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 Engineering marvels found throughout living nature continually provide 
inspiration to researchers solving technical challenges. For example, skin 
from fast-swimming sharks intrigue researchers since its low-drag riblet 
microstructure is applicable to many low drag and self-cleaning (antifouling) 
applications. An overview of shark skin related studies that have been con-
ducted in both open channel (external) and closed channel (internal) fl ow 
experiments is presented. Signifi cant work has been conducted with the 
open channel fl ow, and less with closed channel fl ow. The results provide 
design guidance when developing novel low drag and self-cleaning surfaces 
for applications in the medical, marine, and industrial fi elds. Experimental 
parameters include riblet geometry, continuous and segmented confi gura-
tions, fl uid velocity (laminar and turbulent fl ow), fl uid viscosity (water, oil, and 
air), closed channel height dimensions, wettability, and scalability. The results 
are discussed and conceptual models are shown suggesting the effect of 
viscosity, coatings, and the interaction between vortices and riblet surfaces. 
  1. Introduction 

 Inspired by designs found throughout living nature, researchers 
are reverse engineering the world’s fl ora and fauna to solve 
technical challenges. Much attention is given to structures and 
materials since living nature effi ciently uses resources and 
incorporates ingenious designs to survive. Therefore by using 
lessons from living nature, bioinspired designs are serving as 
the basis for many new innovations. [  1–8  ]  

 Two engineering challenges solved in living nature but 
plaguing a variety of industries are fl uid drag [  9–13  ]  and 
fouling. [  14–16  ]  Low drag may promote antifouling and vice versa. 
Drag is the resistant force fl uid imposes on an object in either 
open (external) or closed (internal) channel fl ow. Drag has many 
forms, including pressure and skin friction (viscous) drag. In 
general, pressure drag depends on the streamlined geometry 
of the object traveling through the fl uid, whereas skin friction 
drag depends on the surface morphology. Biofouling is the 
accumulation of unwanted biological matter on a surface, with 
two categories called microfouling (leading to biofi lms) and 
macrofouling. Examples of microfouling organisms include 
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bacteria and algae, whereas macrofouling 
include larger barnacles and muscles. In 
addition to biofouling, inorganic fouling 
can occur as a result of deposits from cor-
rosion, crystallization, suspended parti-
cles, oil, and ice. 

 Low drag and antifouling applications 
are plentiful in the medical, marine, and 
industrial fi elds. Examples include air-
planes, automobiles, wind turbines, ship 
hulls, microfl uidics, medical devices, and 
pipelines. [  11  ,  17–22  ]  Low drag surfaces often 
equate to less fouling and energy con-
servation. [  20  ,  22–24  ]  For instance, in the oil 
industry, pipeline fl ow must overcome 
high drag due to viscous effects and 
possibly sludge fouling (with Reynolds 
numbers reaching 1  ×  10 5 ). Lower drag 
in pipelines reduces required pumping 
energy and increases fl ow rates. Tradition-
ally, drag is lowered using fl uid additives 
or improving the pipeline interior smoothness with corrosion 
resistant epoxy coatings. [  19  ,  25,26  ]  Such coatings are most effective 
when sludge fouling is not present, as found with oil fl owing 
from a well at a high temperature and velocity. 

 In addition to lowering drag, antifouling surfaces can reduce 
the spread of infectious diseases by limiting biofouling. Med-
ical biofouling occurs in areas such as prosthetic implants, bio-
sensors, catheters, dental implants, and medical equipment. 
Problems include implant rejection, malfunction of biosen-
sors, and spread of infectious diseases. [  27–30  ]  Biofouling is com-
monly associated with marine environments where noticeable 
aquatic growth appears on ships and underwater structures. 
This increases ship hull drag, corrosion, fuel consumption, and 
engine stress. [  15  ,  31–34  ]  Industrial fouling occurs in areas such 
as power plants, water treatment systems, and food/beverage 
industries. Problems include pipe blockage, decreased mem-
brane fl ux, contaminated water, and reduced heat exchanger 
effi ciency. [  14  ,  30  ,  35  ]  

 In living nature, certain fl ora and fauna benefi t signifi cantly 
from low drag and antifouling. [  5  ,  36–38  ]  In particular, the skin of 
fast swimming sharks is especially intriguing due to its low 
drag and antifouling properties. For instance, in the marine 
environment whales are often covered with barnacles, however 
sharks remain clean, as illustrated in  Figure    1  . Even though 
these two marine creatures live in the same environment, the 
shark seems unaffected by the biofouling. It is believed sharks 
stay clean due to their microstructured riblets, fl exion of dermal 
denticles, and a mucous layer. [  2  ,  39–42  ]  Lower drag is necessary 
for shark survival, since it allows sharks to swim faster in 
m 4507wileyonlinelibrary.com
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     Figure  1 .     Biofouling in the marine environment. Images highlight differ-
ences between Humpback whales and sharks. Even though whales and 
sharks live in the same environment, barnacle biofouling growth is evi-
dent on the whale but not shark skin. It is believed that such antifouling 
shark skin properties are due to its riblet microtexture, fl exion of scales, 
and a mucous layer. (Top) adapted with permission from www.southbank.
qm.qld.gov.au. (Bottom) adapted with permission. [  24  ]  Copyright 2012, 
Royal Society of Chemistry.  
order to catch prey. [  40,41  ,  43  ]  The subsequent increased fl uid fl ow 
velocity at the skin reduces microorganism settlement time 
and promotes antifouling. [  37,38  ,  42  ]  In addition, microorganisms 
larger than the spacing between riblets are unable to effectively 
adhere to and ultimately colonize the skin, which further pro-
motes antifouling. [  5  ,  44–46  ]   

 Low drag and antifouling surfaces have been the subject of 
much experimentation using shark skin riblet-inspired micro-
textured surfaces. An ideal surface would withstand harsh envi-
ronments, adhere to a variety of substrates, combine both low 
drag and antifouling properties, and be relatively inexpensive. 

 Determining the optimal riblet surface morphology for 
maximum drag reduction has been the focus of many efforts. 
Experimental results indicate that shark skin inspired surfaces 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
effectively reduce drag in open and closed channel fl ow, 
although limited data is available with closed channel. Fur-
thermore, closed channel experiments have been conducted to 
study the neighboring wall effects by using so-called microsized 
closed channels. In open channel, drag has been measured 
using water, [  47–51  ]  oil, [  52–55  ]  and air. [  39  ,  53  ,  56–64  ]  Similarly, in closed 
channel fl ow, drag has been measured using water, [  47  ,  51  ,  65,67  ]  
oil, [  68  ]  and air. [  67  ,  69,70  ]  Both drag (for open channel) and the pres-
sure drop (for closed channel) measurements characterize the 
riblet drag reduction effi ciency. 

 Previous experiments have utilized a variety of riblet 
geometries, confi gurations, materials, fl uids, and fl ow condi-
tions (laminar and turbulent fl ow). Geometries include blade, 
sawtooth, scalloped, and bullnose geometries with continuous 
and segmented (aligned and staggered) confi gurations in water, 
oil, and air. Open channel oil experiments with metal riblets 
show drag reduction of nearly 10%, [  52  ]  whist closed channel 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4507–4528
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water experiments with polymer riblets show pressure drop 
reduction up to 34%. [  67  ]  Shark skin replicas have also been 
evaluated, and have reduced pressure drop up to 30% in closed 
channel water fl ow. [  24  ,  66  ]  

 Larger scale drag reducing efforts have included the experi-
mental 3M Corp. (Minneapolis, MN) vinyl riblets as well as the 
commercially available Speedo brand FastSkin fabric racing 
swimsuit. Such riblet technology has captured the attention of 
the National Aeronautics and Space Administration (NASA), 
U.S. Department of Energy, U.S. Navy, Airbus, Boeing, as 
well as Olympic competitors. In the 1984 Los Angeles Olym-
pics and 1987 America’s Cup, 3M riblets were applied to U.S. 
boats, which presumably helped to secure victories. The 2008 
Beijing Olympics witnessed the benefi t of the Speedo FastSkin 
swimsuit when American Michael Phelps set Olympic records 
and won several gold medals. Reportedly, the swimsuits reduce 
drag up to 4% for men and 3% for women. [  71  ]  

 Here, we present an overview of shark skin related studies 
that have been conducted in both open channel (external) and 
closed channel (internal) fl ow experiments. Signifi cant work 
has been conducted with the open channel fl ow, and less with 
closed channel fl ow. Results provide design guidance when 
developing novel low drag and self-cleaning surfaces for applica-
tions in the medical, marine, and industrial fi elds. Experimental 
parameters include riblet geometry, continuous and segmented 
confi gurations, fl uid velocity (laminar and turbulent fl ow), fl uid 
viscosity (water, oil, and air), closed channel height dimensions, 
wettability, and scalability. Results are discussed and conceptual 
models are shown suggesting the effect of viscosity, coatings, 
and the interaction between vortices and riblet surfaces.   

 2. Fluid Drag Reduction 

 In this section, we present fl uid drag mechanisms, which 
include pressure and skin friction drag. Next, we present the 
mechanisms at work with the low drag skin of sharks.  

