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Abstract

Turbulent skin-friction control is the subject of much research and the use of
transverse (spanwise) oscillating motions offers the means of obtaining a significant
reduction in skin-friction. Dielectric barrier discharge (DBD) actuators can be used
to generate spanwise oscillating waves but the difficulty in placing a sensor in the
area of plasma gives rise to problems in recording near-wall velocities. A modified
version of the Shyy et al. (2002) DBD model was integrated into a direct numerical
simulation (DNS). This numerical model was used in a series of two-dimensional
simulations, in initially quiescent flow, and the results were compared to results
reported from experimental investigations. A close affinity was found confirming
that the DBD model is satisfactory.

Both a temporal and a spatial, spanwise oscillating flow were investigated.
Only one plasma profile was investigated. Three actuator spacings were investigated.
Only the largest actuator spacing resulted in a gap between each plasma profile
that was larger than the plasma profile width itself. A spatially uniform plasma
configuration produced larger DR% than spanwise wall oscillation for both spatial
and temporal waves, maximum DR = 51% compared to a DR = 47% for a spanwise
wall oscillation. Increased skin-friction reductions originated from the displacement
of the Stokes layer.

The spatial wave produced lower skin-friction values than temporal waves
for all the configurations. For both spatial and temporal waves the performance of
the discrete configurations in producing an overall skin-friction reduction decreased
with increasing actuator spacing. Using both temporal and spatial waves, the con-
figuration with the largest spacing, which is relatively small, did not produce a drag
reduction for any case that was tested.

xiv
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Chapter 1

Introduction

1.1 Introduction

Flow control is a broad classification of several different engineering goals including

laminar-to-turbulent transition control, fiow separation control, mixing enhance-

ment, noise attenuation and turbulent skin-friction control. Near-wall turbulence

of a fiat-plate consists of coherent structures (Robinson, 1991) such as low-speed

streaks and quasi-streamwise vortices (QSV) that form an autonomous cycle (Jimenez

and Pinelli, 1999). A result of the near-wall turbulence is 'sweep events' where high

momentum fiuid is drawn towards the wall increasing the skin-friction (Kravchenko

et al., 1993). Control or suppressi~n of near-wall structures or events may result in

a reduction in skin-friction drag.

The quest to reduce turbulent skin-friction has been a topic of research for

several decades. Turbulent boundary layers and the consequential drag they gener-

ate have financial implications in many areas of industry ranging from the movement

of oil through pipelines to the fuel consumption of aircraft, shipping and road trans-

port vehicles. The global reliance and ever increasing demand on the world's finite

energy resources has not only led to an escalation in energy costs but also increased

pressure for the development of energy saving technology such as flow control.

1
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The fuel consumption of the global aviation industry was 155 million tonnes

in 2002 and has been estimated to rise to 400 million tonnes by 2030 (Leschziner

et al., 2011). Almost 60% of the total drag on an airliner is the result of skin-

friction and the development of a viable means of reducing skin-friction would offer

the potential for lower fuel consumption and financial benefits. In addition there is

increasing environmental concern for economy in fuel use, as the air, sea and road

transport industries are responsible for around 30% of the global CO2 emissions.

Achieving just a 1% reduction in the drag on an airliner at cruise conditions would

result in a 0.75% drop in fuel consumption and this suggests that there is the po-

tential to achieve a reduction of 9 million tonnes of C02 emissions per 1% of drag

reduction (Leschziner et al., 2011). From a financial perspective, the airline industry

uses 1.5 billion barrels of oil a year, a reduction of 30% would result in a saving of

$45 billion per year based on the current price of oil (Kim, 2011). The Advisory

Council for Aeronautics Research in Europe (ACARE, 2001) set targets for 2020

that included a 50% reduction in C02 emissions and noise and an 80% reduction

in NOx. The continued demand for global transport, coupled with increasing envi-

ronmental concerns, enforce the need to improve flow control technology and access

the potential environmental and financial benefits that are associated with it.

There are currently several different avenues of investigation of turbulent

skin-friction control. One area of particular interest is transverse (spanwise) motions

as the result of the movement of the boundary wall or the introduction of a force.

Oscillation of the wall or force results in significant skin-friction reductions. One

proposed method of producing oscillating spanwise motions is by the use of dielectric

barrier discharge (DBD) actuators. Over the past decade the use of these actuators

have been investigated for a variety of flow control topics such as separation control

(Moreau, 2007).

This current research focuses on the use of DBD actuators for skin-friction

control by the generation of oscillating spanwise motions. A model for a DBD
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actuator is integrated into direct numerical simultion (DNS) and the effect of ac-

tuator spacing and the period of oscillation are investigated for both temporal and

longitudinal spanwise oscillating flows.

Chapter 2 presents a brief review of turbulent skin-friction control research

with particular regard given to span wise oscillating flows. DBD actuators and their

use in flow control and models of DBD actuators are also reviewed. The DBD model

used in this work is outlined in Chapter 3 and descriptions of modifications are given

together with the findings from initial simulations. A series of two dimensional

simulations are presented in Chapter 4 and a comparison of the flow from a solitary

DBD actuator to experimental results is made. This is followed by a parametric

study to provide insight on the values to be used for turbulent skin-friction control

simulations while the descriptions of the flow generated by a single actuator and a

series of actuators are provided.

Chapter 5 presents a large parametric study of DBD actuators to create

a temporally oscillating spanwise flow for a large range of periods of oscillation,

actuator spacing and maximum velocity. This is followed in Chapter 6 by a study

into the use of DBD actuators to create a longitudinally oscillating (spatial) spanwise

flow for a range of wavelengths and actuator spacings.

The thesis is brought to a close with a review of the results and recommen-

dations for further research. Appendix A is a self-contained investigation into the

use of Helmholtz resonators for turbulent skin-friction control, this was one of the

topics of research before focus was placed on DBD actuators.



Chapter 2

Literature review

The effect of the transition of a laminar flow to a turbulent one is to flatten the

velocity profile from that of the parabolic (pipe and channel flow) or Blasius profile

(zero- pressure gradient) for a laminar boundary layer. The total shear stress T is

the sum of the Reynolds shear stress - puv and the viscous stress J.l( dU / dy). For

non-accelerating channel and pipe flow, the shear stress decreases linearly from a

maximum at the wall (Tw = J.l( dU / dy)w to zero at the centreline. The linear variation

of the shear stress, results in a relationship between the Reynolds shear stress and

the wall shear stress, where an increase in the Reynolds stress results in an increase

in the wall shear stress (Adrian, 2007).

Therefore the motions that cause the u and v components to be anti-correlated

are of most importance, and the suppression of these motions would lead to skin-

friction reductions, and the benefits this produces. Although there is no standard

definition, such motions and other organised motions that are persistent in time and

space and contribute to the transport of heat, mass and momentum are regarded

as coherent structures (Adrian, 2007). Close to the wall, in the buffer layer, the

two structures of most importance are the quasi-streamwise vortices (QSV) and the

corresponding low speed streaks where the QSVs lifts lower speed fluid upwards

from the wall. the two structures together form an autonomous cycle (Robinson.

4
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1991; Jimenez and Pinelli, 1999; Adrian, 2007). As a QSV draws higher momentum

fluid towards the wall i.e., sweep on one side, and low-speed fluid drawn away from

region near the wall i.e., ejection, they are responsible for large skin-friction in-

creases (Kravchenko et al., 1993). Such vortices have been observed to be up to 200

wall units in length, but can overlap in their streamwise extent to produce streaks

of low and high speed fluid > 1000 wall units length. These streaks and QSVs are

predominant in the buffer region and are also observed in the logarithmic region.

The scale of the coherent structures growing with increasing distance from the wall

(Adrian, 2007).

The QSVs are the basis of the legs of hairpin vortices (also known as horse-

shoe eddies, hairpin vortices and hairpin eddies), which are present in the logarithmic

layer and wake region but become less frequent with increasing distance from the

wall. They can occur singly or in streamwise orientated packets. These structures

are believed to be a mechanism for the transport of vorticity, low momentum fluid

and turbulent kinetic energy away from the wall but are are not the exclusive mech-

anism for such transport (Adrian, 2007; Marusic et al.). Control or suppression of

near-wall structures may result in a reduction in skin-friction drag (Kim, 2011).

Within this thesis the term drag reduction is frequently used, the term drag

reduction can imply a reduction in any of the resistible forces that act on an object

that interacts with a fluid, but in this work it applies to a skin-friction reduction

only.

A brief review of turbulent skin-friction control is presented in Section 2.1,

followed by a more in-depth review of skin- friction control by spanwise motions in

Section 2.2. In Section 2.3, DBD actuators, DBD models and their use in flow-

control research, in particular for turbulent skin-friction control is examined.
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2.1 Flow Control

Turbulence skin-friction control strategies are usually grouped into two categories.

The first set are defined as 'active' and require an external energy source during

operation while the second set are referred to as 'passive' and require no energy to

operate (Gad-el Hak, 2000; Joslin et al., 2005; Gad-el Hak, 1996).

