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Turbulence exists across the whole human and natural environment, which is a matter of concern in terms of global
energy consumption. Reducing the frictional force in turbulence to the greatest extent is becoming an urgent issue that
needs to be resolved. Drag reduction is the science of flow improvement through the reduction of frictional pressure drop
across a pipe or a channel. The paper examines the effectiveness of wall oscillation as a control scheme for drag reduction.
Results include the effects of oscillation frequency and peak-to-peak amplitude of transverse wall oscillation on drag
reduction at two different velocities lying in the low and high velocity zone. For the simulation, mesh is generated for the
static conditions of the plate for the two inlet velocities which are theoretically validated for both two and three
dimensional fluid domain. The simulation gives an insight on the phenomenon which occurs when the plate oscillates
taking into consideration the analysis of computed local skin friction coefficient in the length-wise and span-wise
directions over the plate as well as the total viscous drag value.
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1 INTRODUCTION

Appreciable progress has been made both in understanding of
drag reduction mechanisms and in the development of
techniques for obtaining drag reduction in the past ten years
which has been further made possible by the advancement of
computer capabilities and more or less imaginative control
strategies.

Span-wise wall oscillation is an effective mechanism for
achieving high drag reductions which has the imperative
property of being open loop and thus contributes towards
practical implementation without the need for complicated
sensors to detect the flow state. In the early 1990s, Akhavan and
co-workers proposed a simple active control technique. In this
technique, oscillating the wall along the span-wise direction in a
turbulent boundary layer flow leads to a sustained turbulent drag
reduction.

The early studies of turbulent flow in a channel with wall
oscillations using direct numerical simulation (DNS) was
performed by Jung et al. DNS is a simulation in computational
fluid dynamics in which the Navier-Stokes equations are
numerically solved without any turbulence model. DNS studies
performed for a turbulent channel flow showed that up to 40 %
skin-friction drag reduction was possible at appropriate oscillation
parameters. Their results were confirmed by the subsequent DNS.
Experimental investigations conducted have confirmed and
extended the DNS results. Past DNS studies have focused on
channel flow with the benefits of periodic boundary conditions
which reduce the computational toll. However, not much work has
been done to explore the effects on a turbulent boundary layer
using numerical simulations.

In this paper, the various state-of-the-art drag-reducing and
energy saving technique are reviewed, primarily focusing on span
wise oscillations.

S.NO Drag Reduction Drag Reduction
Technologies Efficiency

1 Polymer additives drag More than 30%
reduction

2 Micro-Morphology drag 8%-12%
reduction

3 Super-Hydrophobic drag More than 20%
reduction

4 Air bubble drag reduction 30%-35%

5 Heating wall drag reduction 20%

6 Vibrating wall drag About 50%
reduction

7 Composite drag reduction About 50%

Table 1. Comparison of different drag reducing technologies

Various drag reducing technologies in turbulence based on
boundary layer control. Also comparison of different drag
reduction techniques is shown in Tablel.

2 BOUNDARY LAYER

2.1  Boundary Layer Theory

When a fluid flows over a stationary surface, the fluid touching
the surface is brought to rest by shear stress to at the wall. The
velocity increases from the wall to a maximum in the main
stream of the flow. Ever since Stokes' has examined the motion of
a fluid in contact with a harmonically vibrating plate, many
authors have investigated the flow of a fluid between two
oscillating parallel flat plates and through oscillating channels of
various geometries.

As the boundary layer grows from zero when a fluid starts to




flow over a solid surface and traverses over a greater length more
fluid is decelerated by friction between the fluid layers close to
the boundary. Hence thickness of slower layer increases. The
fluid near the top of the boundary layer is dragging the fluid near
the surface along. This dragging mechanism may be of one of the
two types.

The first type occurs when the normal viscous forces (holds
the fluid together) are large enough to exert drag effect on the
slower moving fluid near the surface. If the boundary layer is thin
then then the velocity gradient normal to surface, (du/dy) is large
so by Newton’s law of viscosity the shear stress ( t = m.(du/dy)
is also large. The analogous force is large enough to exert drag on
the fluid close to the surface. This part of boundary layer is called
laminar boundary layer.