 2.1. Drag Mechanisms 

 Drag is commonly categorized into pressure and skin fric-
tion drag, where the shark skin riblet microstructures gener-
ally reduce the skin friction drag. Describing pressure drag 
is best accomplished by imagining walking through a pool of 
water, where the resistance is primarily due to the pressure or 
form drag. The pressure drag is the drag that occurs due to the 
required energy necessary to move the fl uid from the front to 
the back of the object, such as water moving around the one’s 
legs. This drag may be reduced with streamlined shapes, such 
as airfoil designs common to aircrafts. Conversely, skin friction 
or viscous drag is the drag that occurs due to the interaction of 
the closest fl uid layer to the object’s surface, such as the skin of 
the one’s legs in the water. This drag is due to the attraction of 
fl uid molecules to the surface, which creates friction and thus 
resistance. Away from the surface the velocity of the molecules 
increases until the fl uid achieves the mean fl uid fl ow velocity. 
Higher viscosity fl uids exhibit higher drag due to the higher 
attraction between fl uid layers, which then leads to increased 
skin friction. [  9–13  ]  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4507–4528
 Laminar and turbulent boundary layers help describe fl uid 
fl ow, where turbulent boundary layers lead to higher skin friction 
drag. The boundary layer is the fl uid layer adjacent to the sur-
face, with the innermost layer called the viscous sublayer. In this 
layer, laminar fl ow appears smooth and orderly whilst turbulent 
fl ow appears random and chaotic. Additionally, laminar fl ow is 
controlled by viscous forces between the fl uid molecules whereas 
turbulent fl ow is controlled by inertial forces. Turbulent vortices 
in the viscous sublayer naturally translate in the cross fl ow and 
streamwise directions, which leads to vortices intermingling and 
ejecting from the viscous sublayer. This movement increases 
momentum transfer and shear stress, which results in higher 
drag. [  72,73  ]  Therefore, laminar fl ow is preferred for low drag; how-
ever in many real-world fl uid fl ow applications, the boundary 
layers naturally transition from laminar to turbulent. This transi-
tion can be described with the dimensionless Reynolds number 
( Re ), which is the ratio of inertial forces to viscous forces, or: [  12  ]  

Re = V D

v   
(1)

   

where  V  is the fl uid mean fl ow velocity,   ν   the fl uid kinematic vis-
cosity, and  D  is the characteristic length which is the hydraulic 
diameter (for closed channel) or a distance downstream from 
the leading edge (for open channel). [  12  ]  For a rectangular closed 
channel,  D   =  4 A / c , where  A  is the cross sectional area and  c  is 
the wetted perimeter. Transition from laminar to turbulent fl ow 
depends on parameters in  Equation 1  as well as surface rough-
ness and freestream disturbances, where such features may 
“trip” the boundary layer to become turbulent. Such transition 
occurs around  Re   =  2300 for closed channel and  Re   =  500 000 
for open channel fl ow. [  12,13  ]    

 2.2. Shark Skin 

 Shark skin is designed with microstructured features that effec-
tively control naturally occurring turbulent vortices, which leads 
to less momentum transfer and shear stress, and thus reduces 
drag. Therefore much attention has been given to actual shark 
skin and the mechanisms at work. The skin of fast swim-
ming sharks (such as Mako,  Isurus oxyrinchus ) is covered with 
scales called dermal denticles, which contain specially sized 
and spaced riblets oriented parallel to the swimming direction. 
Dermal denticles from both the Mako and Spiny Dogfi sh shark 
species are shown in  Figure    2  , with the fl ow direction indicated 
by the arrows. The shape and size of the dermal denticles as 
well as the number of riblets varies between shark species. 
Riblets can also vary between different locations on the same 
shark. [  5  ,  41  ,  43  ,  53  ]  However riblets operate on similar principles, 
where low drag is achieved by effi ciently directing water at the 
solid-liquid interface.  

 The microstructured riblets encourage anisotropic fl ow as 
well as control vortices on the skin naturally present in turbu-
lent fl ow. The riblets lift and presumably pin any vortices gener-
ated in the viscous sublayer, which leads to lower drag. Images 
in  Figure    3   show fl ow visualization experimental results using 
smoke from atomized oil burned in air, both with and without 
riblets, and at two different velocities ( V ). Shown are the 
dimensionless riblet lateral spacing ( s   +  ) and height ( h   +  ) param-
eters, which provide helpful guidance to riblet optimization, 
4509wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Flow visualization images using smoke from atomized oil 
burned in air to study the turbulent vortices behavior with and without 
riblets at two velocities. Top images show the vortices on a fl at plate with 
a relatively large amount of surface contact area, which leads to higher 
drag. Bottom images show the vortices are lifted above the riblet tips, 
with a relatively small amount of surface contact area, which leads to 
lower drag. The dimensionless parameters for height (h + ) and spacing 
(s + ) aid in the understanding of riblet design for any fl ow condition. Such 
parameters are based on riblet spacing or height, fl uid kinematic vis-
cosity, and wall shear stress velocity. Adapted with permission. [  76  ]  Copy-
right 2001, Springer.  

     Figure  2 .     SEM images of shark skin samples from living nature. Actual 
Mako (top) (adapted with permission. [  24  ]  Copyright 2012, Royal Society 
of Chemistry.) and replica Spiny Dogfi sh (bottom) (adapted with per-
mission. [  66  ]  Copyright 2010, Institute of Physics.) Shark skin images are 
shown at two magnifi cations. These highlight the scales (dermal denti-
cles) and riblets which are responsible for low drag and antifouling prop-
erties. Arrows indicate fl uid fl ow direction.  
as described in the following section. The images suggest that 
with appropriately sized riblets, vortices are lifted above the sur-
face and presumably pinned at the riblet tips. Lifting reduces 
the total shear stress since vortices contact just the small riblet 
tips (as opposed to the total surface area). Pinning is believed 
to reduce the cross-stream motion of fl uid (i.e., provides aniso-
tropic fl ow) and ejection of vortices from the viscous sublayer, 
which reduces momentum transfer. [  39–42  ,  52,53  ,  74–77  ]  Turbulent 
vortices are also present in fl uids besides water; therefore the 
shark skin inspired riblets are expected to provide a similar 
drag-reducing benefi t with any fl uid such as air and oil.   

  2.3. Riblet Optimization 

 In addition to experimenting with actual shark skin or replicas, 
research has been conducted by fabricating shark skin inspired 
510 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
artifi cial riblets. Such riblets represent those found on actual 
shark skin; however their shape and size differ in order to opti-
mize the tradeoff between drag reduction and feasible manu-
facturing techniques. Optimizing riblet geometries is twofold; 
one is to lift and pin vortices, and the other is to minimize drag 
(skin friction) due to the riblets themselves. Since riblets pro-
trude into the fl ow channel, the increased surface area equates 
to increased drag. In order to optimize drag reduction, the rib-
lets should lift and pin the vortices as well as encourage aniso-
tropic fl ow along the surface. Such effi cient fl ow is found by 
considering each valley between riblets and minimizing the 
wetted perimeter, since increased wetted perimeter leads to 
increased drag. 

 Another consideration for riblet optimization includes uti-
lizing dimensionless parameters (measured in wall units). 
These are denoted by the   +   symbol, which allow for better com-
parison of experiments with various riblet geometries and fl ow 
conditions. Minimizing energy losses can be accomplished with 
riblets that effectively lift and presumably pin the turbulent vor-
tices. In general, skin friction or viscous drag increases with 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4507–4528
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higher Reynolds numbers, which is related to energy dissipated 
through heat loss. As shown in  Equation 1 , length multiplied 
by mean fl ow velocity and divided by kinematic viscosity pro-
vides the Reynolds number. Similarly, Reynolds numbers based 
on riblet parameters can also be calculated, which are useful for 
riblet optimization. Important riblet parameters include spacing 
( s ), height ( h ), and thickness ( t ), which are described below. 

 The Reynolds numbers based on spacing and height of the 
riblets are defi ned as: [  52–53  ,  72  ,  78  ]

  
s + = s Vτ

v   
(2)

   

 
h+ = hVτ

v   
(3)

    

 The Reynolds numbers based on thickness is being defi ned 
here as:

 
t+ = tVτ

v   
(4) 

  

where  V  τ    is the wall shear stress velocity. 
 Considering kinetic energy, the wall shear stress expression 

  τ   o   =    ρ V   τ   2  provides the wall shear stress velocity as: [  52–53  ,  72  ,  78  ]  

Vτ =
(

τo

ρ

)1/2

  
(5)

   

where   ρ   is the fl uid mass density. 

 For pipe fl ow, the approximate wall shear stress (  τ   o ) can be 
found by combining the Blasius and Fanning friction factor for-
mulas. [  52–53  ,  72  ,  78  ]  The Blasius formula describes the coeffi cient 
of friction for turbulent fl ow as: [  12  ]  

c f = 0.0791(Re)−1/4
  (6)    

 The Fanning friction factor formula describes the coeffi cient of 
friction for laminar fl ow as: [  12  ]

  
c f = 2τo

ρV 2   
(7)

    

 Combining the two above equations and solving for wall shear 
stress yields:

 τo = 0.03955 v1/4 ρV 7/4 D−1/4
  (8)    

 Determining optimal riblet dimensions for various fl ow con-
ditions is possible by considering dimensionless parameters. 
For instance, the optimized riblet spacing for a given fl uid can 
be determined by rewriting  Equation 2  where  s   =   s   +    ν  / V   τ  . This 
equation indicates that for a constant  s   +   value, the required 
riblet spacing for maximum drag reduction increases as kin-
ematic viscosity (  ν  ) increases. [  52,53  ,  79  ]  Appropriate  s   +   values may 
be determined by varying the riblet spacing with a constant 
fl ow velocity or vice versa, where varying velocity is generally 
more feasible. Experimental results will be presented later indi-
cating that an  s   +   near 15 is optimal for maximum drag reduc-
tion with various riblet geometries. [  52  ,  80  ]  Furthermore, it will 
be shown later that a correlation exists between riblet spacing, 
vortex diameter, and vortex lateral spacing. 

