements is included in Appendix A. To obtain the mean velocity profile, 

the 2D-PTV results were averaged in 10-μm bins with 50% overlap in the y-direction. This corresponds to 

0.67 to 0.94λ (where λ is inner length scale) for the highest and the lowest Re, respectively. The bins covered 

the full data range in the x direction (4.7 mm), due to the streamwise homogeneity of the fully developed 

flow. 

2.3 Three-dimensional particle tracking velocimetry 

For accurate measurement of all the Reynolds stress components, time-resolved 3D-PTV was carried out 

based on the shake-the-box (STB) algorithm developed by Schanz et al. (2016). Four high-speed Phantom 

v611 cameras were arranged in a plus-sign arrangement, as sketched in figure 1. The angle between the 

wall-normal axis (y) and the imaging axis of the cameras was between 25˚ and 30˚. Four Nikon prime lenses 

with focal lengths of f = 105 mm at an aperture setting of f / 22 were attached to the cameras using 

Scheimpflug adaptors. The measurement system had a magnification of 0.56 and a digital resolution 

of 35.5 μm/ pixel. The illumination source was provided by the dual-cavity Nd:YLF laser (DM20-527, 

Photonics Industries) with 20 mJ/pulse. Cylindrical lenses were used to expand and collimate the laser beam 

into a thick sheet. To produce a top-hat intensity profile, the lower edge of the laser sheet was cropped by 

a knife-edge, and the upper side of the laser sheet was cropped by the edge of the channel wall. The final 

laser sheet had a thickness of 1.5 mm in the y-direction and a 21 mm width in the streamwise (x) direction. 

The measurement domain was 21×1.5×21 mm3 (3.5H×0.25H×3.5H) in the x-, y-, and z-directions, 

respectively. The laser and cameras were synchronized using a high-speed controller (PTU X, LaVision, 

GmbH) via DaVis 8.2. Nine sets of 1,610 single-frame images were recorded at 4 kHz (∆t = 250 μs). To 

filter out the reflected light from the air plastron of the SHS, red-fluorescent particles (polystyrene, PS-

FluoRed-Fi225) with 10-μm diameters were used. The tracers emit light at a 607 nm wavelength when 

illuminated with the 530 nm green light generated by the Nd:YLF laser. Band-pass filters with wavelength 

limits of 545 to 800 nm were installed on the camera lenses to record only the emitted light from the 

fluorescent particles while filtering out the wall reflection.  
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To obtain a mapping function between the image planes and the 3D measurement domain, a 2D 

calibration plate with a grid of 2 mm-spaced holes was used. The plate was imaged at three wall-normal 

locations by traversing it in 1 mm increments. The initial distortion of the calibration disparity map was 

about 2-3 pixels, which was reduced to below 0.02 pixels using the volume self-calibration procedure 

(Wieneke 2008). The signal-to-noise ratio of the images was improved by first subtracting the minimum of 

the image ensemble from each image, followed by intensity normalization using the average image. We 

also applied a local intensity normalization with a kernel of 10 pixels. The calibration and STB algorithm 

were performed using a commercial software (DaVis 8.4, LaVision GmbH). We limited the maximum 

particles shift to 13 to 20 pixels, based on Re, and allowed a triangulation error of 0.5 pixels. Particles 

within a distance of one pixel were discarded to prevent any erroneous particle trajectories. An optical 

transfer function (OTF) was obtained as discussed by Schanz et al. (2012). The maximum change in the 

particle shift from one time instant to the next was limited to 4 pixels and 40% relative change.  

To reduce the random noise, a second-order polynomial filter was applied to the time-series of particle 

positions. The filter utilized a variable kernel size of 60-time steps for near-wall particles and 10 time steps 

for particles away from the wall. A detailed description and analysis of the regression filter is available in 

Abu Rowin & Ghaemi (2019). To obtain statistically converged Reynolds stresses, a bin size of 80 μm was 

used in the y-direction. The bins fully extend in x and z, forming slabs with dimensions of 21×0.08×21 mm3 

in the x, y, and z directions. 

The wall location in the 3D-PTV measurement was estimated by reconstructing the 3D intensity 

distribution of the minimum image of the data set using the multiplicative algebraic reconstruction 

technique (MART) algorithm (Elsinga et al. 2006). Owing to laser reflection from a few fluorescent 

particles which are stuck to the wall, the minimum image included small glare points. The reconstructed 

volume was 596×66×596 pixels. The intensity distribution was averaged in the x- and z-directions to obtain 

the location of the peak intensity. An uncertainty analysis for this measurement technique is also included 

in Appendix A.  