As the boundary layer thickness becomes greater, velocity
gradient becomes smaller and shear stress decreases until it is no
longer adequate to drag the slow fluid near the surface. The
viscous shear stresses have held the fluid particles in constant
motion within the layers. They become insignificant as boundary
layer thickness increases, eventually no longer able to hold the
flow in layers and the flow starts to rotate and causes the fluid
motion to become turbulent.

2.2 Skin Friction Drag

Skin friction drag is due to viscous shearing that takes place
between the surface and the immediate layer of fluid. As fluid
flows over a solid surface, the layer next to surface may become
attached to it i.e. it wets the surface which is known as ‘no slip
condition’. The layers above the surface are moving, hence
shearing occurs between them. The shear action between the wall
and the first moving layer is called the wall shear. The skin drag
is due to the wall shear stress tw and this acts on the wetted
surface area. The drag force is hence: R = tw * wetted surface
area. The dynamic pressure is the pressure resulting from
conversion of kinetic energy of the stream into pressure and is
defined by expression gu2/2.

The skin-friction coefficient is defined as

CDs = (Drag Force)/(dynamic pressure*wetted area)

CDs = 2R/(QU2*R/tw) = 21w/QU2

Cf(x*) =2/NRe ((du*)/dy) w; (from boundary-layer solution)
Therefore the skin-friction coefficient is determined from the
velocity gradient at the wall (y=0). The skin-friction for all
laminar boundary layers tends to approach zero with increasing
Reynolds number.

2.3 Oscillating Wall Mechanism

The general mechanism by which oscillating walls achieve drag
reduction is through suppression of bursts and sweeps.
Specifically, the oscillating wall creates stroke boundary layer
just above the viscous sub-layer which holds small localized
vortices with spins opposing the oscillating movement.

The two most pronounced structural traits of near-wall
turbulence are low and high speed “streaks,” and quasi-stream-
wise vortices, roughly aligned in the stream-wise direction. It is
also recognized that there is a close interaction between the near-
wall stream-wise vortices and the high skin-friction realized in
turbulent boundary layers. The definite relationship, though, is
still an active area of research.

The existence of these small vortices curbs the elongation and

stretching of large vortices in stream wise direction. Since
vorticity is measure of angular moment of rotating fluid, a
reduction in mean vortex diameter directly translates into less
vorticity. The oscillatory movement of wall also shifts the low
speed streaks and quasi-stream-wise vortices closer to each other
in stream-wise direction, thus disrupting the interaction between
these structures. Burst and sweeps events that occur are changes
in a dynamic turbulent flow that are essentially the result of a
system attempting to achieve equilibrium. The intensity of the
burst and sweeps are also reduced due to oscillation of the stroke
layer which causes the vortices to pump high-rather than low
speed fluid far off from the wall and splash low-rather than high
speed fluid towards the wall, thereby reducing the stress in the
near wall region of the boundary layer and thus reducing Drag.

Thus, if the formation of stream wise vortices is greatly
suppressed, a boundary control scheme would be expected to lead
to a greater reduction in the skin-friction drag.

Regarding practical applications, the oscillating wall technique
may be still far from being practically applied. With the existing
technological capabilities available, it is impractical to imagine
large portions of the aircraft wing, fuselage surface, and ship’s
hull oscillating.

2.4 Effectiveness of Drag Reduction
Drag reduction depends on various factors which are as follows:
2.4.1 Frequency and Amplitude
The extent of drag reduction depends mainly on the
frequency and amplitude of the wall oscillations. The
wall oscillation is imposed through the boundary
conditions for the span wise velocity component is

Wwall = Wa Sin (Zﬂﬂ) (1)

Where Wa is the velocity amplitude calculated from the
channel flow rate.

The motion of wall surfaces directly correlates to the
span wise displacement of the oscillating walls:

Zwai=Az/z sin(2nft) 2

Here, Az is the peak-to-peak amplitude in the span wise
direction.
Thus, there are two methods to perform the parametric
study: the first method is to fix the velocity amplitude
Wa and vary the frequency f, or vice versa; the second
method is to fix the peak-to-peak amplitude Az and
change the frequency f, or vice versa.

In order to apply the second way multiplying 2xf on
both sides of the equation (2)

Wwall = Wp Sin (2nﬂ) (3)

Where, Wyai = (Zwan) (2nf) and W, = (Az / 2) (2xf),
which is also termed the peak wall speed. Larger
velocity amplitudes lead to a greater amount of drag
reduction.