 Visualizing the interaction between riblets and vortices 
provides insight in order to optimize riblets. Turbulent fl ow 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4507–4528
visualization experiments indicate that vortices equal approxi-
mately 35–50 wall units in diameter (shown in Figure  3 ). Addi-
tionally, these measurements are verifi ed with experiments 
using dye in water [  72  ]  and analysis of the turbulent boundary 
layer. [  81  ]  Such dimensions are important in order to optimize 
riblet spacing. For experiments shown in Figure  3 , velocities 
 V   =  3 m/s and 5 m/s produce  s   +   values equaling 25.2 and 40.6, 
respectively. As presented, the  V   =  3 m/s case shows drag 
decreasing, whereas the V  =  5 m/s case shows drag increasing. 
In the  V   =  3 m/s case, vortex diameter is larger than  s   +  , which 
leads to lifting the vortex, thus lowering drag. However for the 
 V   =  5 m/s case, the vortex diameter is about the same as  s   +  , 
therefore providing less vortex lifting, thus leading to higher 
drag. Furthermore, velocities  V   =  3 m/s and 5 m/s produce  h   +   
values equaling 12.6 and 20.3, respectively. For constant  h / s ,  h   +   
increases with  s   +  , which then further increases the contact area 
between vortices and riblets; thus leading to higher drag. 

 Therefore an  s   +   near 15 with  h / s   =  0.5 corresponds to approx-
imately three riblets per vortex, where vortices are believed to 
remain lifted and presumably pinned about the riblet tips. Both 
 s   +   and  h   +   information is useful in order to determine relation-
ships between drag, fl uid viscosity, and riblet dimensions. Such 
information allows for scaling riblets for turbulent drag reduc-
tion and comparing experimental results.    

 3. Riblets and Experimental Methods 

 In this section, we fi rst provide an overview of the various riblet 
designs and confi gurations. Next we present various fabrication 
techniques utilized to create riblets as well as their advantages 
and disadvantages. Finally we describe the experimental pro-
cedures for open and closed channel experimentation using 
water, oil, and air.  

 3.1. Riblet Geometries and Confi gurations 

 Shark skin dermal denticles and riblets exhibit rather complex 
three dimensional geometries and confi gurations, therefore 
fabrication of such microstructured features is challenging. 
Additionally, in order to study the dimensional effects of rib-
lets in fl uid fl ow, experiments with varying sizes of relatively 
durable fl uid-tolerant riblets are necessary. However due to the 
microsized nature of the riblets, this poses diffi culty in pro-
ducing cost effective riblet samples, especially for larger sample 
sets. In response, the assumingly most important characteris-
tics of the riblets have been identifi ed, and then samples have 
been fabricated for experimentation. 

 Riblet sizes range from species to species and from location 
to location on sharks. For reference, the Spiny Dogfi sh shark 
 Squalus acanthias  has triangular shaped riblets with a base 
width of 100 to 300  μ m, summit radius of about 15  μ m, height 
of 200 to 500  μ m, and spacing of 100 to 300  μ m. [  66  ]  Using 
actual riblets for inspiration, simplifi ed artifi cial riblet samples 
include various combinations of blade, sawtooth, scalloped, and 
bullnose geometries with continuous and segmented (aligned 
and staggered) confi gurations. It is believed that actual shark 
skin most closely resembles scalloped riblets with a staggered 
4511wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     Typical shark skin inspired riblet geometries and confi gura-
tions that have been experimentally evaluated. Shown are a) blade, 
sawtooth, and scalloped geometries as well as b) continuous, aligned 
segmented, and staggered segmented confi gurations. Actual shark skin 
most closely resembles the scalloped geometry and staggered segmented 
confi guration.  

   Table  1.     Open channel riblet experimentation. 

Fluid Riblet design Riblet 
confi guration

Riblet 
material

Maximum 
turbulent drag 

reduction

Ref.

Water Sawtooth Continuous Polymer 8%  [  47  ] 

Sawtooth Continuous Vinyl 9%  [  51  ] 

Sawtooth Continuous Vinyl 6%  [  49  ] 

Sawtooth Continuous Vinyl 13%  [  50  ] 

Sawtooth Continuous Polymer 7%  [  48  ] 

Oil Blade, sawtooth 

& scalloped

Continuous Brass & 

Plexiglas

9.9%  [  52  ] 

Blade Staggered 

segmented

Brass 7%  [  53  ] 

Blade Continuous Titanium & 

nickel

4.9%  [  54  ] 

Sawtooth Continuous Polyurethane 7.6%  [  55  ] 

Air Blade Continuous Metal & 

polymer

8.5%  [  58  ] 

Blade Staggered 

segmented

Epoxy 7%  [  53  ] 

Sawtooth, scal-

loped & bullnose

Continuous Aluminum 

& vinyl

8%  [  56  ] 

Sawtooth, scal-

loped & bullnose

Continuous Aluminum 

& vinyl

8%  [  57  ] 

   Table  2.     Closed channel riblet experimentation. 

Fluid Riblet design Riblet 
confi guration

Riblet 
material

Maximum turbulent 
pressure drop/drag 

reduction

Ref.

Water Blade Aligned 

segmented

Acrylic 23% a)  [  66  ] 

Blade & 

sawtooth

Aligned 

segmented & 

continuous

Vinyl & 

acrylic

22% a)  [  67  ] 

Sawtooth Continuous Vinyl 9%  [  51  ] 

Sawtooth Continuous Polymer 28%  [  47  ] 

Sawtooth Continuous Vinyl 7%  [  65  ] 

Oil Blade Aligned 

segmented & 

continuous

Acrylic 7% a)  [  68  ] 

Air Blade Continuous Polymer 3%  [  69  ] 

Blade & 

sawtooth

Aligned 

segmented & 

continuous

Vinyl & 

acrylic

11% a)  [  67  ] 

Sawtooth Continuous Epoxy 7%  [  70  ] 

    a)  Microsized channel   
segmented confi guration. Schematics of simplifi ed riblets fabri-
cated for experimentation are illustrated in  Figure    4  , with typical 
geometries and confi gurations. Dimensions of interest include 
riblet height ( h ), spacing ( s ), thickness ( t ), and valley width ( vw ); 
and their importance will be discussed in the results section. 
Open and closed channel experiments and their subsequent 
geometries and confi gurations are summarized in   Tables     1  –  3  .        

 3.2. Riblet Fabrication 

 Riblets have been fabricated with a variety of polymers and 
metals using various fabrication and assembly processes. The 
actual process depends on many factors, such as costs, geom-
etry/confi guration, durability, precision, accuracy, base mate-
rial, experimental set-up, chemical compatibility, and sample 
set size. Feasible riblet fabrication techniques include using 
metal shims, [  52  ]  machined acrylic, [  52  ,  89  ]  machined aluminum, [  57  ]  
extruded/coextruded polymer, [  17  ]  embossed polymer, [  17  ]  soft 
lithography, [  24  ,  66  ]  photolithography, [  46  ]  wet and dry etching, [  46  ]  
grinding, [  90  ]  rolling, [  91  ]  and laser etching. [  67,68  ,  92  ]  In general, blade 
and scalloped riblets are less durable than sawtooth riblets, and 
12 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
continuous riblets are easier to fabricate than segmented. Fur-
thermore, photolithography is preferred for producing the most 
accurate two-dimensional riblet geometries, but can be cost 
prohibitive. 

 The 3M Corp (Minneapolis, MN) produces an experimental 
vinyl adhesive backed riblet sheet, which has been used in many 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4507–4528
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   Table  3.     Sawtooth riblet airfoil experimentation. 

Reynolds 
number

Airfoil cross sec-
tion description

Airfoil type Sawtooth riblet 
size with  h   =   s  [ μ m]

Riblets applied to longitudinal 
location/chord length

Trip applied to longitudinal 
location/chord length

Angle of 
attack

Maximum 
drag reduction

Ref.

17 000 Symmetric   180 0–100% n/a 0 ° 4.3%  [  63  ] 

250 000 Symmetric   23, 76, 152 10–100% n/a 0 ° 13.3%  [  82  ] 

530 000–790 000 Thin   76, 152 20–95% 2.5% 0 ° 2.7%  [  59  ] 

750 000 Thin   114 12–96% 10% 0–6 ° 6%  [  83  ] 

1 000 000 Symmetric   76, 152 12–96% 10% 0–6 ° 13%  [  84  ] 

1 000 000 Thin   76 12–96% 10% 0–12 ° 10%  [  60  ] 

1 000 000 Thin   76 12–96% 10% 0–12 ° 14%  [  60  ] 

1 000 000 Thick   114 5–100% 5% 0 ° 5%  [  85  ] 

1 000 000–1 850 000 Thick   44, 62, 100, 152 40–100% n/a 0 ° 5%  [  64  ] 

3 000 000 Thick   18 15–100% 6% -0.5–1 ° 10%  [  86  ] 

3 300 000 Thin   17, 23, 33, 51 15–100% n/a 0 ° 3.3%  [  87  ] 

2 000 000–6 000 000 Symmetric   44, 100, 152 0–100% 5% 0 ° 7% Present 

work

4 900 000–22 300 

000

n/a   33, 51, 76 87% coverage n/a 0 ° 4%  [  88  ] 
fl uid drag studies. The riblet cross sectional shape consists of 
equilateral triangles (sawtooth geometry) where the height ( h ) 
equals the spacing ( s ), as illustrated in Figure 4 and  Figure 5 . 
Sizes range from 44 to 150  μ m. These sawtooth riblets have 
© 2013 WILEY-VCH Verlag Gm

     Figure  5 .     Riblet drag reduction experiments on airplanes and airfoils. 
In fl ight tests, total fuel consumption determines the amount of drag 
reduction. SEM image shows the sawtooth riblet cross section, where 
riblet grooves are oriented parallel to the fuselage. Section A-A illustrates 
a typical airfoil. Adapted with permission. [64]  Copyright 2011, American 
Institute of Aeronautics and Astronautics.  

