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Abstract: Drag reduction (DR) using superhydrophobic surfaces (SHSs) has received intensive interest
due to the emergence of SH coating technology. The air layer (plastron “δ”) trapped between the SHS
and the water controls the flow slip over the SHSs. We demonstrate slippage over three fabricated
SHSs in laminar and low turbulent Taylor–Couette flows. We experimentally investigate how the
slip length increases with a higher Reynolds number (Re) over the tested SHSs; simultaneously, the
air plastron thickness investigates using a viscous model. The mean skin friction coefficient (Cf)
can be fitted to a modified semi-empirical logarithmic law expressed in the Prandtl–von Kármán
coordinate. An effective slip length is estimated in the 35–41 µm range with an achieved 7–11% DR for
the tested surfaces. Statistical analysis is used to develop a regression model from the experimental
data. The model shows an R2 of 0.87 and good agreement with the experimental data. This shows
the relation between the dimensionless slip length (b+), the dimensionless plastron thickness (δ+),
and the Reynolds number, which is directly proportional. The regression model shows that b+ and
Reynolds numbers have a higher impact on the δ+ than the surface wettability, which attribute to the
small difference in the wetting degree between the three tested surfaces. The practical importance
of the work lies in its ability to provide a deep understanding of the reduction in viscous drag in
numerous industrial applications. Furthermore, this research serves as a groundwork for future
studies on hydrophobic applications in internal flows.

Keywords: passive drag reduction; effective slip length; plastron thickness; superhydrophobic
surfaces; dynamic contact angle; defect theory; regression model; Taylor–Couette flow

1. Introduction
1.1. Unstructured Superhydrophobic Surfaces

The recent widespread superhydrophobic technologies open doors to many appli-
cations, from personal to very complex industrial applications, such as anti-icing [1],
anti-corrosion [2], self-cleaning [3], and drag reduction [4]. The superhydrophobic coating
(unstructured) surfaces result from a combination of the hydrophobicity of the surface
material (chemically hydrophobic) and surface topography (physically rough) [5]. Many
superhydrophobic coating products give a high contact angle of fluids, which measures
slippage on SHS and the degree of surface wetting. By trapping air pockets between the
individual topographical features of the nano–micro scale, the non-wetting state allows
fluids to slip over the solid–air interface, which is known as the Cassie–Baxter state [6].
Besides carefully designing the fabricated surface morphology, the composite interface
can withstand pressure-induced wetting transitions over a wide range of liquid surface
tensions and externally applied pressure differences [7]. Unlike regular structured surfaces,
SHSs with random micro/nanopillars can be produced by relatively reasonable, affordable,
and easily scalable techniques, for example, spray-coating, sandblasting, and chemical
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or electrochemical etching, which are currently widely used in industrial-scale surface
treatment operations [8]. Moreover, many studies correlate the slip length to roughness
in terms of surface roughness scale parameters, which is a challenging task. Although
most SH surfaces of high roughness do not perform equally well to achieve drag reduction,
many other anti-wetting surfaces showed drag enhancement in turbulent flow, even when
they remain perfectly non-wet underwater [9,10].

1.2. Mechanisms for Slip-On Coated Superhydrophobic Surfaces

The drag forces on the walls of confined flows can reduce the fluid flow’s momentum,
which leads to a reduction in efficiency of the designed system. The most practical approach
used to achieve the overall viscous shear drag reduction (DR) is the passive technique
(e.g., changing the wall topology) [11–13]. The slip over the SH coating surface could be
explained as a combination of direct and indirect effects. In laminar flows, a reduction in
skin friction drag can be analyzed by comparing the slip length to the characteristic length of
the flow geometry [10]. Air–water interfaces on or in roughness elements are usually used
to describe the effective slip length, which is the direct effect. The main forces dominating
the flow region near the wall are the viscous drag force parallel to the wall and the flow’s
liquid pressure—which is normal to the wall. In random roughness, as hydrostatic pressure
increases, the trapped air layer (plastron) becomes gradually thinner, and its dynamics
can only be predicted in an average or statistical manner [10]. Thus, the slip length values
in the laminar region are lower than those in turbulent flow regions. When the Reynolds
number is high, shear stress and pressure fluctuation are caused by turbulence enhancing
the wetting [13], which is an indirect effect. By modelling the air diffusion process of a
plastron as a nonlinear oscillation system, Piao and Park [14] investigated the effects of
fluctuating air–water interfaces. The study suggested that the interaction between the
air compression due to fluctuating water pressure and the water impalement due to gas
diffusion determines the plastron’s response to the unsteady environment. In contrast to
regularly structured roughness, the random roughness morphology is thought to suffer
from the negative effect of the spanwise slip being identical to the streamwise slip, as well
as the inability to maintain a full plastron resulting in non-uniform asperities impaling the
water [14].

1.3. Air Plastron Generation over Coated Superhydrophobic Surfaces

The air layer trapped between the SH surface and the water is commonly called the
air plastron. The air plastron, as a lubricator, reduces viscous skin friction and enhances
the effective slip velocity [15]. The plastron and the drag reduction effects disappear when
the SH surface transits from a non-wetted Cassie–Baxter state to a wetted Wenzel state.
Consequently, preventing or delaying the transition to the Wenzel state is crucial since it
is typically the more thermodynamically advantageous state [16]. Increasing the Laplace
pressure by using small air buckets or increasing the hydrophobicity of the surface can
achieve this tendency [17].