2.4.2 Peak Wall Speed



The extent of the drag reduction depends on both
frequency and peak-to-peak amplitude. The amount of
drag reduction due to a span-wise wall oscillation would
better correspond to the peak wall speed Wp. Results
from previous researchers initially the quantum of drag
reduction increases rapidly with the peak wall speed and
then the profile levels out.
Oscillation Orientation

The conceivable physical mechanism by which the
wall oscillation results in a drag reduction involving the
lateral shift of the stream wise vortices, which in turn
disrupt the low-speed streak formation, an attempt is
made to intensify the relative displacement of the near-
wall streaks and the stream wise vortices above by
dragging the channel wall obliquely with respect to the
stream wise direction. The inclination
angle y is set to be 0°, 30°, 60° and 90°, with y = 0°.

2.4.3

It is further observed that span wise wall oscillation (y =
90°) has achieved the maximum drag reduction whereas
the stream wise oscillation (y = 0°) leads to the least
gain. This finding is by Choi, H., Moin, P. and Kim, J.,
“Active Turbulence Control for Drag Reduction in Wall-
Bounded Flows”, in their active control study.
Reynolds Number

During the analysis of drag reduction, the Reynolds
number is the only dynamic parameter required to be
investigated in addition to the oscillation parameters
themselves. Trujillo had conducted experiments to study
the effect of Reynolds number on the drag reduction and
the Reynolds number ranged from Re 6 = 500, 950,
1400, to Re 6 =2400, based on the momentum thickness.
It was analyzed and concluded in his thesis that within
the range of these Reynolds numbers the quantum of
drag reduction that could be achieved was independent
of the Reynolds number. Drag reduction is observed to
become smaller as the Reynolds number is increased
and beyond a certain threshold Reynolds number, the
amount of drag reduction remains unchanged with
subsequent increase in the Reynolds number.
Cost and Benefit

From a rational point of view, the cost of a drag
reduction technique should be considered. In the present
work using wall oscillations, the power saved is given as
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Power Saving = (T Wo- T Wosci).U 4

Here, T wosci and T wo, respectively, represent the stream-
wise wall shear stress in the oscillating-wall channel and
in the stationary-wall channel; U is the bulk velocity in
the stream wise directions.

2.5 Law of the Wall
The law of the wall states that the average velocity of a
turbulent flow at a certain point is proportional to the
logarithm of the distance from that point to the "wall", or the
boundary of the fluid region.
It is only technically applicable to parts of the flow that are

close to the wall (<20% of the height of the flow), though it
is a good approximation for the entire velocity profile of
natural streams. Thus this law is used to calculate the
distance of the first node point of the mesh based on the
desired y* value to effectively capture the turbulent boundary
layer.

3 CFD ANALYSIS

3.1  Static Turbulent Flow (Two Dimensional)
3.1.1 Problem Statement
To simulate and validate the turbulent flow the following problem
statement is considered with reference to “Fluid Mechanics, third
edition”, by Yunus A.Cengel, John M. Cimbala.
A plastic boat whose bottom surface can be approximated
as a 1.5m wide, 2m long flat surface is to move through
water at 15 degree C at speeds up to 30km/hr. Determine
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Fig 1. Local Skin Friction Coefficient along the Length of the Plate

the frictional drag exerted by the boat on the water?
Assumptions:
e The flow is steady and incompressible.
e The water is calm (no significant waves or
currents).
e The water flow is turbulent over the entire
surface of the plate.
The bottom surface is flat and smooth.
3.1.2 FIU|d Domain and Mesh Generation
The boundary layer height for a plate of length 2m with a flow
velocity of 8.33m/s above it is 0.0303m. Thus the fluid domain
height is taken as more than 10 times the boundary layer
thickness i.e. 0.8m. Mapped face meshing is undertaken with the
inlet and outlet divided into 100 divisions each. The plate is
divided into 200 divisions so as to get a y* equal to 80.

3.1.3 Setup and solution
The global meshing controls include setting the
relevance center to fine and smoothing to high, other parameters
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to the default based on the geometry. The standard Workbench 14.0. The domain size is 3m x 1m x 8m in the span

Velocity profile wise direction, height in the y direction and length along the

positive x direction respectively. Plate is placed at the centre of
the domain at a distance of 2m from the inlet having a dimension
1 of 0.5m wide, 2m in length and a thickness of 2mm.