An initial measurement of the success of a turbulent flow control system

is the amount of skin-friction reduction achieved and the gross resultant energy

saving that this produces (Joslin et al., 2005). However as active systems expend

energy to obtain a skin-friction reduction this energy expenditure has to be taken

into consideration and the net energy saving is calculated to determine if an energy

saving in addition to a skin-friction reduction has been achieved (Baron and Quadrio,

1996; Choi and Moin, 1994). In the case of industrial application of a system, several

other factors have to be considered including the ease and cost of implementation,

the survivability of the system e.g., tolerance to dirt, the maintenance requirements

and in some circumstances the weight.

Several examples of passive strategies have been utilised with varying degrees

of success. The injection of polymer solutions in the order of only a few (weight-

part-per-million) into liquid pipe flows has resulted in drag reductions (DR) of more

than 50% and for many years has been a commercial product utilised in industrial

piping e.g., oil pipelines (Joslin et al., 2005).

Nature has also provided inspiration when scientists became intrigued by

the ability of dolphins to maintain high speeds in water and this lead to research

in compliant surfaces, which are believed to delay laminar to turbulent transi-

tion(Carpenter et al., 2000; Joslin et al., 2005). Other aquatic animals e.g., sharks

and seals, have inspired research into riblets (Garcia-Mayoral and Jimenez, 2011),

which are believed to act as longitudinal fences that affect the evolution and dispo-

sition of quasi-streamwise vortices (QSV) (Choi et al., 1993; Karniadakis and Choi,
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2003). Riblets have produced a skin-friction reduction in the order of a 10% and

a 2% drag reduction on an Airbus A320 which had 70% of its surfaces covered in

riblets, but unfortunately there were reliability/maintenance issues caused by dirt

and temperature effects. (Joslin et al., 2005; Garcia-Mayoral and Jimenez, 2011).

Riblets have also been used with success on the hulls of competition sailing vessels,

olympic rowing boats and swimsuits (Karniadakis and Choi, 2003). The impact of

riblets in these competitive sports resulted in their use being actively suppressed in

some sports by regulations.

Active strategies can be divided into two sub-categories dependent on their

control mechanism and are either 'open-loop' or 'closed-loop' controlled strategies.

The former acts broadly, manipulating the flow to a predetermined routine set for

the particular flow conditions. The latter contain not only an actuation system,

but a sensory and feed-back control element, that analyses the flow situation and

manipulates certain structures or events e.g., a sweep event (Gad-el Hak, 2000).

Microelectricalmechanical systems (MEMS) technology has provided the po-

tential to sense and manipulate near-wall turbulence (Jeon and Blackwater, 2000;

Cattafesta and Sheplak, 2011). A closed-loop strategy that has been the subject of

much interest is the opposition control envisaged by Choi et al. (1994). Numerically

this control strategy has been found to produce a 25% reduction in skin-friction,

with a large net power saving (Choi et al., 1994; Chung and Talha, 2011). How-

ever this strategy ideally requires velocity information within the flow and there has

been much research into control algorithms using wall data alone. In addition the

manufacture of sensors and actuators for such a strategy is not without difficulties

(Cattafesta and Sheplak, 2011). Opposition control is covered in more detail in

Appendix A.

There are many examples of 'open-loop' strategies within the field of flow

control, but for turbulent skin-friction control the open-loop strategy of most in-

terest is active spanwise motions. These have been found to produce skin-friction
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reductions of over 40% and are discussed in detail in the next section. A compre-

hensive review of flow control strategies is given by Gad-el Hak (2000) and a review

of flow control and noise control strategies and the relationships between them is

provided by Joslin et al. (2005).

2.2 Spanwise motions

Jung et al. (1992), were the first to suggest from use of DNS that a drag reduction

could be obtained by oscillating the wall of a bounded flow in a spanwise direction

to provide a sustained reduction in skin-friction. This work was inspired by ear-

lier observations, as for example example that of Moin et al. (1990), that when a

boundary layer is subjected to a constant spanwise pressure gradient the production

of turbulence is temporarily suppressed in a transient state, however this transient

state is followed by a new steady state with a higher Reynolds stress than that of

the original flow.

Jung et al. (1992) oscillated the wall at a prescribed spanwise velocity:

(2.1)

Where T, is the period of oscillation and Wm, is the maximum spanwise velocity or

amplitude of oscillation. They found that the skin-friction reduction was strongly

dependent on the period of oscillation with the largest reduction DR=40%, obtained

at T+ = 100. Observations on the mechanism for the drag reduction revealed that

there was was an upward shifting of the logarithmic layer suggesting a thickening

of the viscous sub-layer and a reduction in the intensities of velocity fluctuations by

up to 35%.

Laadhari et al. (1994), carried out an experimental investigation into the

effect of spanwise oscillation on a turbulent boundary layer, and found a reduction

in the near-wall velocity gradient with a reduction in the velocity fluctuations. This
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supported the results of the numerical investigation by Jung et al. (1992). Laacl-

hari et al. (1994) suggested that the drag reduction was a result of modification in

the displacement between quasi-streamwise vortices (QSV) and their associated low

speed streaks. An experimental investigation by Choi et al. (1998) found a maxi-

mum skin-friction reduction of 45% occurred downstream of the leading edge of the

oscillating wall and a gradual return to normal. downstream from the trailing edge

of the oscillating plate. Choi and Graham (1998) also experimentally achieved a

25% skin-friction reduction in pipe flow using spanwise wall oscillation.

As spanwise wall oscillation is an active flow control strategy, its viability

was not assessed until Baron and Quadrio (1996) found by use of DNS that with

low amplitudes of oscillation, W,i; = 4.5 and T+ = 100, a net energy saving of 7%

could be obtained. However at higher amplitudes there they found a larger rise in

the energy expended to saved, so that there was a net energy cost. They suggested

that the turbulence reduction was the result of a disruption in the spatial coherence

between the QSVs and the low speed streaks. The oscillation creating a Stokes

layer, and its thickness was dependent on the period of oscillation.

Choi et al. (1998) proposed that the Stokes layer interacted with the viscous

sublayer to reduce the skin-friction. The Stokes layer contains a sheet of positive or

negative streamwise vorticity depending on the direction of forcing. This vorticity

sheet is tilted in the positive or negative spanwise direction depending, on the di-

rection of the wall movement and thus always produces an increase in the positive

spanwise vorticity in the near-wall region. This consequently leads to a reduction in

the streamwise velocity gradient, and a reduction in the length of QSVs and thereby

weakening sweep events. Choi and Clayton (2001) concluded that the thickness of

the viscous sub-layer was of comparable size to that of a laminar Stokes layer that

would be produced by the oscillating surface.

Dhanak and Si (2000) suggested that spanwise wall oscillations lead to rapid

decay in QSVs and a corresponding weakening of slow speed streaks, attenuating
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the self sustaining mechanism between them, consequently reducing the sweep and

ejection events.

Figure 2.1: Three-dimensional plot of DR% versus T+ and W~. The size of the
circles is proportional to DR%. Hyperbolae are curves of constant maximum dis-
placement D~. Taken from Quadrio and Ricco (2004).

Spanwise wall oscillations are defined by two parameters, the period of os-

cillation, Tp and spanwise velocity, Wm. A third parameter D~ the maximum

displacement of the wall during an oscillation, can be defined from the the first two

parameters:

D+ = W~T+
m (2.2)

Optimisation based on W~ and T+ would result in an alteration to D~, however for

many experimental investigations D~ is fixed (Quadrio, 2011). Quadrio and Ricco

(2004) undertook a large numerical study to find two optimal periods of oscillation,

one for a fixed displacement, D~ and one for a fixed amplitude, W~. Figure 2.1

is a plot of the drag-reduction data given and illustrates the dependency of the

percentage drag reduction on the two parameters, W;i;: and T+. The percentage

skin-friction reduction is displayed within the circles. Lines with constant maximum

displacement of the wall, D~, are hyperbolae in this plane. Quadrio and Ricco
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(2004) showed that for all amplitudes tested the optimum period of oscillation T~t =

100 "" 125. The skin-friction reduction increases with W;i;, for a fixed period of

oscillation, but the rate at which the skin-friction reduction increases with W;i;

keeps decreasing.

Realising the similarity of the spanwise mean velocity field created by tur-

bulent DNS simulations to that of the laminar Stokes boundary layer Choi et al.

(2002), produced a scaling parameter for skin-friction reduction based on the os-

cillation parameters. They started with the laminar solution of the Stokes second

problem:

and then derived a wall-normal length scale related to the depth the Stokes layer

has influence into the turbulent flow:

(2.4)

The length scale being the furthest distance from the wall where the maximum oscil-

lating velocity has a magnitude higher than a threshold velocity Wth, representing a

typical value of the spanwise turbulent fluctuations (wrms ~ 1.0) (Choi et al., 2002).

