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ABSTRACT

In recent years, marinetransportation aswell asland and air transportation has becomein the centre of attention.
There has been an attempt to reduce the drag exerted on vessels by various methods, such as rough surfaces and
base bleed. Study of the high-speed seawater animals like sharks and dolphins has triggered the use of riblets
on the hull of marine vessels. The use of riblet is easy among various methods of skin friction drag reduction.
For this reason, there is an interest for construction and optimization of riblet as an efficient and economical
way. In thisresearch, the shark’ s skin was modeled for thefirst timein ANSYS CFX using Computational Fluid
Dynamics, through analyzing the effects of riblet on a submerged flat plate. Different types of riblet based on
height and space between micro channels were studied, and then a comparison between ariblet-covered plate
and a smooth plate in various velocities were performed. It was found that by selecting the most appropriate
type of riblet, 11 % drag reduction can be attained. Then, by comparing different types of riblets, the best type
for drag reduction was selected. Furthermore, the obtained results were compared with the available

experimental data.
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1. INTRODUCTION

There arevariouswaysin nature to reduce drag force
influid flow, such asthe evidencesin the movements
of fish, sharks and dolphins (Hoyt, 1975). The
compliant skin of dolphins has been studied for drag
reduction capabilities, and showed to be useful by
responding to the pressure fluctuations across the
surface (Davies and Carpenter, 1997a). Though early
studies showed dramatic drag reduction benefits,
|ater studies have only been able to confirm 7 % drag
reduction (Choi et al., 1997).

Determining the optimal riblet specifications for
maximum drag reduction is significant. Different
geometries, configurations and materials for riblet
and various fluids and flow regimes have been
examined through experiments (W. D. Bechert,
Bruse, and Hage, 2000)

Riblets are beneficial for drag reduction of objects
where the drag is caused by turbulent flow, thus
suitable for the long objects with fairly flat edges.
Riblets are not effective on objects with pressure
drag as their dominant drag force (Dean and

Bhushan, 2010). Cases whereribletswere applied in
practice include the use of saw tooth riblets
manufactured by 3M Company on an Olympic boat
and an American sailing yacht in mid 1980s, which
showed good effect. It was also applied on test
planes, though never used on commercial flights
(Brian Dean, 2012). While good results were
obtained in testing, it was calculated that only 3%
drag reduction can be obtained for a commercial
plane considering the limitations in the areas where
riblets can be implemented (D. W. Bechert, Bruse,
Hage, Van Der Hoeven, and Hoppe, 1997). So far,
riblets have commercially applied in racing
swimsuits specifically for drag reduction purposes,
which has been successfully used in Olympics by an
American athlete. It isreported that by wearing these
swimsuits drag can be reduced by 4 % for men and 3
% for women (Krieger, 2004).

Geometry of riblets includes blade, saw tooth,
scalloped, and bullnose with continuous and
segmented configurations (aligned and staggered).
Typica geometries of saw tooth, scalloped and blade
riblets are shown in Fig. 1 (Zhao, Tian, Wang, and
Jin, 2014).
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(Scalloped Riblet)

(Sawtooth Riblet)

(Blade Riblet)

Fig. 1. Different typesof riblet (Bixler and Bhushan, 2012).

Drag decreasing case (V=3 m/s)

-

Drag Increasing case (W =5m/s)

Drag decreasing case (V=3 m/s)

Flat plate

Drag increasing case (V=5m/s)

When an object moves in afluid, the drag is due to
the pressure drag and friction drag. Pressure drag is
caused by the pressure differences between the back
and front of the object, and friction drag isaresult of
both the interactions between the fluid and the object
surface and attractions between the molecules of the
fluid (Fu, Yuan, and Bai, 2017). The drag on an
object is representative of the energy needed for
momentum transfer between the fluid and the object.
This transfer of momentum is used to create a
velocity gradient from the surface, where the
velocity is zero based on the no slip wall condition,
to the undisturbed fluid above the surface (Fuaad,
Baig, and Ahmad, 2016).

In turbulent conditions, where the fluid molecules
move in nonparallel directions and thus cross flow
velocities exist between the molecules, a noticeable
increase in momentum transfer will occur. This
increase is of high significance, because any
momentum transfer parallel to the object surface will

N
Riblet
Fig. 2. Turbulent flow visualization of stream wise vorticesin a vertical cross section over flat plate and
riblet surfaces (Lee and L eg, 2001).
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increase the drag force (Brown and Roshko, 1974).