Adv. Funct. Mater. 2013, 23, 4507–4528
many advantages such as ease of installation onto large fl at or 
curved surfaces and high durability. The sheets are reported 
to be either coextruded through a die capable of a patterned 
surface or more likely embossed with a negative master mold 
using heat and/or pressure. [  17  ]   

 In addition to riblet geometries and confi gurations, 
researchers have examined the effect of applying coatings to alter 
wettability properties. For instance, studies suggest that super-
hydrophobic surfaces exhibit lower water drag [  5  ,  20  ,  24  ,  66,67  ,  93–96  ]  
and self-cleaning [  5  ,  20  ,  24  ,  97  ]  properties, which are believed to pro-
mote antifouling. Furthermore, another study suggests that 
superoleophilic and possibly superoleophobic surfaces can also 
reduce oil drag. [  68  ]  In a recent study, a nanostructured coating 
was created with silica particles and applied to laser etched 
polymer riblets [  67  ]  using a specifi ed dip-coating method with 
nano particles suspended in a resin binder. [  98,99  ]  This coating is 
believed to actually improve the smoothness of milled or laser 
etched riblets, which may be desirable for air fl ow.   

 3.3. Drag Measurement Techniques 

 In this section, we present the various methods to evaluate rib-
lets in water, oil, and air in both open and closed channel exper-
iments. Within each of these experimental set ups includes 
descriptions of the various drag measurement techniques.  

 3.3.1. Open Channel 

 Measuring drag in open channel is conducted with water 
and oil channels as well as in wind tunnels. Various methods 
include using force balances and wake traverses, depending on 
the fl uid and application. For instance, force balances measure 
water, oil, and air drag; whereas wake traverses measure wind 
tunnel airfoil drag. [  61  ,  100  ]  Riblets have also been evaluated on 
4513wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  6 .     Open channel methods and facilities to measure drag using 
water, oil, and air. a) In water or oil channel fl ow, riblets are applied to a 
force balance plate that is lowered into the moving fl uid (top). The defl ec-
tion of the force balance translates into the total amount of drag. In airfoil 
experiments (bottom), the wake profi le determines the total amount of 
drag. Drag may also be measured with riblets applied to a fl at plate or 
airfoil using a force balance in the wind tunnel. b) Open fl ow channels 
fi lled with water or oil are utilized with the force balance (top). Shown is 
the location of the motor and propellers that produce a constant fl ow. 
Wind tunnel schematic (bottom) illustrates set up for the wake traverse 
method. As air fl ows through the wind tunnel, the wake traverse lowers 
at a specifi ed rate to measure the wake profi le. Shown also is the infrared 
camera position utilized to visualize turbulence on the airfoil.  
airplanes during fl ight tests, with riblets covering a portion of 
the wing and fuselage sections, as shown in Figure  5 . Total fuel 
consumption is measured during the riblet fl ight tests in order 
to evaluate the total amount of drag reduction. [  61  ]  

 A typical force balance method for open channel experi-
mentation is illustrated in  Figure    6  a, where fl at sample plates 
mounted on a force balance are lowered into the moving liquid 
(typically water or oil). The fl ow rate is maintained with a fl ow 
channel set-up as illustrated in Figure  6 b, with much research 
conducted using the so-called Berlin oil channel. [  79  ]  Propeller 
driven fl ow provides a constant current in order to measure the 
drag resistance force on the sample plates. The percentage drag 
reduction is calculated using the dimensionless expression 
 Δ   τ  /  τ   o  (%), where  Δ   τ   is the difference between measured shear 
stresses on the riblet sample (  τ  ) and the smooth (  τ   o ) surfaces.  

 Typical wake traverse and force balance methods for wind 
tunnel experimentation are also illustrated in Figure  6 a. Many 
experiments have been conducted with subsonic tunnels, 
whereas fewer with the transonic or supersonic tunnels. A 
transonic wind tunnel design is illustrated in Figure  6 b, which 
highlights the transverse wake probe and infrared camera loca-
tions. High pressure air in holding tanks is suddenly released 
into the settling chamber, which then fl ows across the airfoil 
sample at a known constant speed. Drag is measured using a 
traversing wake probe, which measures pressure by traversing 
downwind from the airfoil during experimentation. The probe 
measures the pressure in the airfoil wake, and when compared 
with a smooth airfoil is used to calculate the percentage drag 
reduction. The drag coeffi cient ( C  d ) is calculated with the wake 
integral expression using velocity calculated from the wake 
pressure profi le. [  101–103  ]  The percentage drag reduction is calcu-
lated using the dimensionless expression  Δ  C  d  (%), which is the 
difference between drag coeffi cient on the riblet sample and the 
smooth surfaces. For completeness,  C  d  is expressed as: [  12  ]  

Cd = Fd

0.5ρV 2 AW   
(9)

   

where  F  d  is the drag force and  A  w  is the total surface area in 
contact with the fl uid (or wetted area). 

 A symmetric airfoil cross section is shown in Figure  5  with 
riblets applied to the upper and lower camber from the leading 
to trailing edges. Flow in a boundary layer over an airfoil may 
begin laminar, and then transition to turbulent depending on 
surface roughness or freestream disturbances. Trip strips help 
ensure the transition of laminar to turbulent fl ow at a particular 
location, which allows for a more direct comparison of experi-
ments when the turbulent coverage is known. [  102,103  ]  Airfoil 
geometries vary in design, as shown in  Figure    7   with thin, thick, 
curved thin, refl ex trailing edge, and symmetrical wing section 
options. Such geometries allow for low drag, high speed, low 
lift, and high drag when necessary. A summary of wind tunnel 
experiments is shown in Table  3 , which presents airfoil designs 
with designations such as NACA 0012 and GAW-2 for applica-
tions such as aircraft wings and wind turbines, respectively.  

 In wind tunnel experiments, riblet covered airfoils have been 
evaluated on over a wide range of speeds and angle of attacks. 
Accounting for compressibility effects, speed is defi ned as 
the Mach number (Ma), with subsonic (Ma  <  0.75), transonic 
(0.75  <  Ma  <  1.2), and supersonic (1.2  <  Ma  <  5) designations. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
Military aircraft commonly experience transonic and supersonic 
fl ight, however commercial aircraft usually cruise between 
Mach 0.78 and 0.9. [  102–103  ,  105  ]  In the lab, achieving transonic or 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4507–4528
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     Figure  7 .     Conventional airfoil cross sectional side views. Shown are the 
thin, thick, curved thin, refl ex trailing edge, and symmetrical wind sec-
tions. Each airfoil is designed for specifi c applications due to their various 
attributes such as low drag and high lift. Adapted with permission. [  104  ]   

     Figure  8 .     Closed channel methods and apparatuses to measure drag 
using water, oil, and air. a) Split designs are necessary in order to apply 
riblets inside micro-sized closed channels. Left schematic shows a round 
split pipe whilst the right shows a rectangular channel sandwich design. 
The rectangular channel allows for riblets to be fabricated on a fl at sur-
face, which may be desirable. Adapted with permission. [  67  ]  Copyright 
2013, Elsevier. b) Drag is determined via pressure drop reduction using 
closed channels lined with riblet samples. Flow is regulated with the ele-
vated container (water), pump (water or oil), and laboratory air connected 
to a rotameter (air). The pressure drop is measured with a manometer 
connected to both ends of the fl ow channel. Interface views are shown 
highlighting the top and bottom halves that are sandwiched together.  
supersonic fl ow requires specialized wind tunnels that are rela-
tively expensive to operate. The airfoil angle of attack is shown 
in Figure  5 , which is the angle between the level horizontal and 
the chord lines. This angle varies during fl ight in order to main-
tain lift, where at lower and higher speeds, a higher and lower 
angle of attack are required, respectively. Experiments have 
been conducted between 0 °  and 12 °  angle of attack in order to 
cover the majority of cruise conditions. [  103  ,  105  ]  

 Evaluating each of the airfoil designs over a wide range of 
Reynolds numbers covers a variety of applications of interest. 
For example, the wind turbine blades rotate much slower 
than the helicopter blade, so therefore lower Mach numbers 
and Reynolds numbers are applicable. Furthermore, various 
studies have examined complete or partial coverings of riblets 
on airfoils. Knowing that riblets may increase drag in laminar 
fl ow, riblets are only applied in the turbulent region of an air-
foil, therefore leading to improved drag reduction. Trip strips 
are installed in many experiments in order to force transition 
to turbulence at a particular location. [  102,103  ]  A summary of con-
ditions for open channel fl at plate experiments is shown in 
Table  1  outlining the various riblet geometries, confi gurations, 
and materials that have been evaluated. Also Table  3  shows 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4507–4528
wind tunnel experiments that have been conducted with var-
ious airfoils, conditions, riblet coverage, and trip strip locations.   