For drag reduction to be sustained, it is also necessary to minimize gas diffusion from
the plastron into the liquid. This can be achieved, for example, by increasing the volume
of the saturated gas in the liquid, e.g., gas or bubbles injection technique [17,18]. The gas
is transported from the plastron into the liquid at an accelerated rate with higher flow
velocities, giving shorter effective diffusion lengths [18]. The plastron air layer connected to
ambient air showed enhancement of the achieved drag reduction compared with the same
case of the isolated plastron layer. This enhancement refers to the ambient air entraining
the plastron layer [19].

Only a limited number of investigations have characterized the plastron air thickness
since it is challenging. Different techniques have been used to investigate the plastron layer
growth at low and high Reynolds number flows. In stagnant water, Bobji et al. [18] used
the total internal reflection (TIR) of light at the air–water interface to visualize air pockets
over SHSs with regular and random textures. They observed that the air pockets gradually



Fluids 2023, 8, 133 3 of 20

dissolved in water, and the surface became completely wet. The intensity of light reflected
from the plastron and confocal microscopy to characterize the time-dependent morphology
of trapped air over an SHS in stagnant water was used by Poetes et al. [20]. Initially, they
observed that the SHS was covered in a complete plastron, but air diffusion into the water
gradually made the plastron thinner. They observed exponential increases in diffusion
rate with increasing immersion depths (static pressures) in SHS. Spherical cup-shaped
bubbles are formed as the plastron reaches a critical thickness. They also dissolve in water
over time. Samaha et al. [21] measured the longevity of the air pockets using an optical
spectroscopy system based on the intensity of reflected light. They observed that reduction
in the reflected light from the plastron over time is correlated with a decrease in both drag
reduction and the contact angle of the SHS.

Few studies were performed to investigate the air plastron layer as it was subjected to
the flow. Most of them were carried out in a water tunnel using TIR and high-speed camera
techniques for optical observations [13,20,21] or tracer-based methods such as particle im-
age velocimetry (PIV) technique [22]. It is challenging to visualize the plastron in large-scale
flow facilities in turbulent flows. Moreover, a large volume of water with high ionicity, tem-
perature control, and mechanical vibration of the facility also contribute to challenges [23].
The study of Ling et al. [24] showed that when the roughness elements are exposed to
the turbulent flow, the Reynolds stresses become the main contributor to the wall shear
stress, resulting in less drag reduction. In addition, the mechanical interaction between
the plastron and solid pollutants in the liquid, or the tracer particles used in the intrusive
measurement techniques, showed the plastron’s instability; its lifetime was shortened
by approximately 50% [21,25]. With the use of a cone-and-plate rheometer, Lee et al. [26]
showed that a larger gas fraction at the air–water interface increases effective slip over the
structured SHS, though the plastron becomes unstable. Later, they observed that an SHS’s
DR performance is significantly limited by the plastron’s stability at high velocity.

1.4. Objective and Structure of the Paper

The current paper investigates the relationship between air plastron thickness, slip
length, and the wettability of various SHSs. The Taylor–Couette (TC) flow cell of a rheome-
ter is used to characterize these parameters simultaneously. Three SHSs were used, and
all of them were fabricated with commercial SH coatings on the outer surface of the TC
cell. The outer surface was selected as the tested surface of the TC cell because of the high
dynamic pressure compared with the inner surface [27]. This high dynamic pressure will
decrease the static pressure and allow the air to entrain in the plastron layer. According
to previous studies [28], this can potentially allow the plastron to last longer than it has in
cases where the inner wall is coated. The surface morphology was investigated by scanning
electronic microscopy; the wetting degree was characterized by measuring each sample’s
static and dynamic angles. The experimental data of the flow are used to calculate the slip
length and the plastron thickness. The plastron thickness is calculated based on the viscous
model of the slippage of water suggested by V. Olga [29]. A statistical regression method
is used to analyze the experimental data and investigate the relationship between the air
plastron thickness and the slip length (independent variables) and the Reynolds number,
shear stress, viscous ratio, and surface hydrophobicity (dependent variables). The original
TC cell with superhydrophobic surfaces enables us to study the growing plastron thickness
and the achieved slip length under well-controlled conditions.

The paper is organized as follows: Section 2 presents the experimental setup, proce-
dure, and characterization of the surfaces’ hydrophobicity, morphology, and flow regimes.
Section 3 illustrates the experimental results of viscous skin friction measurements, slip
length, and plastron thickness. It also includes the slip length and plastron thickness
regression models. Section 4 concludes the discussion and spotlights future considerations.
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2. Experimental Methods and Surfaces Characterization
2.1. Experimental Setup and Surface Fabrication

This study used an MRC 302 Compact Rheometer from Anton Paar GmbH Québec
QC, Canada as the measurement’s device, an integrated 360◦ capacitive normal force sensor
(50 N), and a high-resolution optical encoder that allows it to have torque measurement
ability from 0.5 nNm to 200 mNm. An original CC27 cylindrical measurements setup
was used as a Taylor–Couette (TC) cell, as shown in Figure 1. The concentric disposal
cups (CDC) were used for the test surface in the rheology study. The inner surface of
each cup was coated with superhydrophobic coating materials through a dipping and
spinning technique. All surfaces were cured at room temperature for more than seven
days, as recommended by the coating manufacturer. Three commercial superhydrophobic
coatings were used in this study which are from FlouroPel Coating (FPC-800M) Cytonix
Manufactures LLC Beltsville, MD, USA, Ultra-Ever Dry (UED) from UltraTech International,
Inc., Jacksonville, FL, USA and SuperHydrophobic Binary Coating (SHBC) from NASIOL
of Artekya Technology Group Başakşehir, İstanbul, Turkey. The UED and SHBC coatings
have a structure of binary layers; the first layer is the base coat, which binds the substrate
and the second layer of a superhydrophobic topcoat. The FPC-800M is a monolayer.

