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ABSTRACT 

 

 

Presented in this paper are experiments to test the hypothesis that drag reduction is 
possible over hydrophobic surfaces in the Wenzel state during laminar and turbulent 
flows.  Quantification of surface drag reduction in rectangular channel flow over walls 
with specific hydrophobic or hydrophilic properties was obtained with pressure drop 
measurements along the channel for a range of Reynolds numbers between 350 and 5900.  
Several commercially available materials and coatings were chosen in order to span a 
range of contact angles between 30° and 135°.  The results are within the bounds of the 
theoretical values calculated with the Colebrook equation, and do not show any reduction 
in wall shear stress as a function of material properties or surface chemistry.  The 
differences between this experiment and others measuring pressure drop over 
hydrophobic surfaces is the macro-scale conditions and the hydrophobic surfaces being 
fully wetted.  These experiments are further proof of the importance of a liquid-vapor 
interface for increasing the shear free area to produce drag reduction. 
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Nomenclature	
The following abbreviations will be found in this document. 

θC Contact angle 

θA Advancing contact angle 

θR Receding contact angle 

S-L Solid-liquid 

S-V Solid-vapor 

L-V Liquid-vapor 

L-L Liquid-liquid 

WSL Adhesion work 

γSL Surface tension at solid-liquid interface 

γSV Surface tension at solid-vapor interface 

γLV Surface tension at liquid-vapor interface 

γLL Surface tension at liquid-liquid interface 

R Roughness factor 

ci Heterogeneous surface coverage 

RMS Root mean square 

h Channel height 

w Channel width 

V  Average flow rate 

Δp Pressure drop 

  Pressure drop length 

uslip Wall slip velocity 

b Wall slip length 

µ Dynamic viscosity 

ρ Density 

ν Kinematic viscosity 

  Shear rate 

f Friction factor 

fColebrook Friction factor from Colebrook equation 

fHaaland Friction factor from Haaland equation 

REDh Hydraulic diameter Reynolds number 
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Dh Hydraulic diameter 

ε Roughness height 

WSS Wall shear stress 

PIV Particle image velocimetry 

CNC Computer numerical control 

FM Flowmeter 

RTD Resistive thermal device 

N-S Navier-Stokes 

τw Calculated wall shear stress 

FFF Fanning friction factor 

Δ[] Uncertainty in [] measurement 

σ[] Standard deviation in [] measurement 

U[] Total uncertainty in [] 
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Introduction	
Controlling drag in a variety of flow conditions is a concept that has been debated and 
tested for the last two centuries.  The slip boundary condition, postulated by Navier, is 
generally discarded for the simplicity of a no-slip boundary condition in engineering 
calculations (Choi, Westin, & Breuer, 2003).  However, there are no physical principles 
that support the no-slip boundary condition (Day, 2004).  The idea that the slip velocity 
scales linearly with strain rate is often discussed but has not been fully investigated 
(Navier, 1823). 

Methods of drag control that have been studied include polymer additives, which use 
small amounts of certain materials added to the liquid to interfere with the turbulent 
bursting process (Virk, 1975); blowing jets, which alter stagnation-point placement and 
rotate lift force into the thrust direction (Glauert, Walker, Raymer, & Gregory, 1952); and 
piezo electrics for active skin control, which produce traveling waves perpendicular to 
the flow direction (Wehrmann, 1968).  Drag reduction using polymer additives is bound 
by the Prandtl-Karman law and the maximum drag reduction asymptote.  Drag reduction 
from blowing jets is controlled by the jet velocity relative to the bulk velocity.  For an 
active skin method, the drag reduction can be characterized by the traveling wave force, 
which is a function of the excitation amplitude.  However, these methods are limited to 
the turbulent flow regime.  For laminar flows, drag reduction is possible using 
hydrophobic surfaces or the addition of air bubbles, or air layers (Rothstein, 2010).   