 3.3.2. Closed Channel 

 Measuring drag in closed channel fl ow is conducted with water, 
oil, and air experiments using both circular and rectangular cross 
section pipes and channels. Various closed channel experiments 
have been conducted using riblets applied to their interiors. In 
such cases, the fl uid fl ows through the sample test area and 
the pressure difference between two points is measured with 
a pressure manometer, where lower pressure drop is desired. 
Apparatuses for both split round pipe and rectangular channel 
designs are illustrated in  Figure    8  a. Drag reduction is presented 
as negative  Δ   τ  /  τ   o  (%) as well as pressure drop versus Reynolds 
4515wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  9 .     Open channel experimental results with riblets in water fl ow. 
Drag reduction is presented as Reynolds numbers compared to nega-
tive  Δ  C  d  (%) values, which is the percentage drag coeffi cient reduction 
between the smooth and riblet samples. Riblet samples with various 
 h / s  values are compared, with the maximum drag reduction near 6%. 
Riblets are sawtooth geometry and continuous confi guration. Adapted 
with permission. [  49  ]  Copyright 1990, American Institute of Aeronautics 
and Astronautics.  
numbers. Drag reduction is also described with negative  Δ  P / P  o  
(%) values, where  Δ  P  is the difference in pressure drop between 
the riblet sample ( P ) and the smooth ( P  o ) surfaces.  

 Generally the greatest challenge is applying riblets inside 
of the closed channel. For larger pipes (or macrosized closed 
channels), fl exible sheets such as the 3M vinyl adhesive 
backed riblets can be applied to the interiors. Smaller pipes 
(or microsized closed channels) must be split in order to apply 
the fl exible 3M riblet sheets. However, when riblets are not in 
the form of fl exible sheets, they need to be fabricated via proc-
esses such as milling, soft lithography, or laser etching. Such 
fabrication generally requires fl at and not curved surfaces. In 
these cases, the split rectangular channel design is more fea-
sible by allowing riblets to be applied inside the channel prior 
to fi nal assembly. 

 During experiments, fl uid is introduced a variety of different 
methods depending on its viscosity and desired fl ow rates, as 
shown in Figure  8 b. For instance, experiments with water have 
been conducted with both elevated bottle apparatuses [  66,67  ]  as 
well as syringe and gear pumps. [  66–68  ,  89  ]  Experiments have been 
conducted with air fl ow by connecting a rotometer to a labora-
tory air supply, [  66,67  ]  in order to achieve particular fl ow velocities. 
In the case of water and oil experiments, fl ow velocity can be 
calculated from the volumetric fl ow rate and channel cross sec-
tional area. A summary of experimental closed channel condi-
tions is shown in Table  2  outlining the various riblet geometries, 
confi gurations, and materials that have been evaluated.     

 4. Riblet Results and Discussion 

 In this section, we present open followed by closed channel 
drag measurement results using water, oil, and air fl ow. 
Results are discussed and compared between the various 
measurement techniques, riblet geometries, riblet confi gura-
tions, and fl ow regimes. This comparison helps to provide an 
overview understanding of the past and present work on riblet 
drag reduction. 

 Open and closed channel results can be presented similarly, 
including drag compared to riblet dimensions and aspect ratios. 
Comparing and studying such parameters allows for the devel-
opment of lessons learned in order to optimize riblets. Micro-
sized closed channel results are presented with pressure drop 
reduction compared to Reynolds number based on the channel 
dimensions. This differs from open channel results in order to 
account for hydraulic diameter, due to the interaction of vortices 
from neighboring walls, as described in Section 4.3. Therefore 
both open and closed channel results are presented in forms 
that best represent their fi ndings.  

 4.1. Open Channel 

 In open channel fl ow using water, oil, and air, results indicate 
that properly designed riblets can reduce drag. A summary 
of experimental results are presented in Table  1  for fl at plate 
and Table  3  for wind tunnel airfoil fl ow. Several studies have 
included varying geometries and confi gurations, which have 
been conducted with laminar through turbulent fl ow. Drag 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
reduction is presented as negative  Δ   τ  /  τ   o  (%) and  Δ  C  d  (%) values 
compared to Reynolds numbers.  

 4.1.1. Flat Plate Experiments 

 Water channel experiments indicate maximum drag reduction 
of nearly 6% using continuous sawtooth riblets on a fl at plate, 
as shown in  Figure    9  . Results also show that the greatest drag 
reduction is around  s   +   equaling 10–15, [  80  ]  which correlates well 
with oil channel fi ndings. [  52  ]  Extensive research has been con-
ducted with oil channel fl ow, since oil allows for larger scale 
riblets, which drastically eases the challenge of riblet fabrica-
tion. Such experiments include blade, sawtooth, and scalloped 
riblet geometries with continuous and staggered segmented 
confi guration, all using white paraffi n oil (  ν    =  1.2  ×  10 5  m 2 /s). 
This research is highlighted in  Figure    10  a, showing a wide 
range of  h / s  values, which are deemed important in deter-
mining the optimal drag reducing geometry. A summary of oil 
channel experiments is provided in Figure  10 b, showing the 
greatest drag reduction from each of the geometries. [  52  ]  Further-
more Figure  10 c shows the effect of continuous and staggered 
segmented confi gurations. [  52,53  ]    

 Results indicate maximum drag reduction of nearly 9% is 
possible with blade riblets where  h / s   =  0.5,  t / s   =  0.04, and  s   +   
 ≈  15. This drag reduction further improves with a lower  t / s  
value of 0.02, where maximum drag reduction is nearly 10%. [  52  ]  
Furthermore, sawtooth riblets with  h / s   =  0.98 and   α    =  54 °  pro-
vides the greatest drag reduction of nearly 6%, indicating that 
the smaller   α   is benefi cial. Also scalloped riblets with  h / s   =  0.7 
provides the greatest drag reduction of nearly 7%. Results also 
indicate that staggered segmented trapezoidal shaped riblets 
provided less drag reduction compared to continuous blade rib-
lets (about 6% versus 10%). [  52,53  ]  However, the staggered seg-
mented provides drag reduction (albeit less magnitude) for a 
larger  s   +   range, as compared to the continuous riblets.   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4507–4528
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     Figure  10 .     Open channel experimental results with riblets in oil fl ow. Drag reduction is presented as Reynolds numbers compared to negative  Δ   τ  /  τ   o  
(%) values, where  Δ  τ  is the difference between shear stresses on the riblet sample (  τ  ) and the smooth (  τ   o ) surfaces. a) Various experiments with 
blade, sawtooth, and scalloped riblets were conducted in order to discover the optimal geometry for maximum drag reduction. Varied parameters 
include the riblet geometry,  h / s ,  t / s , and  s   +  , which allows for a better comparison between experiments. Oil channel experiments were conducted 
using white paraffi n oil. b) Maximum drag reduction results from the various blade, sawtooth, and scalloped experiments are compiled. Results 
indicate that the blade geometry with  h / s   ≈  0.5 and  t / s   ≈  0.02 produces the maximum drag reduction of 10% near  s   +    ≈  15. Panels (a,b) adapted 
with permission. [52]  Copyright 1997, Cambridge University press. c) Experimental results comparing continuous and staggered segmented blade 
riblets, indicating that latter confi guration shows less drag reduction. Adapted with permission. [52,53]  Copyright 1997, Cambridge University Press 
and copyright 2000, Springer.  
 4.1.2. Flat Plate Observations 

 Many observations can be made from studying the presented 
water and oil channel experimental results. For instance, riblets 
with lower  h / s  values show less maximum drag reduction but 
over a wider range of  s   +   values (e.g., blade riblets where  h / s   =  
0.2–0.3 versus  h / s   =  0.5). This is presumably due to the vortices 
interacting with larger area on the riblets and with each other. 
Previously presented fl ow visualization indicates for the higher 
fl ow velocity (where  s   +   and  h   +   increase and  h / s   =  0.5) the vortices 
appear to lower in vertical elevation, and shear stresses at the 
riblet tips are believed to increase. With constant  h  and increasing 
 s  values (thus lowering  h / s ), it is believed that the vortices lower 
in between the riblets (for instance at  h / s   =  0.2–0.3 versus  h / s   =  
0.5). Furthermore, increasing h/s increases wetted surface area 
between riblets, which leads to increased friction and thus drag. 
© 2013 WILEY-VCH Verlag Adv. Funct. Mater. 2013, 23, 4507–4528
 Choosing an optimal  h / s  based on the aforementioned exper-
imental results depends on particular applications, specifi cally 
whether or not the fl ow velocities are known or constant. For 
instance, riblets may be optimized for drag reduction over a 
wider range of  s   +   values, where fl ow velocity conditions are var-
ying. Conversely, riblets may be optimized for maximum drag 
reduction over a smaller  s   +   range, where fl ow velocity is rela-
tively constant, such as aircraft at cruising speed. In addition 
to  h / s , the  t / s  ratio affects drag, where the smaller ratio is desir-
able. Furthermore research suggests that drag reduction is pos-
sible with sawtooth and scalloped riblets, but such geometries 
require differing  h / s  values. It should be noted that the blade 
riblets are the most fragile, followed by scalloped and sawtooth, 
so therefore clear tradeoffs are necessary when designing rib-
lets for commercial applications.   
4517wileyonlinelibrary.comGmbH & Co. KGaA, Weinheim
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     Figure  11 .     Wind tunnel experimental results with riblets on airfoils. Drag 
reduction is presented as Reynolds numbers compared to negative  Δ  C  d  
(%) values, which is the percentage drag coeffi cient reduction between 
the smooth and riblet samples. a) Drag reduction is shown with wind 
turbine DU 96-W-180 (adapted with permission. [  64  ]  Copyright 2011, Amer-
ican Institute of Aeronautics and Astronautics) and symmetrical NACA 
0012 (present work) airfoils with various 3M Corp. sawtooth riblets. The 
top and bottom fi gures show Reynolds numbers in the subsonic and tran-
sonic ranges, respectively. Maximum drag reduction is near 7% for the 
riblets with  h   =   s   =  44  μ m in transonic fl ow. b) Riblet drag reduction is 
related to angle of attack, as shown with two airfoils with angles of attack 
up to 12 ° . The greatest drag reduction of nearly 14% is shown at 6 °  angle 
of attack. Adapted with permission. [  60  ]  Copyright 1999, American Institute 
of Aeronautics and Astronautics.  
 4.1.3. Airfoil Experiments 