Fluids 2023, 8, x FOR PEER REVIEW 4 of 21 
 

2. Experimental Methods and Surfaces Characterization 

2.1. Experimental Setup and Surface Fabrication 

This study used an MRC 302 Compact Rheometer from Anton Paar GmbH Québec 
QC, Canada as the measurement’s device, an integrated 360° capacitive normal force sen-
sor (50 N), and a high-resolution optical encoder that allows it to have torque measure-
ment ability from 0.5 nNm to 200 mNm. An original CC27 cylindrical measurements setup 
was used as a Taylor–Coue�e (TC) cell, as shown in Figure 1. The concentric disposal cups 
(CDC) were used for the test surface in the rheology study. The inner surface of each cup 
was coated with superhydrophobic coating materials through a dipping and spinning 
technique. All surfaces were cured at room temperature for more than seven days, as rec-
ommended by the coating manufacturer. Three commercial superhydrophobic coatings 
were used in this study which are from FlouroPel Coating (FPC-800M) Cytonix Manufac-
tures LLC Beltsville, MD, USA, Ultra-Ever Dry (UED) from UltraTech International, Inc., 
Jacksonville, FL, USA and SuperHydrophobic Binary Coating (SHBC) from NASIOL of 
Artekya Technology Group Başakşehir, İstanbul, Turkey. The UED and SHBC coatings 
have a structure of binary layers; the first layer is the base coat, which binds the substrate 
and the second layer of a superhydrophobic topcoat. The FPC-800M is a monolayer. 

 

Figure 1. The MRC 302 modular compact rheometer device is equipped with an integrated temper-
ature sensor to maintain constant temperature using the peltier plate and lift motor (a), system setup 
of the CC27 model used as a Taylor–Coue�e cell with concentric disposal cups and its base for meas-
uring (b), and its schematic diagram (c), where the inner radius ri = 13.329 mm, the outer radius ro = 
14.464 mm, and the measuring bob length L = 40 mm. 

2.2. Characterization of Surfaces Hydrophobicity 

The surface fabrication process for all the used CDC samples changes the TC cell 
geometry. The dry film thickness of coatings for all CDC surfaces was verified to avoid 
any measurement errors during the experimental work. A nonferrous ultrasonic probe of 
an Elcometer 456 Model coating thickness gauge from Elcometer, Warren, MI, USA , 
which was used to take the thickness measurements with a resolution of ± 1 µm. More 
than 72 points were measured for each sample, and the average value was considered. 
The binary layer coating of UED and SHBC showed a thickness of 13.4 ± 4 and 18.1 ± 8 µm, 
respectively. The FPC-800M coating showed a thickness of 5.0 ± 0.2 µm. Scanning electron 
microscope (SEM) photographs were used to investigate the surface topography. An MLA 
650FEG model, SEM from FEI Co, LabX Media Group, Midland, ON, Canada, was used 
to take SEM images of the samples. Figure 2 shows the SEM images with a final magnifi-
cation of 22000�; it depicts the geometry of hills (the brighter region) and valleys (the 

Figure 1. The MRC 302 modular compact rheometer device is equipped with an integrated tem-
perature sensor to maintain constant temperature using the peltier plate and lift motor (a), system
setup of the CC27 model used as a Taylor–Couette cell with concentric disposal cups and its base for
measuring (b), and its schematic diagram (c), where the inner radius ri = 13.329 mm, the outer radius
ro = 14.464 mm, and the measuring bob length L = 40 mm.

2.2. Characterization of Surfaces Hydrophobicity

The surface fabrication process for all the used CDC samples changes the TC cell
geometry. The dry film thickness of coatings for all CDC surfaces was verified to avoid any
measurement errors during the experimental work. A nonferrous ultrasonic probe of an
Elcometer 456 Model coating thickness gauge from Elcometer, Warren, MI, USA, which was
used to take the thickness measurements with a resolution of ±1 µm. More than 72 points
were measured for each sample, and the average value was considered. The binary layer
coating of UED and SHBC showed a thickness of 13.4 ± 4 and 18.1 ± 8 µm, respectively.
The FPC-800M coating showed a thickness of 5.0 ± 0.2 µm. Scanning electron microscope
(SEM) photographs were used to investigate the surface topography. An MLA 650FEG
model, SEM from FEI Co., LabX Media Group, Midland, ON, Canada, was used to take
SEM images of the samples. Figure 2 shows the SEM images with a final magnification of
22,000×; it depicts the geometry of hills (the brighter region) and valleys (the darker region)
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in the micrometer range. The SEM images for the FPC-800M inspected the large pore sizes
of 1–5 µm with surfaces of nano roughness of an isotropic sponge-like structure. The SHBC
surface also showed an isotropic sponge-like structure. Figure 2c shows an SEM image
with no detail from depth composition optical micrography of the UED sample surface
since the used SEM device was unable to capture it. The SEM image focused on two air
bubble spots generated during the applied coating process.
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Figure 2. The SEM images magnified to 22,000× of the original samples for (a) FPC-800M with its
average SCA of 151, (b) UED with an average SCA of 160◦, and (c) SHBC with an average SCA of
141◦ for a 15 µL of deionized water.