Riblets, the small pieces covering the surface of the
object are utilized to reduce the increased drag in
turbulent flow by decreasing the shear stress and
momentum transfer (Carman et al., 2006). This is
possible by the elevating the vortices above the
surface and preventing the cross-stream movement
of the stresmwise vortices in the viscous sublayer
(Bixler and Bhushan, 2012) the captured
phenomenonin avertical cross section over flat plate
and riblet surfaces are shown in Fig. 2.

The use of riblet for the purpose of drag reduction
does not seem obvious at the beginning, because it
increases the total wetted area, thus increases the
drag dueto therisein the shear stress (Matin, Merah,
and Ibrahim, 2016).

But, another mechanism appears here, which is the
lifting of the vortices by the riblets. What happensis
that riblets shift the formed vortices towards the
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riblet tips and fluid with lower velocity will flow
between the tips (Shelley, Smith, Hibbins, Sambles,
and Hordey, 2016). Therefore, the interaction of
vorticesis only with the small surface of thetipsand
high shear stress acting on this small area whereas
the large area between the tips experiences a dight
shear stress caused by the low velocity flow. When
the vortices are kept above the tips, the fluctuations
of the cross stream velocity between the riblets are
much lower than that above a flat plate. Therefore,
the shear stress and momentum transfer are lower
near ariblet covered surface, which reduce the effect
of increased area due to the riblets (Goldstein,
Handler, and Sirovich, 1995).

2. RIBLET OPTIMIZATION

Important parametersfor ariblet include spacing (s),
height (#), and thickness (f), which are essential
parameters to achieve the best drag reduction.
Variation of these parameters|eadsto changesin the
maximum drag reduction. In this study, different
ratios of height to distance (/%/s) for riblets were
investigated to choose the best type. Based on the
experimental result of the work done by NASA and
BMW company on a hydrofoil boat using the riblet
of 3M Company, the efficient type of riblet for drag
reduction is with a dimension of #.s = 0.5 for saw
tooth riblets (Krieger, 2004).

To characterize induced vortices and riblet
structures, understanding the dimensionsis essential.
Dimensions of the turbulent flow structures vary by
the change of the flow properties. Therefore, non-
dimensional length values have been used for better
comparison of the studiesin various conditions of the
flow (Shelley, Smith, Hibbins, Sambles and Horsley,
2016). Here, all length scales were multiplied by%
and marked by +. For instance, non-dimensiona
riblet spacing s* is given by

sV,

v

S+

@

Where s is the dimensiona riblet spacing, v is the
kinematic viscosity

(’;“)1/ ? )

Represents the wall stress velocity and p isthe fluid
density. For pipe flow

T

74 = 0.0395501/4py7/4p=1/4 (3)

T, Is the wall shear stress, V' is the average flow
velocity and D is the hydraulic diameter, calculated
for flow in rectangular pipes as

44
D=—
c

4)

Where A is the cross sectional area and c is the
wetted perimeter

Riblets performance changes with the variation of
the essential parameters like 4 and s. For example,
experimental data using aratio of 4/s = 0.86 showed
9% drag reduction, whiletheuse of /s = 0.7 resulted
in 6.5 % drag reduction (Bhushan, 2012).
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According to the experimental data by (Bixler and
Bhushan, 2012), the maximum drag reduction
occurred for /s = 0.5 in saw tooth riblets. Based on
this data, the same ratio of h/s was chosen in the
present numerical simulation to observe the velocity
and pressure contours and to investigate the
performance of riblets in reducing drag force.

2.1

Principle of mass conservation, also known as the
continuity equation, is a significant equation, which
could be applied to every domain of current
regardless of any simplifying assumptions (M and A,
1984). This principle states that for any system
involving matter and energy transfer, the mass of the
system remains constant over time. The short form
of the equation gives

Governing Equations

ap  d(pu;)

ot T Tox, 0 ®)
By taking incompressibility of fluid into
consideration, the continuity equation would be:
du; Ou 6v+6w_0 g
6xl-_6x dy 0z (©)

According to the Newton’s law of viscosity, a shear
stress exerted by a force parale to the surface, is
proportional to the rate of deformation or strain rate.
Such a shear stress occurs if the flow has a velocity
gradient. In fact, Navies-Stokes equations indicate
conservation of momentum, mathematically. The
aforementioned equation for an incompressible fluid
isasfollows:

a(pu;)
at

0
+ a—xj(puiuj)

_ 0p aui Bu]

T Tk " [’* (a_ tox,
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2.2. Turbulence

In the case of modeling the fluid flow, all governing
equations are needed. Besides, when dealing with
high Reynolds numbers, that is turbulent flow, time
and space oscillations are two characteristics of the
flow.