1/ In order to save on the computational power required, inflation

is used around the six faces of the plate with inflation option set
to First Layer Thickness having a height of 8mm and number of
layers being three with a growth rate of one to effectively capture
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Fig 2. Velocity Profile in Y direction at 1.5m

K-epsilon model is selected with near wall treatment set to
standard wall functions. Boundary conditions are set as per the
requirement with inlet velocity x component at 8.33m/s and Fig 3. Mesh Inflation based on first layer thickness
outlet pressure at 0 Pascal (gauge). the boundary layer. Mapped face Meshing is selected for the six
In the solution methods, momentum, turbulent kinetic energy  plate faces so that the plate surface can be divided into the
and turbulent dissipation rate are set to second order upwind required number of quads so as to have uniform spacing and
equations so as to increase the accuracy of the result. The orientation of node points over the plate surface for better
calculations are done for 1000 iterations and it converges at 167"  computational results. Edge sizing is chosen to divide all 8 edges
iteration. of the surface into n number of edges with length of 1cm each.

3.1.4 CFD Post Results and Theoretical
Validation

Viscous force of 187.889 N/m on the plate of length 2m is
computed. The Reynolds number at the end of the bottom surface
of the boat is as follows:
Re = oVd/p = ((999.1 kg/m3).(30/3.6 m/s).(2m))/(1.138 x 10-3
kg/ms) = 1.463 x 107
The flow is assumed to be turbulent over the entire surface. Then
the average friction coefficient and the drag force acting on the
surface becomes

Cb = (0.074)/(Re”(1/5) = 0.074 / (1.463 x 107) ~ (1/5)

=0.00273.

Fb=12¢v2CDA

Fo = 1/2 (999.1 kg/m3)[((30/3.6 m/s)]"2 (0.00273) (1.5%x2 m2) . . .
(IN/1kg.m/s2) = 284.1 N o
Thus, drag per meter, 284.1/1.5 = 189.4N/m. Fig 4. Fluid Domain

The total number of node points and elements generated are
1063560 and 5517789 respectively.

3.2 STATIC TURBULENT FLOW (THREE
DIMENSIONAL)

3.2.1 Fluid Domain and Mesh Generation 3.2.2 SETUPAND SOLUTION
The geometry is constructed in the Design Modeler of The standard K-epsilon model is selected with near wall

4
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Fig.5. Local Skin Friction Coefficient along the length of the plate.
treatment set to standard wall functions. In the boundary
condition settings the wall-solid i.e. the surface bounding the
domain length wise is set to symmetry to simulate an open
channel flow. Inlet velocity x component is set at 8.33m/s, with
specification Method set to Intensity and Viscosity Ratio having
Turbulent intensity(%) and Turbulent viscosity ratio equal to 10.
The calculations are done for 1000 iterations and it converges at
394th iteration.

3.2.3 CFD Post results and Theoretical validation
Viscous force of 191.12282 N/m is obtained on the plate of
length 2m with all six faces exposed to the fluid flow. Also the
skin friction coefficient along the length of the plate is as
depicted in the figures 4.

Length of plate = 2m, Breadth = 0.5m

Drag force per meter along the length of plate = 189.4 N/m

Therefore drag over the two surface of the plate = 2 X 0.5 X

189.4=189.4 N

Computational Values = 191.12 N

Thus the static turbulent flow
dimensional domain.

is validated for three

3.3 TRANSIENT TURBULENT FLOW (THREE
DIMENSIONAL)
3.3.1 Setup and Solution

Fluent 14.0 is opened through Visual studio 2013 x64 Cross Tool
Command Prompt which acts as compiler for the UDF to be
imported for the simulation of span wise oscillating plate.

The UDF is as follows for
performed.

#include "udf.h"

#include "math.h"

#include "dynamesh_tools.h"
#define z 0.04

#define £ 0.5

the first oscillation simulation

DEFINE_CG_MOTION(object, dt, vel, omega, time, dtime)

{

/* reset velocities */
NV_S(vel, =, 0.0);

/* compute velocity formula */
vel[2]=z*M_PI*f*sin(2*M_PI*f*time);

printf("\n z_velocity = %g \n",vel[2]);}

Where z represents peak to peak amplitude of plate oscillation
in the span wise direction, f represents frequency of oscillation,
\el[2] represents the equation of velocity in the span wise
direction (Z direction in this case).