To examine the wetting properties of the fabricated surfaces, the static contact angle
(SCA) and receding and advancing dynamic contact angles were measured for the prepared
samples. Under the ambient laboratory conditions, a droplet of 20 µL deionized water
was utilized with ten replications for each surface, and the average value was taken. The
contact angle measurements led us to estimate the wettability state of the fabricated surfaces
with the experimental liquid. The contact angles were measured with an OCA15 optical
contact angle instrument (DataPhysics Instruments USA Corp, Charlotte, NC, USA). For
droplet analysis and operating parameter control, DataPhysics SCA20 software was used.
A polynomial fitting model was used to calculate the droplet’s contour; this approach
overcomes the difficulty of the surface curvature of the substrates and gives accurate
measurements in comparison to other models.

The UED sample shows a high SCA compared to the SHBC and FPC-800M samples
The contact angle hysteresis (CAH) of UED is 1◦, and SHBC has a CAH of 6◦, while the
FPC-800M sample shows 2◦. The interpretation for this low SCA and high CAH is that the
used dipping and spanning coating technique in this work is contrary to the producer’s
recommendations. Table 1 summarizes more details for the measured static and dynamic
contact angles for all surfaces used in this work.

Table 1. The average value of the measured static and dynamic contact angles for all tested surfaces;
the uncertainties are STDEV errors of the measurements.

FPC-800M UED SHBC

Static Contact Angle 150 ± 5 158 ± 5 152 ± 5
Advancing Contact Angle 155 ± 5 156 ± 5 154 ± 5
Receding Contact Angle 148 ± 5 155 ± 5 153 ± 5

2.3. Experimental Procedure and Measurements Uncertainties

The rheometric torque measurements can be used to investigate area-averaged liquid-
slip phenomena across vast, random (and anisotropic) topographies. In order to avoid
experimental errors and reduce measurement uncertainties, the original setup of the
rheometer device was used as a Taylor–Couette cell. In the present work, a narrow-gap
Taylor–Couette cell with a radius ratio of η = ri

ro
= 0.92 was used along with the CDCs and

the measuring bob of model CC27, as shown in Figure 1. The inner radius of the measuring
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Bob (Ri) is 13.329 mm, and the outer radius (Ro) is 14.464 mm, which is the inner radius of
the baseline CDC (smooth surface). The gap length (L) is 39.999 mm, corresponding to a
length-to-gap ratio of Γ = 36.4. The maximum shear rate used in this study was 2000 s−1,
performed with a maximum rotational speed of 1557 rpm. The rheometer is equipped with
a sensitive torque sensor fixed in the measuring arm and an integrated temperature sensor
to maintain constant temperature using the Peltier plate and lift motor, which offers an
accurate end zero-gap setting. The rheometer’s lift motor in the stand provides precise
zero-gap settings and automatically compensates for gap change, and the end effect correc-
tion factor is considered to be CL = 1. The time-averaged wall shear stress (τ) is calculated
based on the measured torque from Equation (1) [30].

τ =
1 + η−2

2000·η−2 ·
M

2·π·r2
i ·CL

, (1)

where M is the measured global torque and η is the ratio of Radii. The shear rate (
.
γ) is

calculated as follows [26]:
.
γ = ω·1 + η

−2

η−2 − 1
, (2)

and the angular velocity ω = π
30 ·n, where n is the rotational speed.

2.4. Characterization of the Flow Regimes of the Taylor–Couette Flows

Understanding the complexity of the Taylor–Couette (TC) flows has long been a
challenge to a physicist [31]. It depends on the operational and geometrical conditions.
In the low range of Reynolds numbers, the flows are governed by geometry conditions,
and the work of Couette [32] proved this hypothesis. In high Reynolds number flows, one
could anticipate the specifics of the force to fade away and a universal pattern to emerge,
and the global properties of the system could be expected to scale with Reynolds number
to some power [33]. Figure 3 shows the flow regimes for our experimental setup based on
the work of [34]. There are five flow regimes separated by four critical Reynolds numbers,
as presented for the fixed external and rotating internal cylinders, which are the circular
Couette flow regime (CCF), Taylor vortex flow regime (TVF), wavy vortex flow regime
(WVF), modulated wavy vortex flow regime (MWVF), and turbulent Taylor vortex flow
regime (TTVF).
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The flow regimes in the TC cell used in this work were identified by the torque acting
on a smooth internal surface of the outer cylinder, which was measured with a maximum
angular speed (n) of 1552 rpm and to compare data using deionized water. Frictional
heating causes thermal effects on estimating the correct fluid viscosity, as was mentioned
by Hall [35]. However, all measurements were conducted using a constant volume of
deionized water of 19 mL and at a constant temperature of 20 ± 0.10 ◦C since the CDCs
sit on a stress-controlled Rheometer’s fixed thermal Peltier plate (MRC-302 Anton–Paar,
Québec, QC, Canada) [30]. The non-dimensional toque G is given by

G =
τ

ρ·ν2·L , (3)

where ρ and ν are the working fluid’s density and kinematic viscosity, respectively. Figure 4a
shows the measured dimensionless torque versus the Reynolds number. In the laminar
range, the measurements show good agreement and are identical to the reference work of
Couette [32], which adapts the following empirical equation [31]:

G =
4·π·η·Re[

(1 + η)·(1 − η)2
] For Re < 400, (4)

where η is the radius ratio. After the critical Reynolds number, the flow comes to the instabil-
ity regimes, as described in Figure 3. The reference work of Wendt [36] was used to compare
our results in these flow regimes. The comparison showed good agreement with Wendt’s
work as he fitted his measurements in this regime to the following correlation [31,36,37]:

G = 1.45·
(

η
3
2

1 − η
7
4

)
·Re For 400 < Re < 104, (5)

The critical Reynolds number can be seen easily from Figure 4a when the intersection
of both fitting correlations at Re of 82. To identify the critical Reynolds numbers or transition
points for the flow regimes, we followed Lathrop et al. [31,33] and assumed a power-law
scaling torque exponent α of the torque given by