Contact	Angle	
The hydrophobicity of surfaces can be characterized using a parameter called the contact 
angle, θC, which is the angle tangent to the liquid surface as it intersects the solid surface 
(Wolf, dos Santos, & Phillippi, 2009).  A line drawn at this angle from the solid surface is 
termed the contact line.  Hydrophobic surfaces have a contact angle greater than 90° and 
conversely hydrophilic surfaces have a contact angle less than 90°.  A subdivision of 
hydrophobic surfaces is super-hydrophobic surfaces, which incorporate micro- or 
nanoscale surface roughness to obtain contact angles that approach 180°.  These surfaces 
minimize contact with the fluid causing droplet formation.  The surface roughness allows 
for gas to be trapped beneath the liquid creating a shear-free gas-liquid interface 
(Rothstein, 2010).  Super-hydrophobic surfaces can be engineered to produce an apparent 
wall slip velocity and reduce drag in turbulent and laminar flows (Daniello, Waterhouse, 
& Rothstein, 2009). 

The contact angle is a dynamic value, meaning that a liquid has a range of contact angles 
bounded by the advancing contact angle, θA, and the receding contact angle, θR (de 
Gennes, 1985).  As θC approaches θA the liquid spreads over the surface because surface 
tension is not strong enough to maintain that shape.  As θC approaches θR the liquid 
contracts because the liquid surface tension is stronger than the external gas pressure.  
Surface properties, such as roughness, affect the contact angle, and therefore, the 
spreading of the liquid over the surface.  There are two models that are typically used to 
describe surface wetting; the Wenzel model is used to describe a fully wetted surface 
(Wenzel R. N., 1936), and the Cassie-Baxter model is used to describe a partially wetted 
surface with gas trapped under the liquid (Cassie & Baxter, 1944). 
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Regularly patterned arrays of micro-ridges or micro-posts are one method of inducing the 
surface roughness necessary for a super-hydrophobic material to operate in the Cassie 
state.  A liquid drop moving on such a surface has very little drag because instead of 
sliding over the surface it rolls.   As the amount of liquid increases beyond the carrying 
capacity of the material gas trapped under the liquid layer is displaced and the material 
transitions to the Wenzel state (Rothstein, 2010). 

Contact angle theory is a complicated problem because of surface feature and fluid 
scaling, global versus local effects, and being able to resolve close enough to the three 
phase junction.  Applying this theory to practical systems requires an understanding of 
the role of surface roughness, and chemical composition of the surface and liquid phases.  
In 1805, Young discussed fluid cohesion and surface tension to explain the contact angle 
of a liquid drop in equilibrium on a solid surface (Young, 1805).  He stated a relation for 
the solid-liquid, S-L, solid-vapor, S-V, and liquid-vapor, L-V, interfaces and the 
curvature of the fluid resting on a horizontal plane as a trigonometric function.  A 
vectorized equation of Young's written word has taken several forms based on the 
reader's interpretation.  For example, a relation between the adhesion work, WSL, and the 
surface tension of the L-V interface, γLV, as a function of θC can be written as shown in 
eq. 1 (Pease, 1945).  Another relation can be written for the surface tensions of the three 
interfaces and θC eq. 2 (Bangham & Razouk, 1937). 

 SL LV CW 1 cos     1 

SV SL LV Ccos     
 2 

The first application of Young's equation was used to quantitatively evaluate the 
characteristics of water proofing agents (Wenzel R. N., 1936).  Wenzel studied 
continuous, solid surfaces and made direct measurements of θA and θR using the tilting 
plate method.  He found that the physical condition of the surface had a more pronounced 
effect on the water repellency than the surface chemistry.  Wenzel concluded that an 
increase in the surface area results in an increase in the water repellency and modified the 
Young equation to scale the adhesion tension with a roughness factor, R, eq. 3.  R is 
equal to the contour area divided by the projected area of the wetted surface (R will 
always be greater than or equal to unity).  The adhesion term is often misinterpreted as a 
measure of the force which holds the solid layer and the adjacent liquid layer together, 
but can be understood as the force necessary to pull apart the liquid and solid phases 
(Bangham & Razouk, 1937). 