3 Results 

The mean velocity profiles and the Reynolds stresses from 2D-PTV and 3D-PTV are investigated in this 

section for the five Re. As was explained, the smooth surface (no-slip boundary condition) and the SHS 

were installed at the top wall of the channel where y = 0. The superscript ‘+’ represents parameters 

normalized by the inner scales of the corresponding surface: friction velocity (uτ) and wall unit (λ). To study 

the impact of Re change on Reynolds stresses in physical units, the data is also normalized by a common 

parameter, which is chosen to be the bulk velocity at the smallest Re = 6200. This normalization is indicated 

by the subscript ‘b’. The measurement uncertainties from Appendix A are shown as error bars in the figures 

of mean velocity and Reynolds stress profiles. 

3.1 Measurement evaluation over the smooth surface 

The 2D-PTV and 3D-PTV measurements over the smooth surface were conducted to evaluate the state of 

the turbulent flow at the measurement location, provide a reference for comparison with the SHS, and 

evaluate the accuracy of the measurements. The latter was carried out through comparison of the 

measurements with DNS of the turbulent channel flow by Lee & Moser (2015) at Reτ = 180. Here, Reτ is 

the friction Reynolds number, defined as Reτ = uτ (H/2)/ν. This DNS data was chosen because it is close to 

the smallest Reτ of the current experiment.  

The semi-logarithmic presentation of u+ versus y+ over the smooth surface from 2D-PTV is shown in 

figure 4(a). The inner variables were estimated using the Clauser method (Clauser 1956) for this figure and 
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confirmed by the velocity gradient, as will be discussed later. In Clauser’s method, the data is fitted on the 

log-law, expressed as u+ = 1/κ ln y+ + B, where u+ = U/uτ is the normalized mean streamwise velocity, κ 

= 0.41 is the von Kármán constant,  y+ = y / λ is the normalized distance from the wall, and B = 5.2 is the 

intercept of the logarithmic profile. Here,   indicates averaging in the homogenous flow direction (x and 

z) and time. From the Clauser method, the friction velocity varied from uτ
* = 0.061 to 0.086 m/s and the 

viscous length varied from λ* = 15.2 to 10.9 μm. The values with superscript ‘*’ in table 2 indicate that the 

parameter is obtained from the Clauser method. Figure 4(a) shows that the 2D-PTV data overlaps with the 

log-law, while the buffer and linear viscous sublayers are also resolved. The DNS of Lee & Moser (2015) 

is slightly larger than the 2D-PTV, but within the error bars of the measurement. The small discrepancy 

between 2D-PTV and DNS is mainly associated with the finite aspect ratio of the channel in the current 

experiment. The DNS of Lee & Moser (2015) applies a periodic boundary condition in the z direction. In 

general, the 2D-PTV measurements are accurate down to the near-wall location of y+ ~ 2 as the data 

overlaps with u+ = y+ profile in the linear viscous sublayer.  

 

Table 2. A summary of the flow parameters over the smooth and SHS. The superscript ‘*’ indicates inner scaling of 

the smooth surface estimated using the Clauser method. The uncertainties of the inner-scaling is estimated based on 

the accuracy of the wall location. 

Nominal Re 6200 7200 8000 8600 9400 

 
Smooth surface 

uτ
* (m/s) 0.061 0.067 0.074 0.079 0.086 

λ* (μm) 15.2 13.9 12.6 11.8 10.9 

uτ (m/s) 0.062±5e-3 0.069±5e-3 0.076±5e-3 0.082±5e-3 0.088±6e-3 

λ (μm) 15.0±1.3 13.5±1.1 12.3±0.9 11.4±0.7 10.6±0.8 

τw (Pa) 3.83±0.62 4.75±0.69 5.76±0.76 6.70±0.82 7.72±1.10 

Reτ 200±16 222±16 245±16 264±16 283±19 

 
Superhydrophobic surface 

uτ (m/s) 0.049±4e-3 0.053±4e-3 0.059±4e-3 0.063±5e-3 0.067±5e-3 

λ (μm) 19.1±1.6 17.3±1.4 15.8±1.1 14.8±1.0 13.9±1.1 

τw (Pa) 2.39±0.39 2.80±0.42 3.47±0.47 3.95±0.63 4.47±0.67 

Reτ 157±13 174±13 190±13 203±16 215±16 

Us (m/s) 0.25±0.02 0.28±0.02 0.29±0.03 0.31±0.03 0.34± 0.04 

Us / Ub (%) 26 25 23 23 23 

Us / uτ 5.1±0.4 5.2±0.3 4.9±0.5 4.9±0.5 5.0±0.6 

ls (μm) 97.5±8.9 92.2±6.3 77.5±8.3 72.1±7.6 69.6±9.1 

ls / λ 5.1±0.4 5.2±0.3 4.9±0.5 4.9±0.5 5.0±0.6 

k+ 0.26 0.28 0.31 0.33 0.35 

DR (%) 38±5 41±4 40±3 41±3 42±2 

DRdp (%) 34±6 36±6 36±6 38±6 40±6 

 