G = Reα, (6)

The torque exponent α is computed as follows:

α =
dlog10 G
dlog10 Re

, (7)

The measurements of the deionized water allow us to determine the local exponent
α at a low Reynolds number of 2.5. The local exponent α determined from the slope
of the graph. A sliding linear least square fitting technique similar to that utilized by
Lathrop et al. [33] was used to compute the slope across 13 adjacent data points, which is
equivalent to log10 G vs. log10 Re (corresponding to a window of ∆log10 Re = 0.8 wide). A
sliding window with an 85% overlap with the previous window was used because direct
numerical differentiation emphasizes noise in the data [8,33]. The result of α calculations
from data in Figure 4a is presented in Figure 4b. Although the torque exponent α varies
with Reynolds numbers, the torque exponent α remains reasonably constant around 1 with
a torque measurement error of ± 3.5% for Re < 82. These results agree with the early work
of Couette (1890) for the laminar Couette flow regime, and are similar to recently published
works [37,39].
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The earlier predictions by [33,38] showed that the dimensionless torque does not
follow a fixed power-law scaling (i.e., G~Re α, where α is a constant value) for flows
of 800 < Re < 1.23 × 106. Here, after the CCT regime, the flow developed into transition
regimes, and the flow structure depended on Reynolds numbers. The first transition
regime starts with the Taylor vortex flow regime (TVF) in the Reynolds number range of
82 < Re < 455. The TVF is known as the unstable spiral axisymmetric vortices’ regime [34].
The torque exponent increases monotonically from 1.2 to 1.52, indicating that the flow
becomes unstable but not turbulent. Subsequently, as the rotation speed is increased beyond
Re > 450, the TC cell flow undergoes a new kind of instabilities known as non-axisymmetric
instabilities, which lead to a state of great spatio-temporal complexity, known as wavy
vortex flow (WVF) [34]. The WVF regime in the present TC cell flow starts Rec2 = 455.
Although the dimensionless torque is identical to Wendt’s empirical fitting correlation, the
torque exponent will not be constant; it decreases beyond Re = 455 from 1.52 to 1.42 at
Rec3 = 900, which agrees with the literature in this transition regime [33,37]. In case Re > 900,
the present study has limited data, which allowed investigating up to a maximum Reynolds
number of 1227. The Rec4 should be at α = 1.66, which indicates the flow transition from
a modulated wavy vortex flow regime (MWVF) to a turbulent Taylor vortex flow regime
(TTVF) at a high Reynolds number larger than 104 [8,33,37]. The present study shows an
increase in α from 1.43 at Re = 900 to 1.49 at Re = 1227, which agrees with all data in the
literature on the MWVF regime [31,33,34,37].

3. Experimental Results and Statistical Analysis

This study investigates the development of the plastron thickness and the slip length
experimentally over three different fabricated SH surfaces. In addition, a regression analysis
was performed to predict the wettability effects on the achieved drag reduction (DR%).
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3.1. Skin Friction Coefficient Measurement

The baseline shear stress (τω) for the TC cell in this work was obtained using an
uncoated surface of Aluminum CDCs, which was computed from Equation (1). The
dimensionless wall shear stress is typically expressed using a skin friction coefficient.
The skin friction coefficient is plotted versus Reynolds numbers to investigate the flow
behaviour. The skin friction coefficient is given by the following:

C f =
τ

1
2 ·ρ·U2

i
= 2·uτ

Ui
, (8)

Here, Ui = (ri·ω) is the measuring bob linear velocity for our system and uτ =
(

τω
ρ

)0.5

is the friction velocity. The theoretical friction coefficient of the laminar Couette flow can be
expressed by [39]

C f =

(
2

2 + d
ro

)
· 2
Re

Re < 100, (9)

and for turbulent flow [40,41]

C f = 3.52·ln
(

Re·
√

C f

)
+ 4.1 Re > 100, (10)

The coefficient of friction values decreases with higher Reynolds numbers for all
fabricated surfaces, as shown in Figure 5. However, it can be seen that the laminar Couette
flow regions (Re < 82) slightly differ from the smooth surfaces (baseline) for all tested
samples. This behaviour is expected since the flow in these regions is controlled by the
flow geometry [41]. The standard deviation error of the measurements is 0.5%. The
turbulent region can detect no difference between the fabricated and smooth surfaces. The
method used by Panton [42] showed that the coefficient of friction in turbulent Taylor–
Couette flows should obey a logarithmic friction law expressed in the form of Prandtl–von
Kármán [8,19,31,43] as follows:√

2
C f

= Mln

(
Re

√
C f

2

)
+ N, (11)

where M and N are constants that depend on the radius ratio (η = ri
ro

) of the TC cell geometry.
Plotting the baseline data curve allowed us to verify that our baseline measurements con-
formed to this logarithmic law. The measured skin friction coefficient data for the smooth
outer surface were plotted in Prandtl–von Kármán coordinates (for Re > Rec1), as seen in
Figure 6. A least-square fit of the smooth surface data to Equation (11) yielded the values
M = 4.37 and N = −2.1 for the present TC cell, which has η = 0.92. With superhydrophobic
coating applied on the outer surface of the TC cell, these areas become almost shear-free
boundaries, which allow local flow to slip. The no-slip condition is still applied to the inner
surface, which is the measuring bob. Srinivasan et al. [19] determined how the Navier
slip adjusts the skin friction presented in Equation (11) when applied on the inner surface.
They applied Panton’s angular momentum defect theory [42] and incorporated finite wall
slips at the inner surface. The existence of the core region was verified experimentally and
numerically with a weakly varying angular momentum dependence, as well as thin layers
near the inner and outer cylinders, which are characterized by a sharp decay in the angular
momentum [19,42,44].
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Figure 6. The measured skin friction plotted in Prandtl–von Kármán coordinates for all tested
surfaces. The black dashed line is the smooth baseline friction curve for the Taylor–Couette fixture,
given by Equation (11) with M = 4.37 and N = −2.1. The coloured dashed lines are least-squares fits
of Equation (12) to data of the last five points of each tested SHS. The red dashed curve (UED) with
b = 41 µm, the blue dashed line (FPC-800M) with b = 37.2 µm, and the green dashed line (SHBC)
with b = 35.4 µm.