 With the advent of the 3M vinyl riblet sheets, many experi-
ments have been conducted with airfoils in wind tunnels. Such 
experimental results are shown in  Figure    11  a for riblets applied 
to the wind turbine DU 96-W-180 airfoil as well as the aircraft 
wing NACA 0012 airfoil. Results indicate that the smaller 
height riblets provide the greatest drag reduction, around 2% 
for the DU 96-W-180 airfoil [  64  ]  and 7% for the NACA 0012 air-
foil (present work). Larger sized riblets and higher Reynolds 
numbers provide less drag reduction, and in some cases the 
drag increases compared to the smooth airfoil. The Reynolds 
numbers for experiments provide a wide spectrum of subsonic 
(Ma  < .75 with  Re   =  1 000 000) to transonic (0.75  <  Ma  <  1.2 with 
 Re   =  6 000 000) velocities. This allows for comparison airfoils, 
Reynolds numbers, and riblet sizes. An additional variable of 
interest includes the angle of attack, as shown in Figure  11 b 
using sawtooth riblets. The greatest drag reduction nearly 14% 
occurs at 6 °  angle of attack for the NACA 0012 airfoil. [  60  ]   

 Since riblets are more effective in turbulent versus laminar 
regimes, and in order to better compare experiments, it is 
important to understand which areas of the airfoil are experi-
encing turbulence. Images in  Figure    12   (present work) were 
taken during transonic wind tunnel NACA 0012 airfoil experi-
mentation with a total covering from leading to trailing edges 
of vinyl sawtooth riblets provided by 3M Corp. The infrared 
camera detects heat generated by skin friction on the airfoil sur-
face due to the turbulent boundary layer, where lighter colors 
indicate higher temperatures. As illustrated, a turbulent trip 
mbH & Co. KGaA, Weinheim

     Figure  12 .     Detecting turbulent air fl ow using an infrared camera (present 
work). In order to determine the extent of turbulent fl ow on an airfoil, an 
infrared camera may be employed. The friction from turbulent vortices 
heats the airfoil surface and is detected by the camera. Based on the airfoil 
geometry and calculated air velocity using pressure taps measurements, 
a fully turbulent state is shown with Mach 0.6 and  Re   =  4 500 000.  

Adv. Funct. Mater. 2013, 23, 4507–4528
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strip is installed on the leading edge in order to ensure turbu-
lent fl ow. Detecting the increased heat with an infrared camera 
is normally conducted with polymer airfoils, since the heat gen-
erated remains on the surface. However the airfoil utilized in 
the experiments was metallic, which acted as a heat sink, thus 
having the potential of lowering the surface temperature. Nev-
ertheless, it was found that the vinyl sawtooth riblets applied to 
the metallic airfoil provided suffi cient insulation from the heat 
sink effect thus providing usable images. Reynolds number 
is calculated from airfoil geometry and the wind speed found 
from pressure tap measurements. [  106  ]   

 The images in Figure  12  are shown from the start to the end 
of experimentation (0  <  Mach  <  0.6 and 0  <   Re   <  4 500 000), 
with the white streaks representing turbulence. The upper left 
image shows the beginning state before experiments, indicating 
the baseline airfoil surface temperature based on ambient air 
temperature conditions. The upper right image shows that with 
increasing Mach and Reynolds numbers that turbulent white 
streaks begin to appear. The bottom left image shows that with 
higher Mach and Reynolds numbers that the white streaks 
cover more of the airfoil surface. Finally, the bottom right image 
shows what is believed to be a fully turbulent state with white 
streaks covering nearly the entire airfoil surface. As indicated 
earlier a Reynolds number over 500 000 for open channel fl at 
plate fl ow is considered turbulent, and the Reynolds number 
here is calculated at 4 500 000. 

 Boundary layers shown in  Figure    13   illustrate a conceptual 
model of fl ow over an airfoil and fl at plate. As shown with 
increasing Mach number (and thus Reynolds number), the tur-
bulent boundary layer thickness decreases. Riblets are effective 
by remaining inside the turbulent viscous sublayer, in order to 
© 2013 WILEY-VCH Verlag Gm

     Figure  13 .     Boundary layer thickness related to riblet height. As the Mach 
number increases, the boundary layer thickness decreases. It is believed 
for drag reduction that riblets should remain inside the viscous sublayer 
in order to effectively control the turbulent vortices. Shown is an illustra-
tion (not to scale) explaining the relationship.  

Adv. Funct. Mater. 2013, 23, 4507–4528
properly lift and presumably pin any vortices. However, if the 
riblet protrudes outside of the viscous sublayer, the increased 
surface area of the riblets will increase skin friction and thus 
drag. Therefore, it is believed that riblets must remain within 
the viscous sublayer in order to provide benefi t.     

 4.2. Closed Channel 

 In closed channel fl ow using water, oil, and air, results indicate 
that properly designed riblets can reduce drag. A summary of 
microsized closed channel experimental results are presented 
in Table  2 . Several studies have included varying geometries 
and confi gurations, which have been conducted with laminar 
through turbulent fl ow. Drag reduction is presented as nega-
tive  Δ   τ  /  τ   o  (%) and pressure drop values compared to Reynolds 
numbers.   

 4.2.1. The Role of Channel Dimensions 

 A comparison of open and macro-sized closed channel results 
show that drag reduction is similar when neighboring wall 
effects are negligible, as indicated in  Figure    14  . These results 
represent cases when neighboring walls are suffi ciently far 
apart, as shown with pipe diameters approximately 25 mm 
or greater. However when channel dimensions are relatively 
small (as shown in Figure  8 a with microsized closed channel 
where  H   =  0.7 mm and  W   =  3.2 mm), neighboring wall effects 
are believed to play an important role in riblet drag reduc-
tion. A set of experiments were conducted with such micro-
sized closed channels, with results presented in the following 
section.   

 4.2.2. Microsized Channel Experiments 

 Microsized closed channel experiments have included varying 
geometries, confi gurations, hydrophobicity, oleophilicity, and 
channel dimensions with laminar through turbulent fl ow. [  67–68  ]  
The presented results include samples reported with riblets 
designated as “sample description ( h / s ,  t / s )” value. For example, 
the 3M riblet sample with height and spacing equaling 44  μ m 
is written as “44  μ m (1, 1)” or more simply “44  μ m sample”. 
The baseline blade dimensions were  h   =  127  μ m,  vw   =  280  μ m, 
and  t   =  127  μ m, with variations presented later in the modeling 
section. All samples exhibit blade geometry with the aligned 
segmented confi guration, except the 3M riblets which exhibit 
sawtooth geometry and continuous confi guration. Also select 
riblet samples received a nanostructured coating (e.g., “coated” 
samples). Such coated samples are either superhydrophobic or 
superoleophilic, and are believed to improve riblet smoothness. 
Furthermore, the same nanostructured coating applied to rep-
lica shark skin samples indicates that the coating lowers adhe-
sion forces. [  24  ]  

 Presented are microsized closed channel water and air results 
in  Figure    15   and oil (white paraffi n oil with CAS 8012-95-1) in 
 Figure    16  , which are compared to the fl at milled sample. Var-
ious riblet geometries and dimensions were evaluated in fl ows 
ranging from laminar to turbulent regimes. The effect of  h / s  
and  t / s ,  h , hydrophobicity/oleophilicity, and smoothness are 
4519wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  14 .     Comparison of open channel fl at plate and macrosized 
closed channel pipe fl ow (where neighboring wall effects are assumed 
negligible). Drag reduction is presented as Reynolds numbers compared 
to negative  Δ   τ  /  τ   o  (%) values, where  Δ   τ   is the difference between shear 
stresses on the riblet sample (  τ  ) and the smooth (  τ   o ) surfaces. Samples 
consist of sawtooth geometry where the angle   α    =  60 ° , as defi ned in 
Figure  10 a. a) Experimental results are shown with sawtooth riblets on 
a fl at plate and b) in round pipe with diameter  D . Maximum drag reduc-
tion is similar between the presented fl at plate and macrosized pipe fl ow. 
Panel (a) reproduced with permission. [  52  ]  Copyright 1997, Cambridge Uni-
versity Press. Panel (b) reproduced with permission. [  65  ]  Copyright 1990, 
American Institute of Aeronautics and Astronautics.  
shown. The shallow sample shows the most pressure drop 
reduction at 19% in water and 13% in air. [  67  ]  Due to their initial 
performance, these riblets received the nanostructured coating, 
which then produced an improved pressure drop reduction 
of 34% in water and 24% in air. [  67  ]  The 100  μ m sample also 
reduced pressure drop by 30% in water. In oil fl ow, the narrow 
sample shows the most pressure drop reduction at 9%. [  68  ]      

 4.2.3. Microsized Channel Observations 

 Many observations can be made from studying the presented 
water, oil, and air microsized closed channel experimental 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
results. For instance, lower  h / s  values appear to provide the 
greatest drag reduction, although this differs from the open 
channel results. However with rectangular microsized closed 
channel experiments, the neighboring wall effects are believed 
to play a role in the drag reduction. In the closed channel 
experiments, samples with the lowest h/s performed the best 
presumably due to less interaction between the vortices on 
the top and the bottom. This effect is described later in more 
detail. 