The streamwise velocity profiles over the smooth surface for Reτ = 200 to 283 from the 3D-PTV 

measurement are shown in the semi-logarithmic axes of figure 4(b). The data is normalized by the inner 

variables previously estimated from applying the Clauser method to the 2D-PTV measurement, as it was 

shown in Figure 4(a). The data at y+ < 4 are discarded due to discrepancies of the 3D-PTV results with 

respect to u+ = y+ of the linear viscous sublayer. The discrepancies are associated with the large size of the 

fluorescent tracers (10 µm) with respect to λ*, which varies from 15.2 to 10.9 µm with increasing Re. Farther 
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away from the wall, the u+ profiles coincide with the log-law until y+ ≈ 100, which is the upper limit of the 

3D measurements.  

(a) 

 
(b) 

 
  
Figure 4. Semi-logarithmic presentation of the mean streamwise velocity profile over the smooth surface from 

(a) the 2D-PTV and (b) the 3D-PTV measurements. The data is normalized by the inner scale of each case. The 

error bars are only shown for Re = 8000 based on Appendix A. 

The mean velocity at y+ < 20 from 2D-PTV is plotted in linear axes in figure 5. The inner scaling used to 

normalize velocity and wall-normal distance in figure 5 are estimated based on the wall-normal gradient of 

mean velocity from 9 data points available from 2D-PTV at 2 < y+ < 3.5 of the linear viscous sublayer. This 

linear range is limited to y+ of 3.5 (instead of 5) since there is about 5% deviation from the law-of-the-wall 

at y+ = 5 (George 2013). The estimated parameters from the velocity gradient are within 4-8% of those 

estimated from the Clauser method in figure 4(a), as seen by comparison of the values in table 2. Using the 

velocity gradient method, the estimated friction velocity varies from uτ = 0.062 to 0.088 m/s, the viscous 

length from λ = 15.0 to 10.6 μm, and Reτ from 200 to 283. In the next section, the wall-normal gradient of 

mean velocity will be used to estimate the inner scaling over the SHS since the Clauser method cannot be 

applied to a drag-reduced case. Figure 5 also illustrates that extrapolation of the linear fit approaches u+=0.2 

at y+ = 0, which is within the estimated uncertainty of the measurement. Table 2 also shows the estimated 

wall shear stress, τw = ρ uτ
2, where ρ is the water density. 
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Figure 5. Mean streamwise velocity profile in the inner layer over the smooth surface from 2D-PTV. 

Reynolds stresses of the turbulent channel flow over the smooth surface from 3D-PTV for the near-wall 

region of y/H < 0.10 (y+ < 50) are shown in figure 6. The left-side plots of figure 6(a, c, e, g), show Reynolds 

stresses normalized by Ub
2 at Re = 6200 (smallest Re), as denoted with subscript ‘b’. The wall-normal 

distance is also normalized using the channel height. As expected, Reynolds stresses increase with 

increasing Re. Due to a thinner inner layer at higher Re, the peaks of Reynolds stresses also shift toward 

the wall with increasing Re. This is clearly seen for u2b, which peaks between 0.02 < y/H < 0.04. The 

profiles of Reynolds stresses approach zero with reducing wall-normal distance, as expected for a no-slip 

boundary condition. 

In the right-side plots of figure 6(b, d, f, h), Reynolds stresses at each Re are normalized by their 

corresponding inner scaling, uiuj+ = uiuj/uτ
2. The normalization by the inner scaling results in a relative 

overlap of u2+, v2+, and w2+ for different Re with subtle inconsistencies for y+ > 15. The DNS of Lee & 

Moser (2015) at Reτ = 180 is also presented . The measured Reynolds stresses at Reτ = 200 and 222 are 

comparable with the DNS profile, while the Reynolds stresses become larger than the DNS profile for the 

larger Reτ cases. 

 

3.2 Mean velocity over the SHS 

Figure 7 presents the near-wall streamwise velocity profiles over the SHS from 2D-PTV on linear axes. 