Using the defect theory, Panton [42] matches the approximately constant angular
momentum in the bulk of the TC flow to that of the wall layers to derive a logarithmic
friction law of the form expressed in Equation (11). Srinivasan et al. [19] showed that the
outer flow is significantly affected by a composite boundary condition that imposes an
“effective” spatially averaged slip length at the rough SH wall. They modified this theory
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by deriving a friction law, analogous to Equation (11), for rough SH texture applied to the
inner surface of their TC cell. A similar concept was used in this work to derive the friction
law for rough SH texture applied to the outer TC cell surface (a detailed description of the
derivation is given in the Supplemental Material). The obtained logarithmic friction law
has the final form as follows:√

2
C f

= Mln

(
Re

√
C f

2

)
+ N + b+, (12)

The dimensionless slip length is defined as b+ =
be f f
δν

, where δν is the viscous length

of the turbulent flow and is introduced as δν =

√
(ρν)2

τω
. Whereas b+ increases with the

Reynolds number, as will be shown in the next subsection, earlier experimental and numer-
ical works showed that the b+ is independent of the high Re in turbulent flows [8,19,45,46].
The effective slip length was estimated from the TC cell measurements using all fabricated
SH surfaces in different flow regimes. The effective slip length is used as the characteristic
parameter quantifying the drag-reducing ability of our SH surfaces. The TC cell in this
work has a high radius ratio (0.92), which limited our ability to obtain data in the fully
turbulent regime. The inverse of skin friction is no longer linearly related to the shear

Reynolds number (Reτ = Re·
√

C f
2 ) when plotted in Prandtl–von Kármán coordinates due

to the last term of b+ in Equation (12). A nonlinear regression for SH surfaces data using
Equation (12) [8,19] results in the best-fit single-constant value of b+ for each SH surface.
The experimentally measured data and corresponding fit data of Equation (12) are plotted
in Figure 6. The present TC setup has a limited experimental range (limited Reynolds
number), so the single value of b+ measures the friction-reducing performance of each
surface, as shown in Figure 6. It can be seen that the UED in the regime of Re > Rec1 has a
high value of the inverse friction coefficient compared to the PFC-800 and SHBC.

3.2. The Achieved Effective Slip Length

The torque measurements for the TC cell in the rheometer setup allow for calculating
the apparent shear stress over the SH surfaces. Navier’s definition of slip velocity is

us = be f f
du
dy

, (13)

where beff is the slip length and du
dy is the shear rate. This general definition is not useful

to describe the slip over the superhydrophobic surface, where the slip length is related
to the way the liquid contacts the engineered surfaces. An effective slip length has been
introduced to estimate the slippage over the fabricated hydrophobic surfaces [7,47,48]:

be f f =

(
Mwoc

Mc
− 1
)
·d =

(
τwoc

τc
− 1
)
·d, (14)

where Mwoc is the measured torque without coating, and Mc is the torque with SH coatings.
The ratio of these two torques can be used to find the effective slip length. Similarly, τwoc

τc
is

the ratio of the measured shear stresses without coating and with the SH coating, which
can also be used to find the effective slip length. In the rheometer measurements, the shear
stress is related to the applied torque, which is affected by the surface wettability. One can
see that from Equation (14), the slip length is directly related to the average shear stress that

is by the viscous length, which is given as δν =
√

ρν2

τc
= ν

uτ
. In the laminar flow regime, the

magnitude of effective slip length is governed by the surface feature–length scale and the
wetted solid fraction [19]. For anisotropic and random surface morphology, the effective
slip length is calculated in this study using Equation (14). In Figure 7, the calculated values
of b+ for all fabricated surfaces are plotted against the Reynolds number. The laminar region
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has low slip length values, which agrees with the literature. The maximum slip length
increases from the TVF regime, but a more explicit increase is seen from the WVF regime
to the end of flow in the MWVF regime. The UED surface shows the highest b+ value of
16, with a mean effective slip length of beff ≈ 72 µm with a 95% upper confidence limit of
114 µm and a 95% lower confidence limit of 30 µm. The FPC-800M and SHBC showed the
highest values at 14.4 and 14.2 for b+, respectively. Although the slip length varies with
all surfaces through TVF and WVF regimes, the early stage of the MWVF regime shows
a monotonically increase in the flow over all surfaces. The present TC cell with a high
radius ratio (η = 0.92) did not allow measurement in the TTVF regime, despite a maximum
rotational speed (Ω) of 1557 rpm being used.
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3.3. The Air Plastron Thickness