This is different to the Stokes layer thickness:

(2.5)

where the amplitude of oscillation, W;i;, has no bearing. From here the length-scale,

Lt, is referred to as the Stokes layer penetration depth. A second variable. a~, the

maximum spanwise acceleration at a given distance, y+, from the wall is calculated

by:

(2.6)
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Choi et al. (2002) combined the two parameters to produce a scaling parameter,

S+, which gave a good correlation with skin-friction reductions obtained both ex-

perimentally and numerically.
+z+

S+=~ wci' (2.7)

Quadrio and Ricco (2004) found excellent correlation between S+ and the drag

reduction with the values y+ = 6.3 and Wtt = 1.2. However the correlation

deteriorated as the periods of oscillation increased to T+ > 150. Quadrio and

Ricco suggested that with increasing T+ and/or W;i; the Stokes layer penetration

depth increases suppressing more near-wall turbulence and increasing DR. How-

ever, T~t = 100 ,.....,125 and the deterioration of the correlation between S+ and

DR is because the time scale which represents the life time of the longest lived,

and statistically important near-wall turbulent structures becomes greater than the

half period of oscillation. The scaling parameter, S+, is linearly related to the drag

reduction until the period of oscillation is too long and the turbulence has time to

redevelop between successive oscillations.

Ricco and Quadrio (2008) further investigated the scaling parameter S+ and

found it correlated well for W;i; < 40 and 30 < T+ < 150, they also found that a

minimum spanwise wall velocity Wmin is required for a drag reduction, with Wmin

increasing as the period of oscillation decreases as the reduction in the penetration

depth of the Stokes layer require a stronger forcing to affect the turbulence. For

higher periods of oscillation r: > 30, Wmin becomes constant, W;;;in ~ 1.8. Ricco

and Quadrio (2008) also found that the drag reduction decreases slightly as the

Reynolds number increases with the effect increasing, with increasing period of

oscillation.
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2.2.1 Longitudinal standing wave

Spanwise wall oscillations have a spatial counterpart and it is possible to remove

the unsteadiness of spanwise wall oscillations and utilise the convective nature of

the flow. Although there is no-slip at the wall, the convection velocity of turbulence

close to the wall y+ < 15, is essentially independent of the wall distance and remains

constant at the value c;t = 10 (Kim and Hussain, 1993). This near-wall value

of the convection velocity allows the translation of the temporal oscillating wall

displacement into a spatially oscillating displacement. Berger. et al. (2000) used a

modelled temporal oscillating spanwise Lorentz force within DNS:

F ( ) - -u!tl . (271')z y, t - le sm =' , (2.8)

where I, is the intensity, which exponentially decays away from the wall on a length

scale or penetration depth ~. Equation 2.8 was then converted into a longitudinal

oscillation equivalent:

(2.9)

where Ax denotes the forcing wavelength rather than the period of oscillation. Berger

et al. (2000) with longitudinal oscillation produced a skin-friction reduction com-

parable to temporal oscillation with an improvement in the energy balance. Viotti

et al. (2009) recently undertook a large DNS parametric study at ReT = 200, using

longitudinal wall oscillation. The velocity of the wall defined by:

w( x) =W~ sin (~: x ) . (2.10)

Once spatially averaged the Stokes layer from the turbulent simulations was found

to be laminar like its temporal oscillating counterpart. Both Berger et al. (2000)

and Viotti et al. (2009) observed a parallel between longitudinal and temporally

oscillating waves through the convection velocity. Xi = C;tT+. The optimum wave-
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length, AtoP! = 1000 '" 1250 compared well with the optimum oscillation period,

T~t = 100 rv 125. However Viotti et al. (2009) stated that the longitudinal os-

cillation produced larger skin-friction reductions than did temporal oscillation for

a given amplitude of oscillation and its oscillation period equivalent. A maximum

skin-friction reduction of DR = 52% was achieved for a wavelength of At = 1250

and amplitude W~ = 20.

2.2.2 Travelling waves

Du and Karniadakis (2000) and Du et al. (2002) proposed a spanwise force that

resembles a travelling wave along the spanwise direction:

/~ . (27r 27r )F (z t)= Ie-Y sin -z - -tz , A
z

T . (2.11)

Du et al. (2002) reported a DR = 30% at ReT = 150 using DNS, with the low speed

streaks attenuated and replaced in turn by large straight ribbons of low speed fluid.

Zhao et al. converted the spanwise travelling body force wave into a space and time

dependent spanwise wall velocity:

w(z, t) = W~ sin (kzz - ~ t) , (2.12)

Quadrio et al. (2009), converted the wall velocity in Equation 2.12 into a spanwise

modulated travelling wave:

) _ +. (27r 27r )w( x, t - Wm sm Ax x - Tt, (2.13)

Where the phase speed is:
Ax

c=-
T

(2.14)

Quadrio et al. (2009) undertook a large DNS parametric study for spanwise mod-

ulated wall travelling waves (Equation 2.13) at ReT = 200 for a maximum velocity
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of W;;: = 12. The obtained DR values plotted against the angular frequency of

oscillation w = 2.; and the longitudinal wavenumber K = t are presented in Figure

2.2. The x-axis line represents spatially uniform temporal oscillations (Equation

2.1), while the y-axis line represents longitudinal oscillations (Equation 2.10. The

blue triangular region indicates parameters that cause an increase in skin-friction as

the phase speed of the oscillation is similar to the speed of the near-wall turbulence,

c = CWo The largest drag reduction resides on a red crest line close to the y-axis,

and indicates the near optimum performance of streamwise standing waves.

Ricco and Quadrio (2010) went further to find an analytical expression for

the transverse boundary layer of a laminar Poiseuille flow for travelling waves, called

the generalised Stokes layer (GSL). Defining a time scale for the forcing:

r: - At
G - c+ - c;t (2.15)

where Tc is the period of oscillation imposed on a turbulent structure as it moves

with the speed Cw and reduces to conventional T for space-uniform spanwise wall

oscillation. Providing the phase speed of the waves, c, is sufficiently different from

the near-wall convection velocity CWl the skin-friction reduction obtained increases

with increasing thickness of the Stokes layer until Tc ~ 120. As with space uni-

form oscillations the trend is that the thicker the Stokes layer the more effective is

its interaction in suppressing the near-wall turbulence until the forcing time scale

becomes larger than the typical lifetime of the near-wall turbulence.

Spanwise flow control is a simple technique, that has the potential to offer

a physical energy saving, and it requires no feedback loops or small scale sensors.

Karniadakis and Choi (2003) reviews riblets, spanwise wall oscillations and spanwise

travelling waves. Quadrio (2011) has recently provided a review of recent develop-

ments on transverse motions for turbulent skin-friction control. Transverse motions

have been investigated through wall displacement or a body force such as Lorentz
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Figure 2.2: Map of DR in the w - "'x (w = ~ and "'x ~: plane for W~ = 12
and Re = 4760. Loci of zero OR are indicated by thick lines and negative values
are represented by dashed lines. The numbers indicate percentage drag reduction
at measured points. Taken from Quadrio et al. (2009).

forcing and Quadrio (2011) suggests that if the penetration depth of the body fore-

ing is small then the spanwise velocity profile induced resembles that produced by an

oscillating wall Stokes layer. OED plasma actuators provide a method of applying

a body force on the wall of a turbulent flow and are discussed in the next section.

2.3 Dielectric barrier discharge plasma

Plasma actuators refer to a broad class of devices that use high voltage electrical

discharges to provide an induced momentum on fluid. They can be used in active

air control to manipulate a flow to provide a desired change in its characteristics.

The advantages of plasma actuators are that they are fully electrical with no moving

parts, have response times in the order of micro seconds, are cheap to manufacture,
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Figure 2,3: (a) Schematic illustration of DBD plasma actuator, (b) photograph of
ionized air at 1 atm. pressure that forms over an encapsulated electrode. Taken
from Corke et al. (2010).

are of very low mass and can be attached to a pre-existing surface without extensive

modifications to the underlying structure. (Jukes et al., 2006a; Moreau, 2007).

Moreau (2007) offers a comprehensive review of these actuators.

The most commonly used actuator for flow control, and the subject of this

thesis, is a surface Dielectric Barrier Discharge plasma (DBD) actuator. These

DBD actuators consist of two electrodes in an asymmetric configuration with one

electrode exposed on the surface (wall) and the other encapsulated by a dielectric

material (Roth et al., 2000). An example configuration is shown in Figure 2.3(a).

The DBD actuator illustrated in Figure 2.3(a) is termed a single DBD actu-

ator (SDBD) as there is an encapsulated electrode on only one side so a net force is

generated in one direction (uni-directional). Double DBD actuators (DDBD) have

two grounded electrodes either side of the exposed electrode resulting in the gen-

eration of two forces in opposite horizontal directions on both sides of the exposed

electrode (bi-directional). Only single DBD actuators are used in this research and

when the term DBD actuator is used it is in reference to SDBDs unless otherwise
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stated.

An AC voltage is applied to the exposed electrode while the electrode covered

by the dielectric is earthed or under the same signal at the exposed electrode but

out of phase by cl> = n, (Moreau, 2007; Corke et al., 2010). The applied voltages

can range from several kV to 1O's of kV with a frequency ranging from 100 Hz to

several 1O's kHz (Moreau, 2007).