 SL SV SL LV CRW R cos      
 

3 

The next modification of Young's equation came after Cassie investigated water 
repellency of porous surfaces.  Using a coated wire grid, it was shown that small 
hysteresis causes a droplet to roll without wetting the surface.  To deal with 
heterogeneous surfaces additional contact angle terms were added to Young's equation as 
shown in equations 4 & 5.  The surface tension is weighted based on what the liquid is in 
contact with; for example half of the liquid may be on a glass surface and have a low 
contact angle, while the other half is over porous cavities of air with a high contact angle.  
When θC is greater than 90° liquid will not penetrate concavities.  Porous surfaces are 
very significant for droplet movement because they exhibit large advancing and receding 
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studying the dynamics of spreading there are problems with experimental designs that 
must be overcome, such as eliminating hysteresis (with a smooth, homogeneous surface) 
and choosing simple flow geometry (to eliminate gravity and viscous effects).  There are 
many methods of determining the contact angle between the S-L interface, including 
photographically using an edge detection method, reflection with liquid prisms, or using a 
liquid column height in a capillary.  Sources of hysteresis are not limited to surface 
roughness; heterogeneous surfaces also cause hysteresis, contamination of the solid 
surface, as well as solutes in the liquid phase. 

There are two regimes into which fluid spreading can be separated; rolling and melting 
(de Gennes, 1985).  The melting regime is used to describe fluids that tend to slip on 
solid surfaces, and the rolling regime describes fluids that roll over a solid surface.  
Applying either type of motion to the fluid at the three phase junction results in a moving 
contact line.  The L-V interface can be substituted by a liquid-liquid, L-L, interface and 
Young’s equation remains essentially unchanged, eq. 8.  Surface tension has been related 
to fluid viscosity using empirically derived equations (Pelofsky, 1966), and adhesion 
work is related to surface tension and θC using Young’s equation, eq. 9.  Fluid drag on the 
surface can be quantified using wall shear stress, WSS, or friction factor, f.  Since WSS is 
a function of viscosity, it follows that drag can be described in terms of θC. 

1 2 1 2SL SL L L Ccos     
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Previous	Drag	Reduction	Experiments	
A series of experiments performed in hydrophilic and hydrophobic micro-channels with 
smooth surfaces found a significant difference between the boundary conditions of the 
two surface types (Choi, Westin, & Breuer, 2003).  Using the Hagen-Poiseuille equation 
with an additional slip flow rate term, shown in eq. 10, they were able to derive a relation 
for the apparent slip length as a function of shear rate in eq. 11.  They observed that 
apparent slip length increased linearly with shear rate for the smooth, hydrophobic 
surface. 
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A similar series of experiments was performed with micro-patterned super-hydrophobic 
surfaces which found laminar drag reduction (Ou, Perot, & Rothstein, 2004).  They found 
that the air-water interface between the micro-features provides a shear-free boundary 
condition that produces pressure drop reductions of over 40%.  An increase in feature 
spacing and a decrease in channel height were found to increase the effectiveness of these 
surfaces. 

Experiments have been performed with patterned surfaces in micro-channel flow 
conditions to characterize drag reduction induced by the surface (Daniello, Waterhouse, 
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& Rothstein, 2009).  They found significant drag in turbulent flows but no significant 
drag reduction in laminar flows.  Furthermore, they propose that the viscous sublayer 
thickness is the correct height for the patterned micro-features on the surfaces.  They 
compared their data to theoretical values of pressure drop along a pipe, eq. 12, using the 
Colebrook equation, eq. 13.  The Colebrook equation is an implicit equation relating 
friction factor, f, to Reynolds number, which can be used in conjunction with the Darcy-
Weisbach equation to calculate pressure drop.  The Haaland equation, eq. 14, is used to 
calculate the initial friction factor to put into the Colebrook equation. 
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There are discrepancies between these experiments, such as two finding laminar drag 
reduction using hydrophobic or super-hydrophobic surfaces but the third not finding 
laminar drag reduction.  Additionally, the experiments with the smooth hydrophobic 
surfaces saw large apparent slip lengths despite the absence of a L-V interface.  These 
experiments were performed in a micro-channel environment, but remain to be tested in 
macro-scale flows. 

This experiment tests the hypothesis that drag reduction is possible over hydrophobic 
surfaces in the Wenzel state during laminar and turbulent flows.  The objectives of the 
experiment were to: build a test apparatus with interchangeable components to allow the 
testing of materials with different contact angle properties; develop a method of 
characterizing the materials' properties for comparison; calculate WSS as a function of 
Reynolds number, Re, using pressure drop, volumetric flow rate, and temperature 
measurements; contrast the WSS values for the different materials with each other and 
with theoretical values derived from the Colebrook equation, using the Haaland equation 
as the initial input; and develop a plan of action for pursuing future research based on the 
results. 