Usually, modeling these flows sounds impossible in
engineering applications because oscill ations happen
on small scales and have high
frequencies.

Perhaps, in theory, these could be modeled for
simple geometries and for low Reynolds numbers by
using direct numerical simulation (DNS). Obtaining
the solution of the original Navies-Stokes equations,
in the case of oscillations on small scales, and high
frequencies does not seem to be economicaly
efficient at all.

3. NUMERICAL ANALYSIS

Numerical calculations were performed using the
commercial computational fluid dynamics code
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ANSYS CFX 145 (ANSYS CFX-Solver Theory
Guide, 2011) Thegeometry isshowninFig. 3. Inthis
simulation, a flat plate without and with riblets, of
different types and dimensions of riblet was placed
in the fluid flow at various velocities. There is a
possihility to use five different turbulence modelsin
ANSYS CFX including k¢, k&~ w, SST, BSL and
SSG, each containing different hypotheses and
equations describing the models.

Fig. 3. Flat platein rectangular duct.

RANSwasused in our simulations using steady-state
with the shear stress transport (SS7) turbulence
model. The SST model applies a k~w based model
formulation in proximity of the wall and the i—¢
model for the remaining part of the flow field.

h (Riblet’s height) S (Space between riblets)

Figure 4: Schematic of saw tooth riblets

Scalloped riblet
Fig. 5. Schematic of scalloped riblets.

Two different types of riblets, namely saw tooth and
scalloped were used in the simulations, of which the
schematics are given in Figs. 4 and 5, respectively.
Scalloped riblets are most commonly defined by
their h/s ratio, but test shapes have been varied
between research groups. Although they are similar
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in their basic shapes, a standard scalloped profile has
not yet been established. In general, any concave
shape may be referred to as scalloped. Comparison
of the data from saw tooth and scalloped riblet
optimizations enables a generaization of
comparable shapes. The desirable tip of theriblet is
thin and sharp, however good results have been
produced by scalloped riblets with measurable tip
thicknesses.

3.1. Meshing

Five different meshes representing coarse (447,401
nodes), medium (1,053,680 nodes), fine (2,238,573),
very fine (4,464,312 nodes) and extreme fine
(6,464,312) were examined to select the best mesh
for the riblets based on the maximum y* and drag
coefficient. As it can be seen in Table 1, the drag
coefficient changes from the coarse mesh to the
extreme fine mesh, where an acceptable maximum
y*t =34 is achieved. This value assures that the
boundary layer can be fairly well resolved on this
mesh. To check the independence of the mesh, finer
meshes of 4,464,312 and 6,464,312 nodes were also
examined and no variation has been obtained for the
drag coefficient. Inflation was considered around the
flat plate and the size of mesh was changed. By 2.3
million nodes the drag coefficient reached to 0.0179
and after introducing inflation by the first layer
height of 5e-4, about 4 million elements were
acquired and drag coefficient was reached to
0.0.0179702 (about 0.5 percent difference). Then the
height of the first layer was changed to 1e-4 and
achieved to about 6 million elements and drag
coefficient was led to 0.0180. Therefore, the fine
mesh was selected for the simulations, which is
shownin Fig. 6.

4. RESULTSAND DISCUSSION

4.1. Drag Coefficient

Drag reduction of different typesof riblet dependson
the type and dimensions of riblets. For this reason,
six different ratios of h/s and two types of riblets
were simulated and their drag and lift coefficients
were captured based on #/s ratio and Reynolds
number.

Plotsin Fig. 7 show numerically simulated flow over
a plate without and with riblet on top of the surface.
Values of drag reduction are based on the size of the
riblet. The diagram reveals that the drag coefficient
of theriblet plate isless than a simple plate.

The largest drag reduction occurred for the ratio of
approximately A/s = 0.5 for saw tooth riblets and
approximately //s = 0.7 for scalloped riblets. Thisis
the most optimal riblet size and the best choice for
maximum drag reduction, which is aso verified
through experimental data. According to the chart,
by reducing the ratio of the height to the distance
between riblets, the drag coefficient is increased.
Results show optimization data for scalloped riblets.
A maximum drag reduction of 5.1 % for scalloped
ribletswith /s = 0.7, and 11 % for saw tooth riblets
with 4/s = 0.5 have been obtained.
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The effects of different h/s ratios of riblets on the
lift coefficient have been investigated and the
results are shown in Fig. 8. Asit can be seen Figs.

7 and 8, the increase in lift coefficient by using
riblets eventually leads to the reduction in drag
coefficient.