Figure 2.4 is an illustration of a sinusoidal voltage supplied to the exposed

electrode of a DBD actuator but it can also be a square wave or triangular wave

(Corke et al., 2010). Initially the potential difference of negative polarity and there-

fore the electric field strength increases, this first half-cycle is referred as the forward

stroke. As the electric field strength reaches the electric breakdown strength, indi-

cated by the point (a) in Figure 2.4, electrons are emitted from the exposed electrode

and deposited on the dielectric surface above the encapsulated electrode. This dis-

charge of electrons causes the air to weakly ionise, and this ionised air is referred to

as a 'plasma'. Figure 2.3(b) is a photograph of the ionised air that forms over the

dielectric surface above the encapsulated electrode. The deposited electrons cause

a charge build up on the dielectric surface reducing the potential difference between

the electrodes to the point that the discharge ceases at point (b) in Figure 2.4. The

discharge is therefore a self-limiting process and in order for it to continue the volt-

age supplied to the exposed electrode would need to continue to increase, in order

to overcome the charge build-up (Corke et al., 2007).

The DBD plasma discharge is thought to be neutral with the discharge con-

taining equal numbers of positive and negative charges which each respond to the

applied electric field. The negative charges that are present in the plasma move

towards the positively charged electrode while the positive charges move towards

the negatively charged electrode. During the other half-cycle, referred to as the

backstroke, the polarity of the AC signal is positive and when the potential differ-

ence is large enough the electrons that were deposited on the dielectric surface move
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back to the now positive exposed electrode (Enloe et al., 2004a; Corke et al., 2007),

illustrated by points (c) to (d) in Figure 2.4.

(a) (b)

Dielectric Layer

Figure 2.4: Illustration of electron drift that dictates portions of ac period where
air ionises in DBD process, (a) forward stroke, (b) backstroke. Taken from Corke
et al. (2007)

The plasma appears uniform to the naked eye (Corke et al., 2007) but in

reality it consists of a series of individual filaments and discharges. Analysis of

the current has shown that during the forward stroke the discharges are frequent

and a low charge is transferred between the electrodes by each one, while for the

backstroke there is relatively small number of more intense discharges (Enloe et al.,

2004a; Pons et al., 2005; Orlov, 2006).

AC
voltage

Figure 2.5: Schematic representation of the surface-discharge, (a) forward stroke,
(b) backstroke. Taken from Enloe et al. (2008)

The momentum coupling and the way in which the asymmetry between the
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half cycles results in a body force is an area of discussion. Enloe et al. (2004a)

undertook optical measurements and found that the structure of the plasma is sub-

stantially different between strokes. The discharge on the forward stroke is a diffuse

discharge while that on the backward stroke cycle is highly filamentary (see Figure

2.5). The highest electrical field strength is concentrated at the head of these fila-

ments and is much reduced behind. The structure of the filaments is such that it

interacts with a smaller volume of air than does the diffuse discharge, suggesting an

induced momentum in the backward stroke that is reduced compared to that from

the forward stroke (Enloe et al., 2008). The force generated by a DBD actuator has

been shown to travel away from the exposed electrode and towards the encapsulated

electrode (Enloe et al., 2004a; Corke et al., 2007).

One contradictory point is that the momentum inducing positive ions within

the forward stroke are attracted in the opposite direction and would therefore cre-

ate a force going towards the exposed electrode. However studies using different

techniques have shown that the oxygen present in air forms negative ions that are

responsible for the resultant direction of force (Kim et al., 2007; Enloe et al., 2008).

Enloe et al. (2008) reported a 97% to 3% momentum split between the forward and

backward stroke respectively, while Kim et al. (2007) concluded that the force gen-

erated is always towards the encapsulated electrode, although it is stronger during

the forward stroke.

Enloe et al. (2004b) and more recently Forte et al. (2007) and Thomas et al.

(2009) explored the optimisation of DBD actuators, the performance of the which

depends on several factors including the potential difference and frequency of the

signal and the thickness of the electrodes and dielectric.

The flow created by DBD actuators is likened to that of a tangential wall

jet (Jukes et al.. 2oo6a; Corke et al.. 2007; Forte et al., 2007). The velocity pro-

file broadening and weakening with the y-Iocation of maximum velocity increasing

downstream of the actuator (Jukes et al., 2006a; Forte et al., 2007). Figure 2.6 is
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an example of the velocity profile of two wall jets created either side of a DDBD

actuator. The wall jet creates a starting vortex as it initiates that travels away from

the actuator and the wall (Jukes et al., 2006a; Corke et al., 2007), an example is pre-

sented in Figure 2.7. Jukes et al. (2008) has also taken temperature measurements

and found that the air was heated to approximately 4°C above the ambient temper-

ature and concluded that the flow generated by a DBD actuator is not thermally

driven.

+ x=-12mm
o x=-1Dmm
6 x--&mm
o x=-8mm

x--4mrn
o x --2mrn
v x-Omm

0.1

Y,rnm

+ x= 12mm
o x= 10rnm
6 x-8mm
o x=8mm

x-4mm
o x- 2mm
v x-Omm

~ 0.3
~

0.1

Y,rnm

Figure 2.6: Velocity profiles of the wall jets created by DDBD actuator. Taken from
Jukes et al. (2006a).

A new type of plasma actuator has been developed in recent years, the sliding

discharge actuator consists of three electrodes (Moreau et al., 2007; Corke et al.,

2010). Figure 2.8(a) is a schematic diagram of a triode plasma actuator which is a

particular type of plasma actuator (Corke et al., 2010). When the triode actuator is

operating with only an AC input. it acts like a DBD actuator. Figure 2.8(b) shows

that the visible plasma is located only near the edges of the two exposed electrodes.

with the addition of a DC current between the two exposed electrodes. causes the
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Figure 2.7: Smoke wire flow-visualisation images around a DDBD actuator, the
plasma electrode is in the centre of the image. Taken from Jukes et al. (2006a).

b

SIlIlO~
(DCoIf)

~~
(DC on)

Figure 2.8: (a) Schematic illustration of a triode sliding plasma actuator, (b) pho-
tograph of ionised air. Taken from Corke et al. (2010)

plasma to completely fill the gap. The improvement in the plasma coverage from

only a few mm to a few cm coupled with the increased maximum obtainable velocity

from that of a DBD actuator suggests that sliding actuators offer potential for flow

control usage in the future.

2.3.1 DBD models

umerical models for DBD actuators can be generally split into two categories;

algebraic and chemistry based models. There are several examples of chemistry

based models (Boeuf and Pitchford, 2005; Singh et al., 2006; Boeuf et al., 2007) and
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they usually model the chemical components in the plasma i.e., the ions, electrons

and neutral particles and the collisions between them. These models provide a high

degree of accuracy in modelling a DBD actuator and are usually developed with

the intention of studying the morphology of DBD actuators. These are complex,

requiring both small grid spacings and time steps and are unsuitable for integration

into CFD (Palmeiro and Lavoie, 2011).

Algebraic models have been utilised more extensively in flow control simula-

tions (Palmeiro and Lavoie, 2011). Shyy et al. (2002) developed one of the earliest

and most commonly used models because of its ease of implementation (Corke et al.,

2010). The model approximates an electric field linearly decaying from a specified

maximum value and assumes a spatially constant charge density. Suzen et al. (2007)

developed a model that determines the electric field by use of Gauss Law rather than

assuming uniformity.

Orlov et al. (2007) and later Mertz and Corke (2011) proposed a model

that emulates the actuator by an electrical circuit of a series of virtual electrodes.

Palmeiro and Lavoie (2011) recently reviewed the algebraic models summarising

the assumptions required by each model, and the need for empirical calibration to

a specific actuator. The Shyy et al. and Suzen et al. models are both reliant On

the definition of a charge density, Shyy et al. also requiring a defined profile for the

electric field which is linear. While the resistor models, require information on the

plasma height and resistivity.

2.3.2 DBD flow control

Since the inception and publication of the first DBD actuator developed by Roth

et al. (2000) DBD actuators have been utilised in a considerable range of applications

within aerodynamic flow control (Corke et al., 2010). Moreau (2007) provides a

review of the airflows manipulated by DBD actuators some examples are: flow

separation control on wing sections (Gaitonde et al., 2005; Orlov et al., 2007; Nelson
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et al., 2007; Corke et al., 2011), turbine blades (Huang, 2005; Suzen et al., 2007),

cavity noise control (Huang and Zhang, 2008) and bluff body wake control (Thomas

et al., 2008; Jukes and Choi, 2009a,b; Li et al., 2009; Rizetta and Visbal, 2009).

Wilkinson (2003) developed an experimental concept for creating spanwise

oscillations with DBD plasma actuators but, because of difficulties encountered with

the signal generation to the actuators, never tested the concept in turbulent flow.

Jukes et al. (2006b), conducted a series of experimental investigations into using

opposing sets of DBD actuators to create oscillating spanwise wall motions in order

to achieve a drag reduction on a turbulent boundary layer, ReT = 380. They used

a series of actuator pairs orchestrated into two sets and orientated in a spanwise

direction running for 1800 wall units downstream. Spanwise alternating wall jets

were created by each actuator producing alternating co-rotating vortices in the inner

layer of the boundary layer. Several different actuator spacings were used with

a maximum spanwise velocity of W~ = 15. Near-wall velocity and skin-friction

measurements proved difficult however to measure because of the difficulty in placing

a sensor in the area of plasma and the heat generated by the actuators (Jukes et al.,

2006b; Jukes, 2007).