The dynamic mesh setting is selected with smoothing and
remeshing options selected and plate is selected as dynamic mesh
zone acting as a rigid body.

In the Run Calculation section following are the values set
. Time Step Size (s) = 0.02
. Number of Time Steps = 65
. Extrapolate variables is selected to as to get faster
convergence.
. Max Iterations/Time Steps = 30

3.3.2 CFD Post results

Viscous force of 167.53603 N/m is obtained on the plate of length
of 2m with all six faces exposed to the fluid flow, vibrating at a
frequency of 0.5 Hz and peak to peak wall amplitude of 4cm.

The above value indicates a drag reduction of nearly 13 per cent.
Similar to the above simulation a number of simulations are
performed for different data sets based on the theory review

For the case of 0.5m/s inlet velocity simulation, the solution for the
static model converges at 493rd iteration. Simulations are done at
different frequencies and peak to peak wall amplitude for inlet
velocity of 0.5m/s which is depicted in Table 2.

The lowest drag value for this case is found out to be 1.1110 N,
thus giving a drag reduction of nearly 11 per cent with respect
to the static drag value.
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Fig 7. Velocity contour at Trailing Edge (Static)

Fig 9. Transient Velocity Contour along the length of Oscillating Plate
at leading Edge (f = 0.5Hz, Z = 4cm).



Fig 10. Magnified View of Velocity Contour along the Length of
Oscillating Plate (f = 0.5Hz, Z = 4cm).

Fig 11. Transient Velocity Contour along the length of Oscillating
Plate at trailing Edge (f = 0.5Hz, Z = 4cm).

4  OBSERVATION AND DISCUSSION

In this study, oscillation of a plate in a turbulent open channel
flow subjected to a span wise wall oscillation has been simulated
through computational fluid dynamics and the static model for
each case is theoretically validated.

The following observations are made from the above analysis:

1. There is difference of 3-4 per cent between the

theoretical and the computed drag value for the plate due
to truncating errors in the CFD calculations.

2. For different values of frequency and span wise

displacement for oscillation, different values of drag are
achieved giving a maximum drag reduction for the data
set as 13 per cent and 10 percent for flow velocities of
8.33m/s and 0.5m/s respectively.

3. It is observed that in case of higher velocity of 8.33m/s

as well as lower velocity of 0.5m/s, the reduction of
span wise displacement results in further lowering of the
drag value at the same frequency. With lower velocity of
0.5m/s with increase in frequency of oscillation for the
same value of displacement, there is an increase in the
drag value.

4. In the static simulation, initially the local skin friction

coefficient increases rapidly and reaches a peak value at
approximately 0.5m along the length of the plate, after
which it starts to decrease becoming steady at the end of
the plate.

5. In case of span wise wall oscillation of the plate, the

t

Skin Friction Goeffic

local skin friction coefficient increases slowly as
compared to the static simulation and varies along the
length of the plate without reaching a very high value as
in the case of static simulation.
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Fig 12. Local skin friction coefficients in the transverse direction at
1.5m length of plate for various frequencies and peak to peak
displacement

Conclusion
There is general understanding that oscillations of a suitable

frequency and amplitude can restrict turbulent activity
therefore ensuring feasible skin friction drag reduction by



modifying the boundary layer conditions and initiating order importance because it determines if a series of oscillating
in a previously chaotic turbulent flow. The primary plates in sequence can be used to further promote energy
independent variables for drag reduction via Span wise savings.

oscillating walls are therefore the maximum span wise

displacement (Z), the maximum span wise wall velocity

(Wa), and the period (T).

A riveting facet of research in this field is the study of how

far past the oscillating plates effects prevail. This is of prime
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Fig 13. Local skin friction coefficients along the length of plate for various frequencies and peak to peak displacement.



TABLE 2
COMPUTED VISCOUS DRAG FOR THE DATA SET

Velocity of Water Frequency Displacement Viscous Drag
at Inlet
(Hertz) (Meter) ™)
(m/s)
0.5 0.01 163.85
0.5 0.04 167.12
5 0.04 166.53
8.333
0.15 0.04 167.65
0 0 191.122
5 0.04 1.3852
0.5 0.04 1.1664
0.15 0.04 1.1124
0.5
1 0.005 1.1110
0 0 1.241
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