Experimental	Approach	
The present work presents pressure drop measurements of rectangular channel flow over 
walls with specific hydrophobic or hydrophilic properties.  Several commercially 
available materials and coatings were chosen in order to span the range of contact angles.  
A sample of each material and coating was used for characterization purposes since their 
properties cannot be measured inside of the channel.  Wetting properties of the material 
surfaces were characterized by measuring the fluid contact angle.  Contact angle 
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measurements were performed with a digital camera and edge detection software.  The 
material surface roughness heights were measured with a KLA Tencor Alpha-Step IQ 
profilometer, which has a vertical resolution of 0.012Å.   The surface roughness heights 
did not extend past the viscous sublayer of the flow in order to investigate the effect of 
surface chemistry on turbulent drag reduction.  The viscous sublayer height was 
calculated using the law of the wall, eq. 15, and the roughness heights are less than one 
wall unit, y+.  y+ was calculated to be 20µm and the maximum surface roughness height 
measured was 10µm for the WX2100 coated acrylic. 

w

u
y y y 
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Material	Characterization	
Each material sample was placed in front of a Nikon D70 digital SLR 6.1 megapixel 
camera such that the plane of the wetted side is parallel with the horizontal plane.  A drop 
of distilled water was placed on the material with a syringe.  Droplet sizes were random, 
and spanned from small to large to measure advancing and receding contact angles.  
After photographs were taken for each material for a variety of droplet sizes the images 
were loaded into MATLAB and the contact angles were measured for each sample.  
MATLAB measured the contact angles by detecting the edge of the droplet and the 
horizontal material surface, fitting a curve to those edges, and calculating the angle 
between the fitted curves. 

A clean, dry sample of each material was placed on the stage of the profilometer so that 
surface roughness heights could be measured.  The profile length was set to 5000 µm and 
the scan speed was set to 200 µm/s using the Tencor software for all of the material 
samples.  The profilometer then acquired the surface profile using a stylus in contact with 
the sample and recorded the data.  The data was plotted using MATLAB and by visual 
inspection the roughness heights were determined by finding the largest difference 
between consecutive peaks and valleys. 

Channel	Design	
The test apparatus consisted of stacked layers with the channel being a void in the middle 
of the apparatus as shown in figure 3.  The two outside layers were 1/2 in thick acrylic 
pieces, designed to support the channel and maintain a straight, level cross section.  
Moving inward, the next two layers were the material surfaces being tested.  The top 
material surface was always glass so that, in the event that particle image velocimetry, 
PIV, data had to be taken, a laser plane could enter through that layer to illuminate 
particles within the channel.   The final middle layer was the channel spacer, which was a 
CNC laser cut piece of 3/16 in thick extruded acrylic to set the channel height and width.  
The layers were bolted together with 1/4 in nylon fasteners, spaced 75 mm apart, in a 
staggered bolting pattern.  The tensile strength of nylon is lower than the compressive 
strength of acrylic, which means that the bolts will fail before the acrylic layers begin to 
yield.  This helps to prevent over tightening the apparatus and provide an even clamping 
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Functional	Model	
For this study, four materials (see table 1 for a list of materials), including one control 
material, were tested over a range of hydraulic Re numbers from 350 to 5900.  
Quantification of surface drag reduction was obtained with pressure drop measurements 
along the channel.  Multiple data collection sessions were performed for each material.   
Pressure was measured with two pressure transducers, which have ranges of ± 0.1 inH20 
and 0.0-0.5 inH2O.  Placement of the pressure transducers was based on the expected 
pressure drop between the pressure tap locations and using the total range of the 
transducer to maximize the measurement resolution.  This required splitting the data 
collection into a low speed session, using a larger spacing between pressure tap locations, 
and a high speed session, using a smaller spacing between pressure tap locations.  Flow 
was set by sending a random control signal to the pumps and then the resulting flow rate 
was measured with the FM.  The flow was randomly set, instead of swept, to reduce the 
effect of hysteresis error.  The diaphragm of the pressure transducers are an elastic 
material and, therefore, subject to path dependence.  Sweeping the flow rates allows the 
pressure transducer output to remain deterministic.  Re numbers were calculated using 
measurements from the FM and RTD. 