Choi et al. (2011) recently reported on methods to create travelling waves and

temporal spanwise oscillations. suggesting that the DBD actuators create streamwise

vortices because the forcing is applied to discrete locations. These vortices reduce

the mean velocity in the buffer layer and lower log-law region, but their contribution

on the skin-friction was unclear because of difficulty in measuring.

Spanwise motions offer the potential for large skin-friction reductions, meth-

ods of actuation are required to introduce a near-wall spanwise forcing into a tur-

bulent boundary layer and plasma actuators offer the potential to do this. Plasma

actuators are the subject of current research because of their light weight, simplicity

and reliability. A numerical investigation offers the possibility of providing further

insight into near-wall flow, which is difficult to achieve experimentally because of
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the difficulty in placing a sensor in the area of the plasma actuators.



Chapter 3

DNS and DBD Plasma Model

This chapter briefly outlines the DNS that is used to simulate fluid flow, and also

describes the DBD plasma actuator model, based on the model by Shyy et al. (2002)

with some modifications, that is integrated as a body force term into the DNS.

Further details of the modelling of DBD, in particular actuator pairings, spacings

and the signals that the numerical DBD actuators receive. These topics are also

frequently discussed in the results chapters. Finally the preliminary simulations, are

explained along with their findings.

3.1 Direct numerical simulation (DNS)

Direct numerical simulation (DNS) is the most accurate method of turbulence simu-

lation. allowing the Navier-Stokes equations to be solved directly with no averaging

or approximation and DNS is free from errors other than spatial and temporal dis-

cretisation errors (Kim et al., 2002b). DNS allows the smallest scales of motion in

time and space to be resolved.

The incompressible Navier-Stokes equations can be used as the density changes

caused by DBD plasma actuators is considered to be negligible (Enloe et al., 2004a)

while the temperature changes caused by DBD actuators is considered to be slight
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allowing the temperature to be considered as constant (Jukes et al., 2006a, 2008).

The nondimensional governing equations used are:

a
-8 UiUj
Xj

8Ui

8Xi

(3.1)

O. (3.2)

where Xi are the Cartesian coordinates and Ui are the corresponding velocity com-

ponents in each direction. Re is the Reynolds number and all variables are non-

dimensionalised by a characteristic length and velocity scale, which in the case of

these simulations is; h the half channel height, Um the bulk mean velocity of the

channel flow, and Pre! a referenced flui~ density.

The numerical procedure used is a fully implicit fractional step method

(FSM). proposed by (Kim et al., 2002b), in which both the convective and vis-

cous terms are temporarily discretised by a second-order-implicit Crank-Nicolson

method. Finite volume discretisation is used and the momentum equations are in-

tegrated on a staggered grid, where the pressure is defined at the cubic cell centre

while each velocity component is defined at the centre of the orthogonal planes at

the cell faces. A thorough description and proving of the DNS code can be found in

Talha (2011).

3.2 Plasma model

An example of a high voltage AC signal supplied to the exposed electrode taken from

Jukes et al. (2006a) is illustrated in Figure 3.1, and there are several components

to the signal. When the actuator is engaged it is fed a high frequency signal or

pulse repetition frequency (PRF) that produces the backstroke and forward stroke

discussed in Section 2.3. this signal is normally in the order of 104 Hz. The PRF

is an oscillating square wave signal (but can be a triangular wave or a sinusoidal
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.. l/PEF • 1/PRF--

-
PED Charge time

Figure 3.1: Illustration of the signal supplied to a DBD actuator.

wave as the example in Figure 2.4), with the duration of each pulse or charge time

in the order of J.LS. As the charge time duration is so short, and the plasma can only

exist in this period, the actual time that the plasma exists in relation to the period

of time that the actuator is said to be on is also short (Shyy et al., 2002). The

pulse envelope duration, PED, is the period of time that the actuator is engaged,

while the pulse envelope frequency, PEF, is the frequency of each pulse envelope.

Depending on the design, some DBD actuators can be kept on continually with no

envelopes of operation and then they are referred to as running at 100% duty cycle

(Whalley, 2011). All the simulations presented in this work use a 100% duty cycle.

3.2.1 Shyy et al. model

The plasma model used in the investigation to calculate the body force term used, is

the Shyy et al. (2002) referred to in Section 2.3. This is one of the more commonly

used models because of its simplicity and previous use in turbulent simulations

(Corke et al., 2010). A concern with the model is that it assumes that the electric

field strength, E, decreases linearly from the edge of the exposed electrode toward

the surface of the dielectric covered electrode while experiments have alluded to a

exponential decrement and, as a result, over-predicts the actuator strength (Corke

et al.. 2010). The issues of over-prediction are not a concern as the force strength
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parameter of the model is tailored to provide a desired spanwise velocity e.g w+ = 12.

rather than the model being used to calculate a spanwise velocity for a given physical

input signal signal, based on potential difference and PRF.

Figure 3.2 is a schematic diagram of the plasma profile used by Shyy et al.

(2002). The model is two-dimensional in that it creates forces in only two directions,

referred to as x and y direction in the original paper. As all the simulations un-

dertaken in this research utilised actuators that were spanwise orientated the forces

generated are now in the wall-normal, y, and spanwise, z, direction, so in the fol-

lowing equations x, has been replaced by the spanwise term z to avoid confusion.

Also the equations have been further altered from the original by the removal of the

height of the profile, (a), and its replacement with an angle (Jp so that the height is

now, a = btan(Jp, where b is the width of the profile.

y

z

E
Figure 3.2: Schematic of the plasma profile the line A - B representing the plasma
boundary where the electric field strength outside the line is not strong enough to
ionise the air. Eo represents the point of minimum distance between the electrodes
and hence maximum electric field strength.

The variation of the vector, E, the electric field strength generated by a
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plasma actuator can be written as:

Eo - Eb Eo - Eb
E(y, z) = Eo - b z - b () y.

tan p
(3.3)

Eo is the maximum electric field strength and can be represented as the line of

shortest distance between the two electrodes, d, and the potential difference of the

supplied signal, V so that the dimensionalised maximum electric field strength Eo:

V*
Eo = d*' (3.4)

where the * represents a dimensionalised term. Eb, the electric breakdown strength,

is the electric field strength where plasma ceases and is represented by the line A - B

in Figure 3.2. Electric breakdown strength in air is in the order of Eb = 3 x 106V/m.

The electric field strength vector, lEI, can be broken down into its compo-

nents by the following equations:

1 (1 )-!Ez(Y, z) = E(y, z) tan ()p tan2 ()p+ 1 ,
1

Ey(y, z) = -E(y, z) ( ~ () + 1)-"2
tan p

(3.5)

(3.6)

Which can be simplified as ()p < 900 to:

Ez(Y,z) = E(y,z)cos()p,

Ey(y,z) = -E(y,z)sin()p.

(3.7)

(3.8)

A modification has been made with a minus sign included on the RHS of Equation

3.6, as the original model by Shyy et al. (2002) produces a wall-normal force compo-

nent going away from the dielectric surface, which is contradictory to experimental

findings and a criticism of the original model (Corke et al., 2010).

As the PRF is high while the plasma duration is short, the charge time is
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much shorter than the times scale of the fluid flow and the force acting on the fluid

when an actuator is engaged can be safely regarded as constant and can be time

averaged.

The time-averaged force in the z and y directions are calculated from the

following equations:

(3.9)

where qc, is the electron charge density (C/m3), 'ljJ is the decimal of the percentage

duty cycle.

3.2.2 Integration into the DNS code

Before integration into the momentum equations of the incompressible Navier-Stokes

equations, F; is non-dimensionalised by the addition of the term Dc:

(3.10)

so that Equation 3.1 becomes:

(3.11)

The term Dc represents the scaling of the electrical to inertial forces, the reference

terms and the coefficients of the Ft term excluding Et:

(3.12)

where Ere! is equal to Eo. Therefore all the terms that prescribe the strength of

the force as a result of the electric field are amalgamated into the term Dc. while

the electric field. E, is defined by the profile width, b, the profile angle Op, the

maximum electric field strength Eo and the electric breakdown strength, Eb. In all

the simulations undertaken in these studies, Eo = Eo / Ere! = 1.0 while Eb = 0.1.
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The effects of altering b and (Jp are investigated and discussed in Chapter 4.

For ease, Dc is prescribed a value rather than one calculated from physical

values for its constituent parts. The force created by the actuator can be tailored

by altering Dc·

3.2.3 Smoothing Function

It was noted from initial simulations that the plasma profile discretised on to a grid,

resulted in one cell on the y - z plane closest to the wall, having the maximum

electric field strength, Eo, while the adjacent cell in the z direction has no forcing.

This large disparity between adjacent cells causes large gradients in velocities etc,

resulting in rapid and unrealistic fluctuations. A function was added to the plasma

model to smooth the profile and reduce numerical instability.