The inner scales are estimated from the wall-normal gradient of mean velocity within 2 < y+ < 3.5 and are 

summarized in table 2. As can be seen from figure 7, u+ profiles of the SHS at different Re overlap with a 

subtle discrepancy of at most a 6% difference at y+ = 16. It is also noted that the normalized slip velocity, 

us
+ = Us/uτ, for all Re tests approaches ~5.0 based on extrapolation of the linear fit to y+ = 0.  
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 
(g) 

 

(h) 

 
Figure 6. 3D-PTV measurement of (a-b) streamwise, (c-d) wall-normal, (e-f) spanwise and (g-h) shear Reynolds 

stresses over the no-slip smooth surface. The parameters of the left side plots are normalized by Ub of the flow at the 

lowest Re and the channel height, while for the right-side plots, normalization using the corresponding inner scaling 

is applied.  
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To better investigate the effect of Re on the slip boundary condition over the SHS, slip velocity is also 

investigated in physical units (m/s), as well as normalized using inner and outer scalings. A plot of Us in 

m/s is presented against Re in figure 8(a) and the values are also available in table 2. The error bars show 

the uncertainty as discussed in §2.2. Due to the larger velocity gradient at the wall, the error in estimating 

Us increases with Re. As shown in figure 8(a), Us gradually increases from 0.25 to 0.34 m/s with increasing 

Re. The PIV of Daniello et al. (2009) also observed an increase of Us over an SHS with microgrooves with 

increasing Re, although they did not provide any detail about the spatial resolution and uncertainty of their 

PIV. The microscopic PTV of Reholon & Ghaemi (2018) also showed a larger Us with increasing Re for 

the SHS applied on a body-of-revolution. The DNS of Lee et al. (2015) demonstrated the same trend of an 

increase of Us as Re increases for an SHS modeled as a surface pattern with slip and no-slip regions.  

The effect of Re on the normalized slip velocity, us
+, is plotted in figure 8(b). We noticed that us

+ over the 

current SHS remains relatively stable at ~5.0 at different Re. In contrast, the DNS of Martell et al. (2010) 

reported an increase of us
+ with increasing Re, for a wider range of Reτ varying from 180 to 590. Similar to 

Martell et al. (2010), Lee et al. (2015) modeled the SHS as an organized surface pattern with slip-free areas. 

They associated the increase of us
+ to the increase in the size of the micro cavities relative to the wall units. 

It is important to also note that, in their DNS, the SHS was assumed flat with no surface roughness. The 

values of Us normalized using Ub are shown in table 2. It is observed that Us/Ub slightly reduces, varying 

from 26 to 23% with increasing Re. The DNS of Martell et al. (2010) reported a relatively constant Us/Ub 

for three Reτ. 

In general, this evaluation shows that slip velocity (in physical units) increases with increasing Re. 

However, the measured increase of slip velocity with increasing Re is smaller than that observed in the 

previous numerical simulations. In the current experiments, us
+ was constant and Us/Ub slightly reduced 

with increasing Re. The discrepancy is associated with the assumed constant slip-free area of the numerical 

simulations with increasing Re. 

 

Figure 7 Mean streamwise velocity profiles over the SHS at different Re normalized by the corresponding inner 

scaling. The fitted lines are only shown for Re = 6200 and 9400 for clarity. 
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(a) 

 

(b) 

 

Figure 8 Slip velocity measurement over the SHS at different Re (a) in terms of m/s and (b) normalized by the 

corresponding inner scaling. The error bars represent the uncertainty in estimating the wall location from 2D-PTV. 

The slip length is estimated according to ls = Us ∂U/∂y, where ∂U/∂y is the velocity gradient at the 

wall. This quantity shows an imaginary distance, ls, where extrapolation of U over SHS reaches zero. The 

dimensional ls is shown in figure 9(a) as a function of Re. It is observed that ls decreases from 97.5 μm at 

Re = 6200 to 69.6 μm at Re = 9400. It is conjectured that the reduction is associated with the decrease of 

the air plastron thickness due to an increase in test-section pressure, which increases the solubility of air in 

water. As Dilip et al. (2015) observed, an increase in the air solubility of water at higher pressures can 

dissolve the air layer. The shadowgraphy imaging of Reholon & Ghaemi (2018) showed that a large Re can 

accelerate plastron depletion. They observed that, at the largest considered  Re of 1.5×106, the air plastron 

was depleted and the roughness features of the SHS were fully exposed to the flow. Ling et al. (2017) 

described a diffusion-induced wetting process due to undersaturated flow, which includes downward 

migration of the plastron into the SHS cavities followed by shrinkage of the bubbles.  