The hydraulic Re number is calculated using the fluid density, ρ, dynamic viscosity, µ, 
average velocity, uavg, and the hydraulic diameter of the channel, Dh, as shown in eq. 16.  
Using Dh as the characteristic length enables the use of the logarithmic law to calculate 
friction factors based on Re numbers for comparison to empirical results (White, 1986).  
The fluid viscosity and density decrease in a non-linear trend as fluid temperature 
increases.  The temperature of the fluid was not controlled, but with the measurements 
from the RTD, viscosity and density can be analytically calculated.  The viscosity was 
calculated using the Fulcher equation, which is a three parameter relation between 
viscosity and temperature, shown in eq. 17 (Fulcher, 1992).  The density was calculated 
with the five parameter Thiesen formula, shown in eq. 18 (Tanaka, Girard, Davis, Peuto, 
& Bignell, 2001). 
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The functional model for the experiment, shown in eq. 19, is derived from the Navier-
Stokes, N-S, equation for conservation of momentum in the direction along the length of 
the channel.  The assumptions used to simplify the N-S equations are that: when the fluid 
reaches the pressure transducers it will be time invariant and fully developed, the fluid 
only moves in the direction along the channel length, and there are no external forces 
acting on the fluid.  The remaining terms in the equation are for the pressure gradient and 
the viscous diffusion.  The viscous diffusion term is a linear, second order, homogeneous 
differential equation that is solved to find the fluid velocity along the length of the 
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channel as a function of distance from the channel half height.  Two boundary conditions 
are needed to solve the velocity equation and are found in assuming that the flow rate is 
at its maximum at centerline, and in the no-slip condition at the channel wall.  The stress 
tensor inside of the viscous diffusion term is written in terms of the shear stress at the 
wall using Newton’s law of viscosity.  The pressure gradient is expressed as a difference 
quotient, using the pressure drop between two pressure tap locations divided by the 
distance between those pressure tap locations.  This results in an equation that directly 
relates the pressure drop along the channel to the shear stress at the wall. 
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The apparatus layers were assembled under water to achieve a fully wetted material 
surface during the experiment.  The pressure transducers were purged of air and set aside 
to eventually connect to the channel pressure taps.  The pumps were primed and the inlet 
lines and manifolds were purged of air before being connected to the channel.  This was 
to prevent air from entering the channel and sticking to the material surface, which could 
create a shear free layer or produce an artificial pressure drop and invalidate testing the 
hypothesis that the surface is fully wetted in the Wenzel state.  The inlet lines were 
connected to channel while the pumps were running to prevent air from entering the 
channel and to purge air from the outlet lines and FM.  The pumps were stopped and, 
once the fluid came to rest, the pressure transducers were placed in the flow loop and 
their output voltage was zeroed using an onboard potentiometer.  Low speed flow rate 
tests were performed using an automated control program written in LabVIEW.  This 
program sent the voltage control signals to the pumps, acquired voltage signals from the 
pressure transducers and FM, and saved the data for analysis.  The RTD had its own 
control software that was used to record direct temperature measurements.  After 
performing low speed tests, the pressure transducer locations were adjusted to facilitate 
high speed flow measurements and their voltage output was zeroed.  High speed flow 
tests were performed using the same software but the range of output voltages sent to the 
pumps was changed.  There was some overlap of the flow rates between low speed tests, 
which went up to Re ≈ 3000, and high speed tests, which started at Re ≈ 2500.  The 
overlap allows for a comparison of results that should be similar and ensures that there is 
not a gap in the system’s independent variable. 