Firstly the centre of the smoothing profile was placed at half the width of

the plasma profile, z = b/2. For this section of work only Doz is considered to be the

non-dimensional spanwise displacement from the centre' of the profile normalised by

the profile width, b. so that Doz = (b/2 - z)/b. The function is then defined as:

(3.13)

where Se = 0.25. an arbitrary value set as such from observation. The value for

Se and consequently the size of the additional area added to the plasma profile is

affected by the spanwise grid resolution (see Section 3.5), with higher resolutions

reducing the required area of smoothing. Ps is calculated from Doz = -1.0 to O.

Once calculated Ps is used in conjunction with the old values of E to calculate a

new plasma profile. that for this section only is called Enew to differentiate it from

the pre-smoothed profile:
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Sf (i).z)E(y, 0) if -1.0 < i).Z < -0.5,

Sf(i).z)E(y, z) if -0.5 < i).Z < -0,
Enew(Y, z) = (3.14)

E(y, z) if 0 < sz < 0.5,

0 if Enew(y, z) < Eb.

o-~-·.-----~-.--O.5·----~--- .-~---
zlb

:,.,....0.5
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;:.J 0.5
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(d)
I

~ ~
;:.J 0.5 i

I
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zlb

Figure 3.3: Illustration of the smoothing profile: a) original profile generated by the
model. b) original profile generated by the model plotted against ~z, (i).z = 0 at
z [b = 0.5), c) the smoothing function Fs, d) the smoothed profile.

Figure 3.3. illustrates the smoothing function. Figure 3.3(a) displays the

original profile generated by the model with the spanwise displacement normalised
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by the width of the profile, b, while Figure 3.3(b) displays the same profile but the

displacement represented by.6.z as used in the Equation 3.14. Figure 3.3(c) displays

Ps as calculated and the new profile as a result of the smoothing is shown in Figure

3.3(d). Figure 3.4 shows the effect of the smoothing profile, note the removal of the

local minima close to the wall at z = -0.25.
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Figure 3.4: Vorticity w+ vorticity contours for: a) the original profile b) after
smoothing (Quisecent flow, UT based on ReT = 200). Purple rectangle indicate
z-location of plasma.
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3.3 Actuator pairs

DBD actuators can be grouped into opposing pairs sharing a common dielectric

covered electrode and alternating the signal between each actuator results in the

pair of actuators producing a force in alternate directions. Figure 3.5 provides an

illustration of such an arrangement. In the first sketch the first actuator is engaged

while the second is switched off and a force is produced in the positive spanwise

direction. In the second sketch the second actuator is now engaged and the first

switched off resulting in a negative spanwise force (Jukes et al., 2006b).

Set 1 Set Z

Set 1 Set 2

Figure 3.5: Sketch of an actuator pair.
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3.4 Multiple actuator configurations

Several plasma configurations are used in the simulations undertaken, where the

concentration of pairs of actuators in the spanwise direction is altered. When de-

scribing actuator configurations, the plasma actuator concentration is described by

the parameter, sp, which defines the distance between the opposing electrodes on

the basis of the number of actuators pairs that would be evenly distributed across

the spanwise width of the domain Jukes et al. (2006b). The equation for sp which

is referred to as the actuator spacing is:

(3.15)

where n, is the number of actuators pairs.

3.4.1 Uniform plasma

DBD plasma actuators provide a discrete forcing because the generated force from

the perspective of a spanwise force along the wall is distributed into individual

elements. One of the configurations used in Chapters 5 and 6 is non-discrete uniform

plasma. This entails removing the spanwise decrement in the electric field strength,

lEI so that:
Eo-Eb

E(y) = Eo - btanO
p

y, (3.16)

and now the electric field, lEI, decays linearly in the wall-normal direction only

while it is uniform in the spanwise direction as illustrated in Figure 3.7.

3.5 Initial simulations

Before simulations could be commenced to obtain results for evaluation, the spatial

resolutions of the grid had to be determined. Grid spacing, used previously for

uncontrolled low Reynolds number DNS flows and in flow-control procedures such
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b

Sp > b

Sp < b
Figure 3.6: Illustration of the effect to the electric field lines, if the actuator sp is
less the plasma width, b.

y

Eo'~--~--------~--~~--~
z

Figure 3.7: Illustration of the electric field distribution of spatially uniform plasma.

as spanwise wall oscillation, are well documented (Kim et al., 1987; Choi et al.,

1994; Baron and Quadrio, 1996). However DBD actuators required an evaluation

as the plasma profiles are discrete and the force they produce is in-homogenous in

the spanwise and wall-normal directions and requires an analysis of the wall-normal

(Ay) and spanwise grid spacing (Az).

Observation of the discretised plasma profiles on the grid alone, led to the
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conclusion that the wall-normal grid spacing near the wall needed to be less than

that normally used for conventional uncontrolled turbulent DNS channel flow, in

order to obtain an acceptably discretised profile.

A series of simulations were run with in which .::lz was altered to determine

a suitable grid size. Figure 3.8{a) is the spanwise velocity contours from a grid with

.::lz+ = 5.0, which is a suitable grid space for spanwise wall oscillation simulations.

However discretising a profile over such a grid spacing would result in the entire

profile being conveyed in a 3-4 cell width and the information of much interest,

i.e the skin-friction profile in the spanwise direction, would have a limited number

of points to exposit the profile. It is evident from Figure 3.8 that increasing the

resolution alters the velocity contours which become less irregular as .::lz+ S 2.5.

A compromise had to be made between resolution and computational expense and

therefore .::lz+ = 2.5 for the plasma simulations was chosen.

3.5.1 Time step

As the DNS code is fully implicit a time step size, .::It, must be prescribed. Therefore

before a set of simulations is run, a time step trial is undertaken using the parameters

that would result in the highest value of Re; and most likely to produce the highest

velocity perturbations and stresses. In the test, simulations are run using a range

of time step sizes, the time history of the velocity fluctuations, Reynolds stress and

skin-friction velocity from the range of time-steps are then compared. Figure 3.9 is

an example of such a profile and it is evident in this case that the profile for the

largest time step, .::It+ = 0.2 shows increased dependancy on the time step, that was

not demonstrated in the lower time steps and is therefore unsuitable.
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3.6 Summary

This chapter has briefly outlined the DNS and then described the plasma model

used to calculate the force body term in the spanwise and wall-normal Navier-Stokes

equations used by the DNS. Modifications to the original DBD model and variables

that defined the model are explained.

The strength of the forcing is altered by changing the value Dc. The intention

of this research is to evaluate the changes to the turbulent flow resulting from a

prescribed velocity from a plasma actuator and not from a prescribed physical input

to an actuator e.g., the potential difference V. Plasma configurations are explained

because of the frequent need to discuss these in the results chapters while the grid

resolution and time step size are also discussed.



Chapter 4

Quiescent fluid DBD

simulations

4.1 Introduction

The plasma model described in Chapter 3 is a modified version of the Shyy et al.

(2002) model a prerequisite of which is that parameters that define the profile have

to be designated (Palmeiro and Lavoie, 2011). The model parameters that define

the strength. Dc. the length of the forcing profile, b. and its angle. (jp. are altered to

investigate the effects of each parameter in order to provide a conclusion as to what

parameters need to be used for the turbulent flow simulations. In this Chapter the

plasma model is investigated using two-dimensional simulations with initially static

fluid i.e., quiescent, in order that the flow generated by a solitary DBD plasma

actuator can be investigated. The flow structures and velocity profiles that are

generated. in particular the formation and evolution of the starting vortex. may

have influence on the turbulent flow simulations. A comparison is then made with

various DBD actuator configurations, in order to evaluate the alterations made to

the flow characteristics by the presence of several actuators rather than one.

In this chapter the use of the term 'upstream' implies a negative z location

41
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from the actuator reference point, while 'downstream', implies a positive z location

from the reference point. The reference point being the point of maximum electric

field strength Eo in Figure 3.2 and equates to z = 0 in the figures presented in this

chapter. In the turbulent simulations in the following chapters. the uncontrolled

simulations have a Reynolds number of ReT = 200, and for ease of comparison

length and velocity scales based on ReT = 200 are used in this chapter.

4.2 Method

The results presented here have been computed using the implicit scheme and plasma

model described in Chapter 3. The simulations are two dimensional in initially

quiescent fluid with the computational domain, Ly = 2 and Lz = 4. A 129 x 320

grid was used and the corresponding grid spacings were AY!in = 0.1, AY~ax = 9.0

and Az+ = 2.5. The time step used was At+(= Atu;/V) = 0.1. Actuators were

prescribed to the top and bottom wall. Periodic boundary conditions were applied

in the spanwise direction while no-slip was applied to the top and bottom walls.

4.3 Single DBD actuator

Figures 4.1, 4.2 and 4.3 present the vorticity (w), z-direction velocity (w), and

wall-normal velocity (v), at t+ =10, 20, 40, 60, 90 and 120 (based on ReT = 200)

respectively for a single DBD actuator as an example. It is evident that a starting

vortex is created as previously observed in experiments (Corke et al., 2007; Jukes

et al., 2008). by the formation of a plasma wall jet which causes a vortex roll-Up.