With increasing Re, the normalized root-mean-square of surface roughness, k+ = R/λ, increases from 0.26 

to 0.35, as shown in figure 9(b). This increase of k+ is accompanied by an increase of DR. Based on 

investigation of several SHSs with random textures, Bidkar et al. (2014) suggested that, to obtain a large 

DR, the optimum k+ should be approximately 0.5. The measurements of Ling et al. (2016) also agreed with 

this observation; they observed an increase of DR from 9% to 36% as k+ increased from 0.43 to 0.68. For 

k+ > 0.68, DR started to decline until reaching a drag increase over an SHS with k+ = 3.28. Reholon & 

Ghaemi (2018) also examined the effect of the surface roughness on the DR. When k+ was larger than 0.5, 

they observed smaller DR with increasing k+.  
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(a) 

 

(b) 

 
 

Figure 9 (a) Slip length measurements over the SHS at each Re in terms of μm, and (b) normalized surface 

roughness. The error bars represent the uncertainty in estimating the wall location from 2D-PTV. 

The semi-logarithmic profiles of u+ over the SHS from the 2D-PTV for different Re are presented in 

figure 10(a). As can be seen, there is an upward shift of u+ for all Re cases when compared with the 

law-of-the-wall and the log-law of a smooth surface. This shift, which is due to the presence of slip velocity, 

was observed in the DNS of Min & Kim (2004), and also in the experiments of Ling et al. (2016) and 

Abu Rowin et al. (2017). The new observation from Figure 10(a) is that the semi-logarithmic velocity 

profiles of different Re approximately overlap, with a small upward shift with increasing Re. Comparison 

with Reholon & Ghaemi (2018) shows that the small variation is only present when variation in DR is also 

small. Reholon & Ghaemi (2018) observed large variation in the log-law shift at different Re, which was 

associated with the large DR variation with changing Re. In their investigation, the DR percentages varied 

from 23% to 1% as Re varied from 5.0 × 105 to 1.2 × 106.  

Figure 10(b) illustrates the semi-logarithmic profiles when the slip velocity is subtracted from the mean 

velocity (i.e. u+- us
+). As can be seen, the profiles approximately overlap with the law-of-the-wall and the 

log-law of the smooth wall. Although, the error bars indicate the possibility of small variations within the 

bands of the measurement uncertainty. This observation appears to be different from the DNS of Min & 

Kim (2004), Rastegari & Akhavan (2015), and Busee & Sandham (2012). In these numerical investigations, 

the logarithmic region of u+– us
+ is shifted downward with respect to the log-law of a smooth surface. The 

discrepancy might be due to the difference in the ratio of streamwise to spanwise slip with respect to the 

current experiment (i.e. dominance of the streamwise slip). In addition, it is important to note that none of 

these numerical simulations modeled a random surface roughness. The numerical simulations also assumed 

a flat rigid interface and neglected any vibration of the air-liquid interface. Most of the measured velocity 

profiles of Ling (2017) also demonstrate a downward shift of u+– us
+. However, in Ling (2017), the mean 

velocity profile of a SHS manufactured through sandblasting agrees with the current measurements. The 

u+– us
+ profile of this surface, indicated as SB in Ling (2017), overlaps with the log-law of a smooth surface. 

Further investigation of u+– us
+ profiles for a variety of SHSs is needed to scrutinize the discrepancy. Such 

investigations are rare due to experimental challenges in measuring the slip velocity. 
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(a) 

 
(b) 

 
Figure 10 Semi-logarthmic profiles of (a) mean streamwise velocity at different Re over the SHS. (b) Semi-

logarithmic profile of mean streamwise velocity when slip velocity is subtracted. 

 

Similar to turbulent flow over a smooth surface, the analysis shows that, at different Re, normalized mean 

velocity profiles over an SHS overlap if the normalized slip velocity remains constant. For the moderate 

DR of the current experiment, the mean velocity profile of turbulent wall flows over an SHS still follows a 

log-law with von Kármán constant of κ = 0.41 (i.e. similar slope). However, the intercept of the logarithmic 

profile should be modified as B + us
+.  

An estimation of the DR based on the difference between the wall shear stresses of the smooth surface 

and the SHS is shown in table 2. With increasing Re, DR increases slightly from 37% to 42%. The DR over 

the SHS was also directly measured using pressure drop measurements according to DRdp = 2.16 × (dp0–

dp)/dp0. Here, dp0 and dp are the pressure drop measurements over the smooth and SHS, respectively. The 

factor 2.16 is included since the SHS covers 46% of the channel surface area between the two pressure 

ports. The uncertainty of DRdp is estimated by applying error propagation theory to the 2% uncertainty in 

the pressure drop measurement and are presented in table 2. The pressure drop measurement underestimates 

DR by ~4% with respect to the DR estimated based on wall shear stress. However, DRdp also increases with 

increasing Re. It is worth mentioning that the two pressure ports also include two transitional regions, from 

no-slip to partial slip and the reverse. This affects the agreement of the results with respect to 2D-PTV. 