An uncertainty analysis of the functional model, used to calculate the Re and the WSS 
number, provided analytic equations to describe the bias uncertainty of the experiment 
results, shown in equations 20 & 21.  The Re number was calculated using FM and RTD 
data and the channel dimensions.  The uncertainty of the Re number, ΔReDh, is from 
uncertainties of the channel dimensions, FM, and RTD.  The WSS relied on information 
from the pressure transducers as well as measurements of the channel dimensions.  The 
uncertainty in the WSS, Δτw, is from the uncertainty of the pressure transducer and the 
channel dimensions.  The total uncertainty in the Re number, URe, and the WSS, Uτw, is 
calculated by taking the square root of the sum of the squares of the bias uncertainty and 
the standard deviation, σ, of the measured values in time as shown in equations 22 & 23. 
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Results	

Material	Characterization	Data	
A summary of the data from the contact angle and surface roughness measurements can 
be found in table 2.  There is a correlation between surface roughness and contact angle; 
as the roughness increases so do the contact angles.  This is in agreement with previous 
work  (Wenzel R. N., 1936).  A typical photograph used for measuring contact angle is 
shown in figure 5 with a drop of distilled water sitting on top of a piece of acrylic coated 
with WX2100 showing θc ≈ 125°.  In figure 6, direct measurements of surface roughness 
made with a stylus profilometer are shown for the materials tested in the experiment.  As 
a result of an inclination of the stage of the profilometer there was a slope to the 
roughness data that was removed. 

Material Roughness 	Contact	Angle

	Glass	 ~1 nm 45°‐55° 
	Nylon	 0.2-0.5 µm 30°-70° 
	Teflon	 2-3 µm 90°-110° 
	WX2100 5-10 µm 105°-135° 

Table 2.  A summary of the surface roughness and contact angle measurements used for classifying 
the materials. 
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Figure 8.  The WSS is plotted as a function of Re number for the different materials.  They are 
bounded by the theoretical WSS, which were calculated using friction factors at temperatures of 20 
°C and 30°C. 

A different method of representing the experimental data is with the Fanning friction 
factor, FFF, as shown in figure 9, which non-dimensionalizes the WSS with the dynamic 
pressure.  Again, the Colebrook equation, for a smooth channel, is plotted for 
comparison.  A deviation from the expected FFF is shown in the glass results, which are 
the second farthest from the theoretical curve for a smooth surface.  The glass material 
has the smallest surface roughness but that is not shown in the plot of the FFF.  A 
possible explanation is from the poor fit of the glass layers in the assembled test 
apparatus.  The glass layers had a different thickness than the other materials, based on 
what was available for a channel of this size.  Therefore a gasket was used around the 
glass layer so that an equal clamping force would be applied to this layer by the bolts 
holding the apparatus together.  However, the reported values are within the accuracy of 
the Colebrook equation, therefore the data correlates with the expected values (White, 
1986). 
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Figure 9.  The WSS was non-dimensionalized using the dynamic pressure to derive the Fanning 
friction factor.  The Fanning friction factor is temperature invariant. 

Range	of	Uncertainty	
The results of the uncertainty analysis, which calculates the propagation of error through 
the WSS and Re number, are shown in figure 10 and figure 11.  The overall uncertainty 
for all measurements is dominated by the uncertainty of the channel height.  The 
maximum uncertainty in the WSS is less than 1%.  The maximum uncertainty in Re 
number is less than 7%.  The consistency of the results suggests that the measurements 
are reliable and the magnitude of the uncertainty indicates that the analysis is robust. 
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Figure 10.  The uncertainty in WSS as a function of WSS.  

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
x 10

-3

Wall Shear Stress, w, [Pa]

U
nc

er
ta

in
ty

 in
 W

SS
, [

Pa
]



 18

	

Figure 11.  The uncertainty in Re number as a function of Re number. 

Discussion	
There are few experimental studies of hydrophobic drag reduction in macro-scale channel 
flow in the laminar or turbulent regimes.  These results are consistent with previous 
studies that considered hydrophobic drag reduction in the laminar and turbulent regimes 
(Daniello, Waterhouse, & Rothstein, 2009).  A possible explanation for the large apparent 
slip lengths found by (Choi, Westin, & Breuer, 2003) over smooth hydrophobic surfaces 
is dissolved gas bubbles coming out of the fluid near the wall.  With the lack of a L-V 
interface in the fully wetted Wenzel state, drag reduction cannot be realized with surface 
chemistry modification alone.  Drag reduction can only be realized if the apparent slip 
length is comparable to the channel height.  In the macro-scale channel used for these 
experiments, this means that the maximum possible drag reduction is less than the 
inherent uncertainty of the system.  These experiments are further proof of the 
importance of a L-V interface for increasing the shear free area to produce drag 
reduction. 