As the plasma is initially engaged, at r: = 10, a wall jet of positive z-

direction fluid motion is produced close to the wall at the location of the plasma

forcing. There is an area of positive vorticity, but not a vortex, located at the

wall (see Figure 4.1(a)), and a negative vortex above that, at the location of the

actuator. Upstream of the plasma actuator there is an entrainment of fluid (negative
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Figure 4.1: vorticity contours w around a single DBD plasma actuator in initial
quiescent flow. Purple rectangle indicates location of actuator strength, Dc = 40.0,
width of the forcing profile, b+ = 17.5, forcing profile angle, Bp = 10°: a) t+ = 10,
b) t+ = 20, c) t+ = 40, d) t+ = 60, e) t+ = 90 and f) t+ = 120.

wall-normal velocity) towards the wall and downstream of the actuator an expulsion

of fluid away from the wall (see Figure 4.3(a)).

At t+ = 20, the wall jet has propagated further In the spanwise direction

and has started to roll upwards resulting in the formation of a vortex of negative

vorticity. By t+ = 30 a starting vortex, generated by the initial roll-up of the
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Figure 4.2: Z-direction velocity contours w around a single DBD plasma actuator
in initial quiescent flow. Purple rectangle indicates location of actuator, strength,
Dc = 40.0, width of the forcing profile, b+ = 17.5, forcing profile angle, Bp = 100: a)
t+ = 10, b) e+ = 20, c) r: = 40, d) r: = 60, e) t+ = 90 and f) i+ = 120.

spanwise wall jet, has begun to separate from the area of vorticity situated above

the plasma actuator. The starting vortex is travelling at approximately 32° to the

horizontal in a positive z-direction, however it is at a much slower speed than that

of the wall jet velocity at approximately ut = 0.5. Figures 4.2(c) and 4.3(c) show

the previously observed wall jet still producing entrainment of fluid upstream and
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Figure 4.3: Wall-normal velocity contours v around a single DBD plasma actuator
in initial quiescent flow. Purple rectangle indicates location of actuator, strength,
D; = 40.0, width of the forcing profile, b+ = 17.5, forcing profile angle, Bp = 10°: a)
t+ = 10, b) t+ = 20, c) e+ = 40, d) r: = 60, e) r: = 90 and f) r: = 120.

ejection of fluid downstream of the actuator and with large fluid motions caused by

the starting vortex.

Consequently in time the flow structure evolves, with the wall jet propagating

further downstream of the actuator, and producing an area of positive vorticity close

to the wall with a corresponding area of negative vorticity above it. Figure 4.4 is the
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Figure 4.4: Vortex trajectory, strength Dc = 40.0, width of the forcing profile,
b+ = 17.5 and forcing profile angle, (Jp = 10°.

vortex location (Ys, zs) in time, the velocity field was interpolated on to a grid of five

fold increase in resolution, and the core was defined as a local minimum in vorticity.

The starting vortex continues to travel at approximately 32° to the horizontal.
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Figure 4.5: Velocity profiles at various z locations, at r: = 150: a) original data, b)
velocity profiles normalised with the maximum velocity, W;;;, and the jet half-width,
61/2' (Laminar and turbulent jet profile from Glauert (1956)).
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The instantaneous maximum z-direction velocity created by the actuator

initially rises to a zenith and then decreases to settle at a quasi-steady value, (see

Section 4.5). Figure 4.5(a) presents the z-direction velocity profiles at various z

locations for the test simulation at i+ = 150, by which time the quasi-steady state

in the maximum velocity and the velocity profiles displayed has been achieved. The

profiles are of a similar nature to experimental results (Jukes et al., 2006a; Moreau

et al., 2007), showing a strong, narrow profile at the location of the plasma actuator,

that weakens and broadens with the y-Iocation of maximum velocity moving further

away from the wall with increasing distance from the plasma actuator. Figure 4.5(b)

is the nondimensional profiles of the same data, where the velocity for each profile

has been normalised by the maximum spanwise velocity for that profile, Wj, and

the jet half-width, 81/2, which is the y-Iocation where the velocity had reduced to

wj/2. The theoretical profile of a laminar and turbulent wall jet, derived by Glauert

(1956) are also plotted, and it is evident that as reported in experimental results

for DBD actuators (Jukes et al., 2006a) the velocity profile created by the plasma

model is close to that of a laminar wall jet profile.

The general observations of the evolution of the flow created by a DBD

actuator during several simulations are presented in Figure 4.6. When the actuator

is switched on, a wall jet is created which expels fluid away from the actuator. This

jet creates a large shear, ~~, which is a component of vorticity, w = (~~- ~~),

leading to areas of opposing vorticity above and below the wall jet. The large

spatial z-direction acceleration of the wall jet upstream of the actuator results in

continuity entraining fluid, from behind and above, towards the wall. The spatial

development of the wall jet is initially short, and results in a large - ~~ component

and wall-normal expulsion of fluid at the front of the jet profile, as represented by

the arrowhead in Figure 4.6, leading to the jet 'rolling up'. The roll-up produces a

~~gradient. as does the entrainment upstream of the actuator and, coupled with the

shear. a vortex is formed. This 'starting vortex' then travels at approximately 32° to
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Figure 4.6: Sketch based on previous diagram by Whalley (2011) of the evolution
of the flow created by a solitary DBD plasma actuator.

the horizontal, reducing in strength while broadening in size and moving at a much

slower speed to the wall jet velocity. The wall jet itself, and the shear it produces,

both slowly propagate spatially in the z direction. This results in a reduction in

the - ~~ component so reducing the intensity of the expulsion. However the +~~
component upstream of the actuator remains strong and consequently there is a

strong entrainment of fluid.
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As mentioned in the introduction to this chapter, the variables that mainly define

the plasma forcing profile; the strength, Dc, the length of the forcing profile, b, and

its angle, Op, are varied individually to investigate the consequent effects, and to

provide a guidance on the parameters to be used for the turbulent flow simulations.

Baseline values of Dc = 40, b+ = 17.5 and Bp = 10° are used, and for each parameter

study, one value is alternated while the other two values remain at the baseline value.

4.4.1 Effect of strength, D;

The result of altering the strength, Dc, from Dc = 30 - 70 on the wall jet velocity

profile, is shown in Figure 4.7. The jet profile at z" = 10, a location within the

actuator where the highest velocity normally occurs, is shown in Figure 4.7(a) while

Figure 4.7(b) shows the profile at z+ = 30 a location downstream of the actuator,

the wall jet velocity increases with increasing Dc.
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Figure 4.7: Velocity profiles for various strengths, Dc at t+ = 150: a) z+ = 10, b)
z+ = 30.
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In Figure 4.8 the location of the starting vortex cores against time for the
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Figure 4.8: Vortex trajectory for various strengths, Dr.. Purple triangle indicates
location of plasma.

various Dc strengths are shown. The trajectories of the vortices are very similar

for the different strengths and have a similar angle to the horizontal in the range

with increasing strength.

of 32°. The total displacements, and consequently velocity of the vortex increases

4.4.2 Effect of profile angle, Bp
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Figure 4.9: Velocity profiles for various profile angles, Bp at r: = 150: a) z+ = 10,
b) z+ = 30.
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The original value used by Shyy et al. (2002) was Bp = 22.5°, however this

value is relates to an actuator of specific dimensions, the plasma profile of a DBD

actuator changes with different electrode dimensions (Palmeiro and Lavoie, 2011).

When the profile angle is altered the velocity of the wall jet increases and the profile

broadens as the angle increases (Figure 4.9). This is expected because of the increase

in the electric field strength, E, causing an increase in the forcing:

Eo - Eb Eo - Eb
E(y, z) = Eo - b z - b B y.

tan p
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Figure 4.10: a) Wall-normal velocity per unit length, Q , b) Wall-normal velocity
per unit length normalised by maximum wall jet velocity, Q j Wj .

The average wall-normal velocity per unit length Q = vjlz from z" = -10

to z+ = 0 at t+ = 150 is presented in Figure 4.10(a) to access the entrainment of

fluid upstream of the actuator. The wall-normal velocity increases with increasing

Bp. Normalising Q by the velocity of the jet Wj in Figure 4.1O(b) still resulted in a

large increase in entrainment with increasing (Jp.

Figure 4.11 shows that there is very little change in the trajectory of the

starting vortex when the plasma profile angle is changed, with the vortex travelling
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at approximately 32° to the horizontal. As the angle is increased there is an increase

in the displacement, and therefore velocity of the vortex, this is due to the increased

strength of the wall jet produced.
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Figure 4.11: Vortex trajectory for various profile angles, Bp. Purple triangle indicates
location of plasma.

4.4.3 Effect of profile width, b

Alteration of the width of the plasma profile, b, would, as in the case of alteration

of Bp, lead to an increase in the electric field strength, E, and result in an increase

in the velocity of the jet. Figure 4.12 shows that the maximum velocity of the jet

profile increases with increasing actuator width. Again Figure 4.13 shows the angle

of travel of the starting vortex is very similar to those in previous results for all the

configurations tested.