Rastegari & Akhavan (2015) obtained an analytical equation for the DR, based on the original 

formulation of Fukagata et al. (2002), that decomposes DR into a term due to the direct effect of slip 

velocity(Us/Ub) and a second term due to turbulence modification. In the current investigation, Us/Ub 

reduces by 3% with an increase of Re. Thus, the increase in DR is associated with larger turbulence 

attenuation at higher Re. The contribution of turbulence attenuation to DR varies from 8 to 18% with 

increasing Re. 
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3.3 Reynolds stress over the SHS 

 

All the non-zero components of the Reynolds stress tensor, uiuj, for the turbulent flow over the SHS were 

measured by 3D-PTV. The profiles are normalized by Ub of the lowest Re and shown in figure 11(a, c, e, 

g), while in figure 11(b, d, f, h), the profiles are normalized by the inner scales of each case. For ease of 

comparison, Reynolds stress profiles for the smooth surface are repeated in figure 11. 

In figure 11(a), for each Re, the u2b of the SHS is larger than the smooth surface in the immediate 

vicinity of the wall (y < 0.01H). However, with increasing wall-normal distance, u2b of the SHS becomes 

smaller at the peak region. This trend is related to the effect of partial-slip at the wall, which intensifies the 

near-wall velocity fluctuations but attenuates turbulence farther away from the wall (Min & Kim 2004). 

For all Re, the peak of u2b over the SHS is smaller than the peaks of u2b of the smooth surface. This trend 

was also observed in the numerical simulations of Min & Kim (2004) and Busse & Sandham (2012) and 

the experiments of Ling (2017) and Abu Rowin & Ghaemi (2019) when they normalized u2 for both the 

SHS and the smooth surface using a common scaling (the friction velocity of the no-slip surface). Farther 

away at y/H > 0.06, u2b of the SHS is comparable with that over smooth surface for the smaller Re cases. 

The Reynolds stress profiles normalized using the corresponding friction velocity results in larger u2+ 

for the SHS compared with the normalized Reynolds stresses of the smooth surface, as shown in figure 

11(b). This is mainly because the friction velocity of the SHS is smaller than the friction velocity of the 

smooth surface at the same Re (see table 2). The u2+ of the SHS appears to gradually approach u2+ of the 

smooth surface with increasing y+. A similar trend is observed for u2+ in the numerical simulations of 

Rastegari & Akhavan (2015). The simulation of Seo & Mani (2018) and the experiments of Ling et al. 

(2016) and Abu Rowin & Ghaemi (2019) also reported a larger u2+ over the SHS in the near-wall region, 

which gradually reduced and reached that of the smooth surface with increasing wall-normal distance. 

However, the new observation from the current data is that the u2+ profiles of SHS at different Re overlap 

when normalization by inner scaling is applied. 

The v2b profiles of the SHS are smaller than those of the smooth surface throughout the measurement 

domain in figure 11(c). A similar trend is observed in the DNS of Min & Kim (2004) for a flat surface with 

an imposed slip, and in the 2D-PTV measurement of Abu Rowin et al. (2017) over an SHS with a low 

roughness of k+ = 0.11. However, experiment of Ling et al. (2016) reported a larger v2 at the wall due to 

the large roughness of their SHSs. At higher Re in figure 11(c), a larger reduction of v2b for the SHS is 

observed relative to that of the smooth surface. In figure 11(d), when inner scaling is applied, v2+ profiles 

for the SHS at all Re cases overlap. The overlapped profiles are higher than those of the smooth surface. 

In the vicinity of the wall (y < 0.02H) in figure 11(e), a large w2b is observed for the SHS relative to the 

smooth surface. This is associated with the slip velocity in the z-direction (Min & Kim 2004; Abu Rowin 

& Ghaemi 2019). Farther away from the wall, w2b of the SHS becomes smaller than w2b of the smooth 

surface. For all Re in figure 11(f), the w2+ profiles of the SHS are larger than the w2+ of smooth surface. 

This is consistent with DNS of Rastegari & Akhavan (2015). The 3D-PTV of Abu Rowin & Ghaemi (2019) 

also showed a larger w2+ in the inner layer. Figure 11(f) shows overlap of w2+ profiles for all Re cases. 

In figure 11(g), at y < 0.02H for all Re cases, uvb of the SHS is larger than that of the smooth surface. 