Since the existence and condition of the plastron are more difficult to maintain and
measure in the TC flows, it is critical to explore the impacts of random roughness morphol-
ogy surface and Reynolds number on the plastron. The capillary force of the air–water
interface trapped on the asperity (roughness) top counteracts the hydrostatic pressure of
water, causing the concave deflection [10]. Suppose the local contact angle of water on the
sidewall of roughness exceeds the advancing contact angle. In that case, the interface is
depinned (released) from the asperity top and slides into the roughness, therefore initiating
the wetting transition. There would be no precise critical hydrostatic pressure if the rough-
ness were random [10]. Instead, as hydrostatic pressure increases, the plastron becomes
thinner and thinner. The plastron and the DR are lost as the SH surface transitions from a
non-wetted (Cassie–Baxter state) to a wetted (Wenzel) state. As the Wenzel state is often the
thermodynamically more preferred state, preventing or delaying this transition is critical.
Two mechanisms can accomplish this transition by using SH coatings: first, by lowering the
size (spaces between nanoparticles) of the asperities in which the air is trapped in order to
enhance the Laplace pressure; second, by increasing the surface’s hydrophobicity (reducing
the surface energy). Another thing to consider in maintaining DR is the diffusion of air
from the plastron into the liquid, which may be accomplished by increasing the amount
of saturated air in the liquid [16,17,49,50]. Many previous studies in the literature showed
that in high flow velocity, the air plastron volume could be lost by the convection–diffusion
mechanism [8,16]. Flows with large velocities produce shorter effective diffusion lengths,
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resulting in an accelerated dissolving of the air plastron into the liquid [18]. Turbulent
flows with Reynolds number of (5 × 105 ≤ Re ≥ 1.5 × 106) showed steady movement and
variations in the thickness of the air plastron, which was caused by the pressure fluctuations
in the flow boundary layer [23].

Many previous studies were performed experimentally and analytically to determine
the thickness of the air plastron [50,51]. The slippage viscous model introduced by Olga
V. [52] says that if the surface is considered ideal (neglecting the roughness effect), and an
average value µa characterizes the viscosity of the air plastron adjacent to the wall, the slip
length due to the thickness of air plastron δ can be expressed as follows:

δ =
be f f(

µl
µa

− 1
) , (15)

Although the fabricated CDCs have a 42 mL capacity in the present work, they are
filled with just 19 mL of tested fluid, which means the SH surface is not fully submerged;
this was implemented to create a connection between the air plastron and the ambient
air in the lab (see Figure 1a). Based on Srinivasn’s work [19], this procedure offered more
drag reduction than the case where the air plastron was isolated for the same Reynolds
number in their study. Figure 8 presents the present study’s dimensionless air plastron
thickness δ+ for all fabricated surfaces versus the used Reynolds number. Although the
maximum Reynolds number in the present work is lower than the turbulent Reynolds
number mentioned in the literature, it can be seen that the air plastron thickness is close to
being constant among each fluid flow. The results of air plastron thickness δ are directly
proportional to the slip length, as shown in Figures 7 and 8, which have around 4.2 µm
over all fabricated surfaces. The geometry of the TC setup used in the present work did not
show high Reynolds number flows, which placed limitations on observing any change in
the air plastron thickness over all the used surfaces.
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3.4. Regression Analysis for the Slip Length and the Air Plastron Thickness

The rheometer data were analyzed to study the relationship between the dimen-
sionless plastron thickness (the dependent variable) and several predictor variables: the
dimensionless slip length, the ratio of the dynamic viscosity of water to air, the Reynolds
number, and the advancing dynamic contact angle as a measure of wettability. Those
predictors are the most important parameters that significantly impact the dependent’s
value. This statistical analysis aimed to understand how these predictor variables influence
the dimensionless plastron thickness and to make predictions about the thickness based
on known values of the predictor variables. The multiple linear regression (MLR) method
was used to analyze the data using the statistical package from the IBM SPSS software. A
model was statistically formulated for the predicted dimensionless air plastron thickness
δ+. Overall, 164 measured points for all 3 SH surfaces and 1 smooth surface are used; the
descriptive statistics are presented in Table 2. Various options and preferences in the setting
can be customized by the user to modify the behaviour of the SPSS software, such as data
editor, output viewer, syntax editor, and general settings. These settings can be accessed
and modified through the “Options” menu in SPSS. The regression model presents the
impact of the predictors on the dependent δ+, which is summarized in Equation (16), and
the model summary is illustrated in Table 3 with the coefficient of determination R2 = 0.871.

Table 2. Descriptive statistics of the regression model.

Parameter Mean STD.DEV. N

δ+ 0.008 0.013 164
Re 206.47 306.46 164

Cos θ 0.54 0.69 164
µw/µa 0.86 50 164

b+ 1.001 2.36 164

Table 3. Regression model summary of the dependent variable (δ+).

Model R R2 Adjusted R2 STD Error
Changes Statistics

R2 Change F Change dF1 dF2 Sig. F Change

1 0.933 a 0.871 0.868 0.0045 0.871 269.39 4 159 0.0005
a Predictors: constant, b+, cos θ, µw/µa, Re.

δ+ = 2 + 5·b+ + 0.0358·µW
µa

+ 0.01066·Re + 0.0001·Cosθadv, (16)

The measured and predicted δ+ and b+ are presented individually in Figure 9 for
each tested SH surface. It was revealed from the regression analysis that all the predictors
have a positive impact on the predicted δ+. In other words, all predictors are positively
associated with the predicted δ+. The predicted and measured dimensionless air plastron
thickness δ+ for each used SH surface was compared with the achieved dimensionless
slip length b+. Figure 9a–c present the variation of the predicted and measured δ+ vs. the
operating Reynolds numbers for the UED, FPC-800, and SHBC. The regression model
agrees well with the measured δ+ for all surfaces; it shows a statistically significant 95%
confidence level.
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The measured and predicted δ+ and b+ are presented individually in Figure 9 for each 

tested SH surface. It was revealed from the regression analysis that all the predictors have 

a positive impact on the predicted δ+. In other words, all predictors are positively associ-

ated with the predicted δ+. The predicted and measured dimensionless air plastron thick-

ness δ+ for each used SH surface was compared with the achieved dimensionless slip 

length b+. Figure 9a–c present the variation of the predicted and measured δ+ vs. the oper-

ating Reynolds numbers for the UED, FPC-800, and SHBC. The regression model agrees 

well with the measured δ+ for all surfaces; it shows a statistically significant 95% confi-

dence level. 
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Figure 9. The comparison of measured data of both the dimensionless plastron thickness and the
dimensionless slip length by the predicted linear regression model data of dimensionless plastron
thickness for the tested SHSs of (a) FPC-800M, (b) UED, and (c) SHBC.