Fig. 6. Meshing around riblets on top of plate's surface.

Table 1 Different meshes examined for theriblets

Mesh Nodes Max y* Drag coefficient
Coarse 447,401 180 0.131
Medium 1,053,680 83 0.0806
Fine 2,238,573 63 0.0179
Very Fine | 4,464,312 47 0.0179702
ExtremeFine | 6,464,312 34 0.0180
0.75
= Y 115 ’:o'>l—.<‘
b o7
)
E 0.65 W 0.95
S o6 H-._-l’.’" 0.75 Y
0 ==
< 055 0.55
8  0.25 0.45 0.65 0.85 1.05 0.35 0.55 0.75 0.95 1.15
h/s Ratio

h/s Ratio

—o— CD-scalloped
== CD-simple

—{i— CD-sawtooth

Fig. 7. Drag coefficient of different types of
riblets compared with smpleflat plate based on
h/sratio.

The graph in Fig. 9 compares the values of drag
coefficient based on Reynolds number for the saw
tooth riblets at 4/s = 0.5 and simple flat plate. It
shows that by increasing the speed, drag coefficient
is reduced and the maximum amount of drag
reduction of riblet flat plateis 11 % for the saw tooth
riblets.
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—— (CL-simple)* 10 == (CL-riblet)* 10

== CD-riblet CD-simple
Fig. 8. Lift and drag coefficients of riblets
compared with simple flat plate based on h/s
ratio.

Figure 10 represents the pressure around the riblet
plate and simple flat plate. Pressure contours are
captured at 30 m/s for two different types of riblets
having different dimensions. Pressure distribution in
the simple plate indicates that alarge area of plateis
at high pressure indicating that the plate is receiving
ahigher drag force.
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8 0.65
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RE NUMBER
=—&— CD-riblet CD-simple

Fig. 9. Drag reduction of saw tooth riblets at
h/s=0.5 compared with simpleflat plate based on
Reynolds number.

4.2. Pressure Contours

Inthe flat plate having applied riblets on the surface,
the pressure at the tip is less than the one in asimple
plate. Less pressure at the tip indicates that the force
of the fluid applied on the flat plate is reduced.
Pressure distribution in the simple plate indicated
that large areas of plate are at high pressure and
hence the plate receives higher force. However,
pressure distribution in the simple flat plate is
uniform and upper and lower surfaces have
approximately the same pressure. As a result, lift
forcein thistypeislower than that in riblet plate. In
saw tooth riblets with //s=0.5, the upper surface has
lower pressure than the lower surface and thisisthe
reason why this type of riblet has maximum lift
extraction compared to other types of riblet. As h/s
ratio increases, the lift extraction decreases.

Pressure distribution in riblet flat plate with
h/s=162/324 shows that the pressure difference is
higher than the ones for other types of riblets. More
pressure gradient on the plate indicates higher lift
force on flat plate. Figure 11 shows pressure
distribution from the top view of flat plates in the
simple plate and different riblet plates with various
geometries. In the simpleflat plate, pressure dropped
in major parts of plate and this drop causes the
separation of the fluid and velocity increases. In
scalloped riblet types, the decrease in pressure at the
back of flat plate is more than that of the saw tooth
riblets.

When the pressure of flat plateisincreased, it begins
to move easily, because hydrodynamics pressure
helps it to lift, thus received lower hydrodynamics
pressure, but in another sizes of riblet, no auxiliary
force exists and needs a higher energy to move. Thus
abigger engineis needed leading to an increased cost
of production. In riblet flat plate, stagnation point
goes to a lower position and therefore less pressure
isinserted to sensitive areas of flat plate and pressure
decreases at the leading edge.

4.3. Velocity Contour of Saw Tooth Riblets

Velocity contours of riblet plate and simpleflat plate
are shown in Fig. 12. Based on the figure, the
separation on riblet flat plate is delayed compared to
the smpleflat plate. It means that major parts of flat
plate have smaller pressure and force due to the
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reduction of fluid separation and lift force is
increased at similar velocities. Bottom of riblet flat
plate has smaller velocity and thus higher pressure
compared to the simple flat plate.
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Fig. 10. Pressure contoursfor different h/sratios

at avelocity 30 m/s. A: 162/162 saw tooth riblet,

B: 162/324 saw tooth riblet, C:162/162 scalloped

riblet, D:162/240 scalloped riblet, E: Simpleflat
plate.
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Fig. 11. Pressure status at leading
edge of theflat plate (top view).