As discussed by Abu Rowin et al. (2017), the increase of uvb at the wall is a function of the surface 

roughness. Farther away from the wall, uvb of the SHS is similar to the smooth surface for the smaller Re 

of 6200 and 7200. However, the higher Re cases, uvb of the SHS is significantly smaller than the smooth 

surface. This reduction shows larger turbulence attenuation due to the slip velocity at higher Re.   
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 
(g) 

 

(h) 

 
Figure 11 3D-PTV measurements of (a-b) streamwise, (c-d) wall-normal, (e-f) spanwise, and (g-h) shear Reynolds 

stresses over the smooth and SHS. The parameters of the left side plots are normalized by Ub at the lowest Re and 

the channel height, while the parameters of right-side plots are normalized by their corresponding inner scaling. 
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(a) 

 

(b) 

 
Figure 12 Maximum values of the Reynolds stresses from 3D-PTV measurement over the smooth and the SHS 

obtained from figure 11. The Reynolds stresses are non-dimensionalized by (a) Ub of the lowest Re and (b) the 

corresponding uτ. For clarity, the u2 and uv profiles are multiplied by 0.2 and 0.7, respectively. The solid lines 

are linear fits. 

The profiles of uv+ over the SHS are larger than those of the smooth surface in figure 11(h). The digital 

holographic microscopy of Ling et al. (2016) and the 3D-PTV of Abu Rowin & Ghaemi (2019) also 

reported a larger uv+ for the SHS compared with uv+ of the smooth surface. However, uv+ of Rastegari 

& Akhavan (2015) in figure 11(h) reported smaller uv+ profile for the SHS in comparison with uv+ of 

the smooth surfaces. The discrepancy can be associated with the roughness of the surfaces tested by Ling 

et al. (2016) and Abu Rowin & Ghaemi (2019) relative to the flat SHS modelled in DNS of Rastegari & 

Akhavan (2015). Again, an overlap of uv+ profiles for all Re near the wall is observed in figure 11(h). 

The maximum values of the uiujb profiles for the SHS and the smooth surface at y+< 50 are plotted in 

figure 12(a) as a function of Re. For u2 and uv, the maximum is the local peak of the profiles, but for 

v2 and w2 the maximum values belong to the data point farthest away from the wall. Fitted lines are 

added to figure 12 to demonstrate the overall trends. As can be seen, uiujb of both the smooth and SHS 

increases linearly with increasing Re. However, with the exception of u2b, the linear fit for the SHS has a 

smaller slope compared with that of the smooth surface, resulting in a widening gap between uiujb of the 

SHS and that of the smooth surface with increasing Re. Therefore, at higher Re, the SHS has a larger effect 

on v2b, w2b, uvb. The maximum values of uiuj+ presented in figure 12(b) show that all the peak values 

of normalized Reynolds stresses over the SHS are higher than those of the corresponding smooth surface, 

and the variation with Re is negligible. 

To scrutinize the effect of Re on the Reynolds stresses at the wall, the first data point from the 3D-PTV 

measurements at y+ ≈ 4 is plotted in figure 13 for both normalizations; using Ub and uτ. In figure 13(a), 

uiujb over the smooth surface increases linearly with Re. Over the SHS, uiujb for all Reynolds stresses is 

larger than that of the smooth surface, and also follows a linear trend with increasing Re. The slope of the 

trend lines for the SHS are larger than those of the smooth surface, indicating a faster increase of SHS 

Reynolds stresses in the vicinity of the wall with increasing Re. In figure 13(b), for both the SHS and smooth 

surface, uiuj+ remains relatively constant with increasing Re. The uiuj+ values of SHS are also larger than 

the smooth surface at all Re cases.  
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(a) 

 

(b) 

 
Figure 13 Reynolds stresses at y+ ≈ 4 from the 3D-PTV measurements over the smooth and SHS (obtained from 

figure 11) non-dimensionalized by (a) Ub at the lowest Re and (b) the corresponding uτ. For clarity, the u2 profile 

is multiplied by 0.25. The solid lines are linear fits. 

 

The above analysis, based on figures 11-13, provides a comparison of Reynolds stress profiles for SHS 

and smooth surfaces. In the vicinity of the wall, all the Reynolds stress components of a SHS in physical 

units (i.e. dimensional) are larger than those near a smooth surface. The increase of u2 and w2 is 

associated with the slip boundary condition, while the larger v2 and uv is due to roughness of an SHS. 

With increasing wall-normal distance, the Reynolds stresses of the SHS become smaller than those of the 

smooth surface. This is in general due to the attenuation of turbulence by the partial-slip at the wall. With 

increasing Re, the differences between the SHS and smooth surface become larger. At farther distances 

from the wall, the Reynolds stresses of the SHS and smooth surface converge. In contrast, when Reynolds 

stresses are normalized with the inner scaling, they overlap for all the five Re cases. The normalized 

Reynolds stresses are also larger than the normalized Reynolds stresses of the smooth surface. This 

observation is in spite of the smaller Reτ of the SHS cases. Therefore, assuming a fixed Reτ, the turbulent 

flow over an SHS has larger normalized Reynolds stresses relative to those of a smooth surface. The larger 

normalized Reynolds stresses suggests that drag reduction caused by an SHS is mainly due to the direct 

effect of the slip velocity on the mean velocity gradient at the wall. 