The differences between this experiment and others measuring pressure drop over 
hydrophobic surfaces is the macro-scale conditions and the hydrophobic surfaces being 
fully wetted.  Super-hydrophobic surfaces can be made hydrophilic by condensing water 
vapor on the surface before application of a water droplet (Wier & McCarthy, 2006).  
This effect decreases liquid mobility by creating a fully wetted surface so that droplets 
become pinned.  A macro-scale experiment involving hydrophobic coatings and air 

0 1000 2000 3000 4000 5000 6000 7000
50

100

150

200

250

300

Reynolds Number, ReDh

U
nc

er
ta

in
ty

 in
 R

ey
no

ld
s 

N
um

be
r



 19

injection saw significant drag reduction on scaled ship models (Fukuda & Tokunaga, 
2000).  However, without a normalized parameter to describe the air thickness there is no 
way to know if this is a viable solution for normal scale ships.  Similar to the micro-scale 
experiments this macro-scale experiment had an air layer between the surface and the 
liquid.  The air layer was forced making this an active method of drag reduction. 

When examining the arguments that are presented it is apparent that fundamentally 
surface tension is the controlling factor of the results.  The viscosity of air is negligible 
compared to the viscosity of water.  In experiments using micro-patterned roughness this 
means that the surface tension of the liquid is too high to generate enough capillary force 
to drive the liquid into the gas filled space.  In this situation the liquid is not completely 
in contact with the surface, but hovering above pockets of gas wherever there is no 
roughness.  Over the gaseous areas there is much less shearing stress than compared to 
the solid surfaces, which reduces the net shear stress over the whole S-V interface.  Based 
on this net shear stress reduction some experimental studies have derived what they are 
calling a wall slip velocity.  This derivation is based on the N-S equations without 
assuming no-slip at the wall.  However, since the fluid is hovering over pockets of air and 
not completely in contact with the surface this cannot actually be called wall slip.  Over a 
rough area the average velocity of the fluid may be higher or the average shear stress may 
be lower compared to a smooth area, but that is not indicative of wall slip because wall 
slip occurs at discrete, infinitesimal locations. 

Conclusion	
The hypothesis stating that drag reduction is possible over hydrophobic surfaces in the 
Wenzel state during laminar and turbulent flow was not supported by a channel flow 
experiment that used flow rate versus pressure drop measurements to compare the WSS 
values of surfaces with a range of θC values between 30° and 135°.  Different 
assumptions about the representation of the velocity profile could alter the calculation of 
the results; however, the WSS of the materials as a function of Re have no discernable 
difference that could be explained by their θC.  Other functional dependencies of the 
materials on the WSS measurements that were suggested, such as surface roughness, 
were ruled out after profilometer tests showed that the roughness heights were within one 
wall unit of the viscous sublayer height.  Repeated pressure measurements using the same 
material provided consistent results, which matched the predicted results from using 
calculated friction factors. 

A limitation in the original design of the experiment was the need to disassemble the 
apparatus to test the different materials.  The scale of the channel, cross sectional area, 
and length required to ensure fully developed flow, made it difficult to achieve high flow 
rates (Re numbers) with the available pumps.  Only knowing the average velocity across 
the channel and assuming a velocity profile is another experimental limitation.  A slip 
velocity at the wall was not included in the functional model, which means that even if 
fluid did slip at the wall there would be no way of calculating apparent slip velocities.  
Difficulties in measuring wall velocities stem from different test apparatus material layers 
and not being able to assume that the apparent slip velocities at the top and bottom wall 
are the same. If the material layers and apparent slip velocities are the same, then the 
velocity profile could be integrated to derive the average velocity, which could then be 
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related to the apparent slip velocity. The same model was used for laminar and turbulent 
flows instead of developing a separate turbulent model using the Reynolds-averaged N-S 
equations.  Future work could overcome these limitations by modifying the test 
apparatus; using a pressure vessel to increase flow rates; and changing data collection 
methods, i.e. include PIV measurements.  This future work could include the addition of 
a shear-free air layer to reduce WSS and efforts to maintain this air layer at large static 
pressures, or imparting a controlled surface roughness to the materials to study surface 
optimization. 
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