 Understanding the differences in performance between 
riblet samples in water, oil, and air fl ow can be explained by 
considering the Reynolds numbers as well as the drag reducing 
mechanisms. It is believed that different mechanisms are at 
work, mainly due to the effect of viscosity, as well as Reynolds 
number. For instance, water and air fl ow was turbulent, where 
the riblets are believed to lift and pin the vortices, and thus 
reduce drag. However, oil was laminar, which benefi ted from 
the so-called thin oil fi lm, which reduces skin friction at the 
solid-liquid interface and thus reduces drag. [  68  ]  The thin oil fi lm 
effect will be shown and discussed later in more detail. Addi-
tionally, it is believed that turbulent oil fl ow would benefi t from 
the shark skin effect.   

 4.2.4. Continuous Versus Segmented Riblets 

 To understand the effects of riblet confi gurations, namely con-
tinuous and aligned segmented, a series of water, oil, and air 
fl ow experiments were conducted. [  67–68  ]  Results are presented 
in  Figure    17  , which shows the blade samples Continuous and 
Baseline, representing the continuous and aligned segmented 
confi gurations respectively. Intuitively, the Continuous sample 
should provide higher drag due to the increased wetted surface 
area. Each experiment with the Continuous sample exhibits a 
higher drag as compared to the Segmented sample. However, 
this drag increase is less with air as compared to water, for 
similar Reynolds numbers. The continuous blades may reduce 
cross stream movement with air more effi ciently than with seg-
mented blades. As the lower viscosity air vortices rotate in the 
channel, the gap area between segmented blades perhaps dis-
rupts and unpins the vortices.    

 4.2.5. Riblets on Top or Bottom or Both Sides 

 To understand the effects of riblets on one versus two sides and 
with differing microsized channel heights, a series of water fl ow 
experiments were conducted. [  67  ]  Such combinations included 
experiments with 1 ×  channel height, 2 ×  channel height, riblets 
on bottom, riblets on top, and riblets on top and bottom; all 
with Shallow samples. The top row of  Figure    18   shows results 
from riblets on the top only and bottom only. Results indicate 
that riblets located on the bottom side perform differently from 
the same riblets located on the top side. The pressure drop 
increases by 20% when the riblets are transferred from the 
bottom to the top. [  67  ]   

 Similar experiments were conducted to study the effect 
of channel height with riblets on the top or bottom. Results 
indicate that pressure drop with the riblets on the bottom are 
unaffected by channel height, but pressure drop improves 
with topside riblets and 2 ×  channel height. The bottom row 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4507–4528
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     Figure  15 .     Microsized closed channel experimental results with riblets in water and air fl ow. Drag reduction is presented as Reynolds numbers com-
pared to pressure drops between the inlet and outlet of the channel, where lower pressure drop is desirable. Riblets of varying geometries were evalu-
ated in laminar ( Re   <  2300) through turbulent fl ow ( Re   >  4000) conditions. Experiments evaluated the effect of  h / s ,  t / s , height, hydrophobicity, and 
smoothness. Riblets were fabricated via laser etching, and a nanostructured coating was applied to achieve the desired hydrophobicity and smoothness. 
Maximum pressure drop reduction of 34% with water was recorded for hydrophobic riblets in the turbulent regime. Flat milled channel control sample 
is shown for comparison. Error bars show  ± 1 standard deviation. Adapted with permission. [  67  ]  Copyright 2013, Elsevier.  
of Figure  18  shows results from riblets on both the top and 
bottom sides of the channel. Neighboring wall effects are 
assumed by observing the percentage pressure drop with the 
1 ×  channel height and decrease with the 2 ×  channel height. 
It is believed that the vortices from neighboring walls with the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4507–4528
1 ×  channel height interact and increase the drag, but the larger 
gap distance in the 2 ×  channel height reduces this effect. The 
aforementioned effects are believed to have a connection with 
the vortices interaction, as described later when presenting the 
conceptual models.   
4521wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  16 .     Microsized closed channel experimental results with riblets in 
oil fl ow. Drag reduction is presented as Reynolds numbers compared to 
pressure drops between the inlet and outlet of the channel, where lower 
pressure drop is desirable. Riblets of varying geometries were evaluated 
in laminar ( Re   <  375) fl ow conditions. Experiments evaluated the effect 
of  h / s ,  t / s , and oleophilicity. Riblets were fabricated via laser etching, and 
a nanostructured coating was applied to achieve the desired oleophilicity. 
Maximum pressure drop reduction of 9% was recorded for the Narrow 
riblets. Experiments were conducted using white paraffi n oil. Flat milled 
channel control sample is shown for comparison. Error bars show  ± 1 
standard deviation. Adapted with permission. [  68  ]  Copyright 2013, Royal 
Society of Chemistry.  

     Figure  17 .     Microsized closed channel experimental results showing 
the effect of continuous vs. segmented blade riblets with water, oil, and 
air fl ow. Drag reduction is presented as Reynolds numbers compared 
to pressure drops between the inlet and outlet of the channel, where 
lower pressure drop is desirable. Riblets were evaluated in laminar ( Re   <  
2300) through turbulent fl ow ( Re   >  4000) conditions. Results indicate 
that the continuous riblets increase drag with all fl uids, presumably due 
to the increased wetted surface area, which leads to higher skin friction. 
Flat milled channel control sample is shown for comparison. Error bars 
show  ± 1 standard deviation. Adapted with permission (water/air (top and 
bottom panels), [67]  Copyright 2013, Elsevier) and (oil (middle pannel), [68]  
Copyright 2013, Royal Society of Chemistry).  
 4.2.6. The Role of Riblet Wettability 

 A correlation exists when comparing riblet sample pressure 
drop results with and without the nanostructured coating. It 
was discovered that only appropriately sized riblets coupled 
with the nanostructured coating provide drag reducing ben-
efi t. Contact angle measurements in air using water and white 
paraffi n oil droplets (5  μ L) for the various samples are shown 
in  Figure    19  . [  67,68  ]  In water fl ow, drag reduction improves 
with superhydrophobicity and low adhesion, [  24  ,  67  ]  in air fl ow 
with smoothness, [  67  ]  and in oil fl ow with superoleophilicity. [  68  ]  
Results indicate that the coupling of appropriately sized 
4522 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4507–4528
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     Figure  18 .     Microsized closed channel experimental results showing the effect of channel height and riblets on the top, bottom, or both sides with 
water fl ow. Drag reduction is presented as Reynolds numbers compared to pressure drops between the inlet and outlet of the channel, where lower 
pressure drop is desirable. Riblets were evaluated in laminar ( Re   <  2300) through turbulent fl ow ( Re   >  4000) conditions. Results indicate that riblets 
on the bottom reduce drag more than when positioned on the top of the channel. Also, 2 ×  channel height reduces drag, presumably due to vortices 
from the top and bottom moving apart (i.e., neighboring wall effects are negligible). Flat milled channel control sample is shown for comparison. Error 
bars show  ± 1 standard deviation. Adapted with permission. [  67  ]  Copyright 2013, Elsevier.  
riblets with the nanostructured coating is necessary. For 
instance, shark skin replicas were examined in another study 
with the nanostructured coating, and the oil drag increased. 
This was likely due to the absence of the thin oil fi lm effect. [  68  ]      

 4.3. Models of Riblets and Vortices 

 Experimental results with open and closed channel fl ow indi-
cate drag reduction for a variety of riblets in water, oil, and air 
fl ow. However design principles differ depending on micro-
sized closed channel dimensions, due to neighboring wall 
interactions. For instance, results indicate  h / s  for maximum 
drag reduction should be 0.5 for open channel and 0.16 for 
microsized closed channel fl ow. In order to fully understand the 
mechanisms behind the drag reduction, careful consideration is 
given to the boundary layer and riblet interaction. With experi-
mental data from both water and air, there are several theories 
to imagine when describing the behaviors of vortices in turbu-
lent conditions. Also presented is the drag reduction theory for 
laminar oil fl ow, which is called the thin oil fi lm effect.  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4507–4528
 4.3.1. Riblets for Open or Macrosized Closed Channel Flow 

 Illustrations shown in  Figure    20   provide one explanation of 
turbulent fl ow behavior and the effects of riblets of varying 
geometries, when neighboring wall effects are negligible. [  67  ]  
Shown are the effects on drag with regards to riblet tip to vor-
tices contact area, riblet valley wetted surface area, vortices 
entanglement, and vortices pinning. Dimensions of interest 
include  h ,  s ,  t , and  vw . The riblets and vortices are believed to 
be scalable; with the dominate features being lateral spacing 
( s   +  ), where  s   +   equaling one third the vortex diameter is believed 
to provide maximum drag reduction with a variety of fl uids 
and fl ow conditions. The  s   +   value is an important parameter 
to study, since an  s   +   too large allows vortices to drop between 
riblets, and an  s   +   too small increases riblet tip to vortices con-
tact area, both of which increase drag. In general, minimizing 
the higher velocity vortices’ contact is desired, along with mini-
mizing wetted perimeter for the lower velocity fl ow between 
riblets. [  67  ]   

 Entanglement is perhaps worse with the fl at plate, and is 
believed to occur when riblets are too closely spaced. As thickness 
4523wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  19 .     Apparent contact angle (CA) measurements for laser etched 
riblet samples; both with and without the nanostructured coating. Shown 
on the top and bottom are measurements at the solid-air-water (adapted 
with permission. [  67  ]  Copyright 2013, Elsevier) and solid-air-oil (adapted 
with permission. [  68  ]  Copyright 2013, Royal Society of Chemistry) inter-
faces, respectively. Error bars show  ± 1 standard deviation.  