4 Conclusion 

We presented an experimental investigation of the effect of the Reynolds number, Re, on the slip 

boundary condition and Reynolds stresses over a superhydrophobic surface (SHS). The friction Reynolds 

number, Reτ, of the smooth surface varied from 200 to 283, based on the friction velocity and the half-

channel height. The SHS had a random pattern generated by spray coating. The root-mean-square of the 

surface roughness normalized by the wall-unit varied from 0.26 to 0.35. Two-dimensional particle tracking 

velocimetry (2D-PTV) was used to measure slip velocity, slip length, and the inner scaling of the turbulent 

flow over the SHS. Three-dimensional PTV (3D-PTV) was performed to investigate the effect of a Re 

change on all Reynolds stress components over the SHS. 
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A non-zero velocity was detected at the SHS wall for all Re cases, which increased linearly from 0.25 to 

0.34 m/s with increasing Re. The results also showed that the slip length of the SHS reduced from 97.5 to 

69.6 μm with increasing Re. In contrast, it was found that the change of Re had a negligible effect on slip 

velocity and slip length, when these parameters were normalized using inner scaling.  

 The scaling of the mean velocity profile for the SHS was investigated. At different Re, normalized mean 

velocity profiles over the SHS overlapped. In addition, the mean velocity profile of the turbulent wall flow 

followed the log-law, similar to that of the smooth surface. However, the intercept of the logarithmic profile 

was increased by an amount equal to the normalized slip velocity. 

In the immediate vicinity of the wall, the streamwise and the spanwise Reynolds stresses were larger than 

the Reynolds stresses of the no-slip surface. However, farther away from the wall, the Reynolds stresses 

were smaller than those of the smooth surface, indicating turbulence attenuation. In contrast, when the 

Reynolds stresses were normalized using the corresponding friction velocity, the normalized Reynolds 

stresses overlapped for the investigated range of Re. The Reynolds stresses normalized using friction 

velocity were larger than the normalized Reynolds stresses of the no-slip surface.  

Appendix A. Uncertainty analysis 

The major sources of uncertainty for the current 2D-PTV and 3D-PTV systems are due to the error in 

detecting particle peak location and estimating the wall location. The error of the particle peak detection is 

approximately 0.1 pixels, which results in an instantaneous velocity uncertainty of εU = 8 mm/s for the 2D-

PTV. As shown by Abu Rowin & Ghaemi (2019) using pre-multiplied linear spectral density analysis for 

a similar 3D-PTV system, the error for the streamwise and spanwise components (in-plane) is 0.1 pix, while 

the error for the wall-normal velocity (out-of-plane component) is 0.2 pix. This is equivalent to 

εU = εw =14 mm/s for U and W, and εV =28 mm/s for the V component. 

 As discussed in section 2.2, the uncertainty of estimating the wall location in the 2D-PTV is 25 µm (εy), 

which results in 5 mm/s uncertainty in the estimated friction velocity, 𝜀𝑢𝜏
. The error in estimating the wall 

location by applying the MART algorithm to the 3D-PTV images is approximately 1 pix, which results in 

εy of 35.5 µm.  

The uncertainty of the normalized mean streamwise velocity 𝜀𝑈+  is estimated based on the error 

propagation theory as 

𝜀𝑈+ = |𝑈+| ∙ √(
𝜀𝑈

𝑈
)

2
+ (

𝜀𝑢𝜏

𝑢𝜏
)

2
. 

(A1) 

 

The uncertainty in the normalized wall-normal location 𝜀𝑦+  is also given as 

 

𝜀𝑦+ = |𝑦+| ∙ √(
𝜀𝑦

𝑦
)

2
+ (

𝜀𝑢𝜏

𝑢𝜏
)

2
. 

(A2) 

 

The uncertainty of normalized Reynolds stresses can be estimated as  

 

𝜀〈𝑢𝑖𝑢𝑗〉+ =  |〈𝑢𝑖𝑢𝑗〉+|√(
𝜀〈𝑢𝑖𝑢𝑗〉

〈𝑢𝑖𝑢𝑗〉

 

)
2

+ (
2𝜀𝑢𝜏

𝑢𝜏
)

2
. 

(A3) 

The measurement uncertainty was estimated for the Re = 8000 case based on the above equations, and was 

indicated as error bars in figure 4, 5, 6, 7, 10, and 11. 
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