4.4,
Plate

Eddy viscosity- afunction of the flow- is greater for
more turbulent flows. Momentum transfer

Vortices Status Behind the Flat
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by eddies in turbulent flows gives rise to internal
fluid friction. Separation on flat plates sometimes
occurs around the leading edge giving rise to a short
bubble. It can be dangerous becauseit usually occurs
toward the trailing edge so the flow cannot be
reattached. Then, the separated region merges with
the wake and may cause serious structural failures.
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Fig. 12. Velocity contour of, A: Simpleflat plate,
B: saw tooth riblet, C:scalloped riblet.

Figure 13 shows the vortices behind flat plate
without and with riblet having different dimensions.
Both types of flat plate simulated at the same
condition, but final velocities in riblet types are
higher than simple flat plate. This increase in speed
is due to the fluid flowing in micro-channel
eliminating cross-speed component. Therefore, all
the flow’'s energy spends only in one direction
increasing fluid turbulence.

Using micro-riblet film causes the flow to converge.
Higher energy and momentum of the turbulent flow
compared to the laminar flow can eliminate
separation and the flow may reattach. A short bubble
may not cause much consequence.
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Table 2 Maximum drag reduction with different typesof riblet in different fluids that wer e obtained
from experiments and present study

Fluid Riblet Design | Maximum Drag Reduction Ref

Water Sawtooth 6% (Walsh & Lindemann, 1984)

Water Sawtooth 9% (Shephard, 1994)

Water Sawtooth 13% (W. D. Bechert ez al., 2000)
Oil Blade Riblet 9.9% (D. Bechert et al., 1997)
Air Sawtooth 8% (Davies and Carpenter, 1997b)
Air | Sawtooth Riblet 8% (Walsh & Lindemann, 1984)

Water Sawtooth 11% Present study

Simpleflat plate without riblet

h/s=162/162 saw tooth riblet
h/s=162/240 scalloped riblet

h/s=162/324 saw tooth riblet

Fig. 13. Vortices status behind theflat plate
having riblets of different size.

Figure 14 shows wake status at the back of flat plate
with saw tooth riblets having two different
dimensions. It shows that with A4/s=1, more vortex
areformed at the back of riblet flat plate and this can
increase the drag on thisflat plate.

5. Validation

In flight tests, total fuel consumption determines the
amount of drag reduction. The 3M Corp
(Minneapolis, MN) produces an experimental vinyl
adhesive backed riblet sheet, which has been used in
many fluid drag studies. The riblet cross sectional
shape consists of equilateral triangles (saw tooth
geometry) with 2/s=0.5 (Marentic and Morris, 1992).
The maximum drag reduction obtained from
experiments performed by 3M riblets at different
conditions together with the results of the present
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simulation are givenin Table 2.

Theresults of series of smulationswith ANSYS CFX
were completely checked with the given results of
former experiments. The modeled ribletswere asthe
same size asthe oneswhich were utilized in practice,
and a good agreement were found.

S
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Fig. 14. Wake status at the back of flat plate with
saw tooth riblet A:162/324, B:162/162.

6. CONCLUSIONS

This research numerically investigated the effects of
shark’s riblets on hydrodynamic parameters of
submerged flat plate in water, for different types of
riblets, A/s ratios and Reynolds numbers.

In this investigation, different types of riblets
including sawtooth and scalloped riblets are
simulated in ANSYS CFX. Results revea that skin
friction drag is efficiently reduced by the use of
riblets through lifting turbulent vortices. Effects of
transverse shear stress and momentum transfer are
minimized by vortices lifting.

The highest drag reduction is attained with theriblets
having smaller height. Less drag reduction is
achieved with larger sized riblets, which sometimes
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give even higher drag forces, compared to the smple
plate. Experimental data obtained with the riblets of
3M Company were compared with the present
numerical results. Based on the software results, saw
tooth riblets have higher maximum drag reduction
than scalloped riblets, but theseribletshavelower lift
extraction. Therefore, saw tooth riblets are suitable
for water and air fluids, because in ships and
aircrafts, the dominated force is drag force and saw
tooth riblets can provide higher drag reduction than
other types of riblets. By comparing the drag
coefficients of simple and riblet flat plates it is
concluded that riblets can reduce drag force about
11% and increase lift force about 6 %. A drag
reduction up to 11% is technically feasible with an
optimum riblet geometry and with a riblet aspect
ratio of approximately 4/s=0.5 for saw tooth riblets
and //s=0.7 for scalloped riblets, and it was shown
that saw tooth riblet isthe best type of ribletsfor drag
reduction purposes.
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