     Figure  20 .     Scale conceptual models of turbulent vortices interacting with 
various riblet geometries. Drag reduction is believed to be possible by 
lifting and pinning the naturally occurring fl uid vortices. This results in 
less shear stress, momentum transfer, and vortices ejection from the vis-
cous sublayer. A minimum riblet height is necessary to lift and pin the 
vortices. Adapted with permission. [  67  ]  Copyright 2013, Elsevier.  
increases, so does drag, which is due to higher contact area 
between riblet tips and vortices. Therefore a minimal thickness 
is desired, although thickness is determined by fabrication tech-
niques and material properties to maintain structural integrity 
during fl ow. The height effect is evident when comparing the 
three riblet heights, since the Deep sample shows the highest drag 
likely due to its increased riblet valley wetted perimeter. The  h / s  
ratios were varied with increasing or decreasing height, which also 
affects the wetted perimeter of the sample. The best performer is 
the Shallow sample, since it is believed that the vortices are still 
lifted and pinned, but the entanglement and wetted perimeter are 
minimized. Furthermore, the values of t and t/s should be mini-
mized in order to reduce the contact with the higher speed vor-
tices, which are believed to interact with riblet tips. [  67  ]    

 4.3.2. Riblets in Microsized Closed Channel Flow 

 Micro-sized closed channel fl ow operates differently than 
macrosized closed channel or open channel fl ow, so therefore 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
an applicable conceptual model was developed as shown in 
 Figure    21  . [  67  ]  During such fl ow when neighboring wall effects 
play a role, vortices from the top and bottom perhaps mix and 
their rotation is either additive or subtractive. The illustration 
highlights the assumed interaction between the vortices in 
microsized closed channel fl ow with and without riblets. This 
model shows how the top and bottom vortices may interact, 
which was developed from microsized channel and fl ow visuali-
zation experimental data presented earlier. Illustrated are chan-
nels with fl at surfaces, riblets only on the bottom, riblets only 
on the top, riblets on both sides, and riblets on both sides with 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4507–4528
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     Figure  21 .     Scale conceptual models of microsized closed channel showing turbulent vortices’ behaviors with the fl at, Shallow sample, one or two sided, 
and 2 ×  channel height combinations. Vortices are assumed to rotate clockwise on a fl at plate and counterclockwise on riblets. When considering the 
two-sided nature of a closed channel, the rotational direction is believed to account for drag increase or reduction. A 1 ×  channel height is believed 
to allow vortices from the top and bottom to interact and either increase the rotational speed or cancel each other. Cross stream movement occurs 
when vortices are not properly pinned, for instance as shown with a fl at plate. Increasing the channel height to at least 3 ×  vortex diameter is believed 
to move the top and bottom side vortices apart so that neighboring wall effects are negligible. Adapted with permission. [  67  ]  Copyright 2013, Elsevier.  
a doubled height. Understanding these interactions will aid in 
the design of effi cient microsized closed channel fl ow systems.  

 In these models, vortices seem to rotate clockwise on fl at 
plates and counterclockwise on riblet surfaces. This difference 
in direction affects how the vortices mix by determining if 
they reduce or increase total drag. Vortices that rotate in oppo-
site directions may cancel each other and reduce total drag, as 
shown with riblets on one side (top or bottom). When no rib-
lets are present, the vortices are believed to mix from the top 
and bottom, as well as translate in the cross stream direction, 
thus leading to high drag. Conversely, vortices that rotate in the 
same direction may add to one another, and increase total drag. 
When considering riblets on both sides (2 ×  channel height), 
the vortices are believed to be lifted and pinned as expected. 
Furthermore since the channel height is ample, the top and 
bottom do not mix, thus reducing drag. Therefore a channel 
height of at least 3 ×  the diameter of vortices (or  ≈ 150 wall units) 
is believed necessary to reduce drag. [  67  ]    

 4.3.3. Thin Oil Film Effect 

 As previously mentioned, it is believed that the oil drag reduc-
tion mechanism differs from the water and air, mainly due to 
the viscosity effect as well as boundary layer condition. Experi-
mental results indicate that drag reduction is possible with lam-
inar fl ow, as shown with the microsized closed channel results 
presented earlier. This may be explained by the thin oil fi lm 
concept, as illustrated in  Figure    22  . This model indicates that 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4507–4528
during fl ow, oil becomes trapped and holds stationary between 
the Narrow riblets, and essentially lubricates the solid-liquid 
interface. The lubricating effect is believed to increase slip 
length ( b ), so therefore the fl ow velocity increases at the channel 
wall. A similar effect has been observed with the Pitcher plant 
( Nepenthes genus ) peristome. [  4  ,  107  ]  This was later demonstrated 
with the so-called biomimetic SLIPS [  108  ]  as well as rice leaf and 
butterfl y wing effect surfaces. [  24  ]  Such an effect shows promise 
for drag reduction even with laminar fl ow.      

 5. Conclusions and Outlook 

 Sharks are able to move quickly through the water and remain 
fouling free due to microstructured riblets covering their 
skin. Such riblets effi ciently reduce the skin friction drag by 
lifting and presumably pinning naturally occurring turbulent 
vortices. This minimizes the effects of transverse shear stress 
and momentum transfer present in turbulent fl ow. Lower drag 
translates to higher fl uid fl ow velocity at the skin surface, so 
therefore microorganisms are unable to attach and the skin 
remains clean. This is further facilitated with the specially 
spaced riblets which do not allow larger microorganisms to 
colonize. Science’s attempt to understand and mimic such 
unique shark skin structures has been the focus of many 
studies. Commericial applications for such low drag and anti-
fouling surfaces are plentiful ranging from medical devices to 
marine vessels. 
4525wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  22 .     Riblet thin oil fi lm model. Appropriately sized riblets are 
believed to reduce drag by increasing the slip length  b  during laminar 
oil fl ow. Higher slip translates into lower drag and increased fl ow rate. 
Adapted with permission. [  68  ]  Copyright 2013, Royal Society of Chemistry.  
 Experiments attempting to unlock the secrets behind shark 
skin have included both open and closed channel fl ow, using 
a variety of blade, sawtooth, scalloped, and bullnose riblet 
geometries in continuous and segmented confi gurations. These 
have been studied with water, oil, and air in laminar through 
turbulent regimes. The majority of experimentation has been 
conducted with open channel fl ow. Such experiments measure 
drag with fl at plates on force balances placed into water, oil, and 
air fl ows. Other experiments include airfoils in wind tunnels 
with drag measured by using wake traverses. More recently 
experiments have been conducted to measure drag via pressure 
drop reduction using riblet lined micro-sized closed channels. 
These experiments have provided greater insight to the role of 
neighboring wall effects and riblet drag reduction. 

 Riblets show an improved drag reduction in turbulent versus 
laminar fl ow, presumably due to the lifting and pinning of vor-
tices. Results also indicate drag reduction improves in most 
cases with increasing Reynolds number (until expected pla-
teauing). In open channel experiments, the maximum drag 
reduction up of 10% has been reported. [  52  ]  In closed channel 
experiments, maximum pressure drop reduction up to 34% has 
been reported. [  67  ]  Experiments using water, oil, and air also indi-
cate that properly sized riblets combined with an appropriate 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
nanostructured coating further enhances drag reduction. 
Mechanisms include superhydrophobicity for water, improved 
smoothness for air, and superoleophilicity for oil fl ow. 

 Producing optimal and scalable drag reducing riblets for any 
fl uid is believed to require the following design principles: low 
 h ,  t / s ,  t , and  vw ; with  h / s   =  0.5,  s   +    ≈  15,  H   >  150 wall units, 
blade geometry, and continuous confi guration. In open and 
closed channel fl ow, riblets may be scaled up according to the 
fl uid viscosity, where higher viscosity allows for larger riblets. 
Furthermore, microsized closed channel fl ow requires addi-
tional considerations, such as the vortices interaction between 
the neighboring walls. Such design principles are applicable for 
open and closed channel fl ow; thus providing new insight for 
various medical, marine, and industrial applications. 

 The outlook of riblet technology is promising for a variety of 
applications; however a few areas could be further explored to 
provide greater insight into riblet optimization. These include 
more research to fully understand the role of riblets with oil 
fl ow. The authors suspect that oleophobicity will enhance drag 
reduction, but this needs to be verifi ed. Furthermore, additional 
computer analysis would be helpful to verify and possibly dis-
cover new optimal riblet geometries for a variety of fl uids and 
fl ow conditions. Such analysis should include visualizing vor-
tices interaction with riblets and one another. Finally, bioassay 
experiments would be useful to quantify the antifouling effects 
of low drag riblets.  
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