Furthermore, the comparison between the achieved values and the predicted δ+ and
measured b+ values showed a high level of correlation. A sensitivity analysis was performed
using the stepwise method to investigate each predictor’s effect and determine the most
significant predictor’s impact on the model. The sensitivity analysis indicates that the b+,
Reynolds number, and the dynamic viscosity ratio are the most influential parameters that
affect the regression model, as illustrated in Figure 10. It shows the sensitivity index of all
predictors, and the achieved b+ has the highest sensitivity index of 0.87 with the lowest
RMSE of 0.005. On the contrary, the advancing dynamic contact angle (θadv) has the lowest
sensitivity index of 0.01. This small contribution of (θadv) interprets the limited wetting
degrees of the three tested samples and one plain sample used in the present work. In
comparison, the b is the major predictor parameter affecting the regression model, which is
expected, as introduced in the slippage viscous model of Equation (15).
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4. Conclusions

In this paper, the plastron thickness and its relation to the slip length above three SHSs
was investigated experimentally and statistically. A rheometer was utilized to measure
the torque of submerged flow tests with three different SHSs and a smooth surface as a
reference, using CDCs as the torque-measuring cells at a maximum Reynolds number of
1227, characterized by measuring the θs and θadv. The main findings of this paper can be
summarized as follows:

• Despite minor variations among the tested surfaces, the UED demonstrated the high-
est static and advanced dynamic contact angles. The used TC cell showed limited
turbulence due to its high radius ratio of 0.92, which enabled the flow structure
phase diagram to reach the MWVF region at a high rotational speed provided by the
rheometer before entering the TTVF region.

• A modified version of the Prandtl–von Kármán skin friction law was developed by
applying boundary layer (angular momentum defect) theory to turbulent TC flow.
The study allowed for the determination of an effective slip length, “b”, that describes
the non-wetting behaviour of superhydrophobic surfaces (SHS) on the outer wall
of the TC cell used in WVF and MWVF regions. The results demonstrate that even
though super hydrophobic surfaces typically exhibit effective slip lengths of only a few
micrometers, they are capable of reducing skin friction in the early turbulent stages
(WVT-MWVT) flows.

• A slippage viscous model is used to calculate the plastron thickness at each Reynolds
number for all tested SHSs. The comparisons of all the measurement data show a clear
relationship between the plastron thickness and the slip length; the UED surface has
the highest values of δ+ and b+ among the tested surfaces.

• The attainable drag reduction in TC flows with the three fabricated SHSs is in the
range of 7 to 11%.

• The developed regression model shows a direct relation between δ+ and b+ for all
tested SHSs. The comparisons between the predicted and measured data showed
good agreement. Although there is a small difference in the wetting degree between
the tested SHSs, the plastron thickness is directly proportional to the slip length and
the water/air dynamic viscosity ratio. The limited number of tested surfaces showed
a low impact on the regression model.
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Further investigations could entail conducting experiments to measure the DR%
under various liquids with varying viscosities while keeping the same SHSs to gain insight
into the drag reduction mechanism. Additionally, a TC flow configuration with a more
extensive TC cell gap distance could be employed to reach the MWVF and TTVF regimes
while maintaining the same applied shear rate as the current study. The accumulation of
these data would enable the creation of a statistical model utilizing regression analysis to
determine the effect of the predicted parameters on the plastron thickness relative to the
present setup.
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Nomenclature

Abbreviation
DR Drag Reduction
SHS Superhydrophobic Surface
SCA Static Contact Angle
CAH Contact Angle Hysteresis
CDC Concentric Disposal Cups
SEM Scanning Electron Microscope
TC Taylor–Couette
Letters
b Slip Length
b+ Dimensionless Slip Length
beff Effective Slip Length
CL The End Effect Correction Factor
Cf Friction Coefficient
d TC Gap Distance
G Dimensionless Global Torque
n Rotational Speed
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N Constant based on Radius Ratio
M Constant based on Radius Ratio
MC Global Torque over Superhydrophobic Surface
MWOC Global Torque over Smooth Surface
ri Inner radius of the TC cell
ro Outer radius of the TC cell
Re Reynolds number
Reτ Shear Reynolds number
u Streamwise velocity
uτ Friction Velocity
Ui Measured Velocity
y Normal flow axis
Greek Symbols
α Torque Exponent
∆ Ratio of Radii
δ Plastron Thickness
δ+ Dimensionless Plastron Thickness
δν Viscous Length
ρ Density
η Radius Ratio
.
γ Shear Rate
Γ Length to Gap Ratio
µ Dynamic Viscosity
µa Air Dynamic Viscosity
µw Water Dynamic Viscosity
ν Kinematic Viscosity
τ Shear Stress
τc Coating surface shear stress
τw Smooth surface (wall) shear stress
ω Angular Speed
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