4.4.4 Conclusion

Alteration of the strength and width of the plasma profile has very little effect apart

from altering the velocity of the wall jet that is produced. The results suggest that

in the case of the drag reduction simulations a low angle, Bp = 10°, is the most

suitable. The desired spanwise wall motion would be achieved for the minimum
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Figure 4.12: Velocity profiles for various plasma profile widths, b, at r: = 150: a)
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Figure 4.13: Vortex trajectory for plasma profile widths, b. Purple triangle indicates
location of plasma.

entrainment of fluid that would draw high speed fluid towards the wall upstream

of the actuator. The width of the plasma profile was chosen to be b+ = 17.5 as

this is of a similar order to the experimental actuators used by Jukes et al. (2006b).

A small value for b thus reducing the minimum value of the actuator spacing, sp,

facilitates the condition b < sp_
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4.5 Scaling

Different configurations and hence jet profiles require a scaling in order to compare

velocity and vorticity fields. Whalley (2011) recently investigated scaling the results

that were obtained experimentally for a DBD actuator by non-dimensionalising by

the velocity of the developed jet Wj. Some of his results are compared here to

similarly scaled results generated by the plasma model.

Whalley (2011) observed that in tests the instantaneous maximum velocity,

Wmax, with time, increases from zero to a zenith and then decreases to the constant

value Wj. The constant velocity defines the velocity scale WS = wmax/Wj and the

time scale which is defined as is = ~. In the cases that Whalley (2011) tested

the velocity becomes constant at is = 5000. The velocity fields generated from the

Dc parametric study (see section 4.4.1) were normalised and an overshoot in the

velocity is observed for all cases, Figure 4.14. In addition the velocity returns to

a constant in the region of is = 4000 and thus suggesting some similarity between

both the experimental and simulated results.

1.5 r-----------------,

.._ 1 ~
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~
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Figure 4.14: Normalised maximum z-direction velocity, wmax/Wj against normalised
time, is for plasma strengths, Dc.
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The vortex core location, (Ye, ze) can be fitted to a general power law:

W;(Y:, z,l ~ k C:J) 2
Figure 4.15(a) and 4.15(b) show that the vortex core location scales very well

(4.1 )

to the power law and moves in the both the horizontal and vertical directions with

a scaling rate of to.67 and to.68 respectively. This is in very close agreement with the

to.7l observed for experimental results by Whalley (2011). Figure 4.15(c) is a plot

of Ye against Ze and the line of best fit indicates that the average angle of the vortex

is 320 to the horizontal which is in excellent agreement with the 310 Whalley (2011)

observed experimentally.
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4.6 Multiple DBD actuators

The plasma profile parameters used for the turbulent simulations Op = 10° and

b" = 17.5, were used for a series of simulations for different plasma configurations

of non-oscillating plasma that produced a force in the positive spanwise direction.

The actuators engaged from i+ = 0 to 200. The configurations are listed in Table

4.1. the different actuator configurations are referred to by their actuator spacing.

n L+ s+ b+z l!
10 sao 40 17.5
16 sao 25 17.5
20 sao 20 17.5
32 sao 12.5 17.5
40 800 10 17.5

Table 4.1: Actuator configurations.

Figures 4.16, 4.17 and 4.1S represent the vorticity, z-direction velocity and

wall-normal velocity respectively at r: =10, 20, 25, 30, 40 and 60 for the s: = 20

configuration. As in the case' of the single actuator a wall jet is created, with

entrainment and expulsion of upstream and downstream of the actuator respectively.

An associated starting vortex begins to travel in a positive z direction and away

from the wall at an angle of approximately 32° to the horizontal. Figure 4.16(c)

shows however that at t+ = 25 the trajectory of the starting vortex begins to differ

noticeably from the path of that generated from a solitary actuator. The vortex

centre reduces slightly in height and then travels in a horizontal direction. The

starting vortex at this point is located to the rear of the actuator downstream, and

the entrainment of fluid (Figure 4.1S(c)) at this location interacts with the starting

vortex and may cause the reduction in height of the vortex. By i: = 30 (Figure

4.17(d)). an undulating sheet of significant spanwise velocity has evolved from the

individual jets, and is responsible for the horizontal trajectory of the vortex.

Further at r: = 40 the starting vortex has disappeared as it amalgamates
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Figure 4.16: Vorticity contours, w+, around a DBD plasma actuator in initially
quiescent flow. Purple rectangle indicates location of actuator, strength, Dc = 40.0,
width of the forcing profile, b+ = 17.5, forcing profile angle, Bp = 10°, n = 20: a)
e+ = 10 b) t+ = 20, c) t+ = 25, d) t+ = 30, e) t+ = 40 and f) t+ = 60.

with the sheet of negative vorticity, caused by the negative ~~ gradient produced

by the now relatively uniform sheet of w velocity. Further in time at t+ = 60

the w velocity sheet has increased in uniformity and height, resulting in a similar

alteration to the sheet of negative vorticity. However, areas of high negative vorticity

at the locations of the plasma remain with the areas of entrainment and expulsion,
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Figure 4.17: z-direction velocity contours, w+, around a DBD plasma actuator in
initially quiescent flow. Purple rectangle indicates location of actuator, strength,
Dc = 40.0, width of the forcing profile, b+ = 17.5, forcing profile angle, Bp = 10°,
n = 20: a) t+ = 10, b) t+ = 20, c) t+ = 25, d) t+ = 30, e) t+ = 40 and f) t+ = 60.

upstream and downstream of each actuator, still present, Figure 4.18(f).

Figure 4.20 illustrates the changes made to the trajectory of the vortex cores

by the effect of multiple actuators. In the cases presented the eventual horizontal

velocity, and the slight decrease from a maximum y-location from the wall for the

starting vortices, are highlighted. It is evident that with decreasing actuator spacing
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Figure 4.18: Wall-normal velocity contours, v+, around a DBD plasma actuator in
initially quiescent flow. Purple rectangle indicates location of actuator, strength,
Dc = 40.0, width of the forcing profile, b+ = 17.5, forcing profile angle, 8p = 100,
n = 20: a) e+ = 10, b) i+ = 20, c) t+ = 25, d) r: = 30, e) t+ = 40 and f) t+ = 60.

the distance that the vortices travel before disappearing reduces. Plots for the

s; = 12.5 and s; 20 configuration are not presented as no starting vortices

could be detected, with these configurations, the transition from individual jets

to a uniform sheet of w velocity, and consequently the establishment of a sheet of

negative vorticity, happens so quickly that a distinct vortex separate to the vorticity
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present above each actuator does not occur.

Figure 4.21 shows that with the reduced displacement, the time taken from

the point that the actuator is initiated until the starting vortex is dispelled decreases

with time. For example in case of the st = 40 configuration with strength D; = 40

the vortex disappeared at t+ = 55 this period reduces significantly to t+ = 17, for

the st = 20 configuration with the same value of Dc. In each configuration an

increase in plasma strength resulted in a reduction in the time taken for the vortex

to diminish because both the spanwise velocity and the speed that which the vortex

travels increases. A simple sketch of the evolution of the flow generated by multiple

DBD actuators is shown in Figure 4.19

4.7 Discussion

A series of two dimensional simulations were run to provide an insight into the

plasma model and the structures generated by both a solitary actuator and mul-

tiple actuators in different configurations. The model of a single actuator fits well

with experimental observations. A wall jet is created that broadens and reduces

in velocity with increased distance from the actuator. The formation of a starting

vortex because of the initial rollup of the wall jet is also observed. A large entrain-

ment of fluid towards the wall upstream of the actuator as a result of continuity is

also present. The non-dimensionalised trajectory of the starting vortices scales with

the time t*~O.67 and at an angle of 32° which compares well to recent experimental

observations of t*O.71 and an angle of 31° (Whalley, 2011). Allowing for the limited

comparisons that can be made to experimental observations, the plasma model is

considered to simulate the velocity profile and flow structures created by a typical

DBD plasma actuator. therefore the model achieves its aim.

Alteration of the variables that define the plasma profile seem to have little

effect on the overall flow model produced by an actuator with the exception of
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Figure 4.19: Sketch of the evolution of the flow created by multiple DBD plasma
actuators.

the angle, where the entrainment of fluid relative to the wall jet velocity increased

with increasing angle. The parameters for the plasma profile used in the turbulent

simulations were set as b+ = 17.5 and Bp = 10° after the parameter investigations.

This was in order to keep the entrainment of fluid and the spacing between the

actuators to a minimum.

In the case of multiple actuators the flow structure is initially seen to be
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Figure 4.20: Vortex trajectory for various strengths Dc, (Purple triangle indicates
location of plasma): a) si = 40 configuration, b) si = 25 configuration and c)si = 20 configuration.

initially like that of a solitary actuator, but then begins to travel horizontally before

disappearing, as the combined jets from the actuators produce a sheet of w velocity.

The rate at which the vortex disperses, decreases with decreased spacing of the

actuators. In configurations si = 10 and si = 12.5 no discernible vortices were

generated.
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4.8 Chapter Summary

In this chapter the flow generated by a solitary DBD modelled actuator is compared

to that from experimental observations. The resulting flow from the DBD model

was found to closely follow that obs~rved in experimental investigations. In addition

the parameters that define the plasma model were investigated and conclusions were

drawn as to the parameters to be used for the flow control simulations. The flow

generated by multiple actuator configurations was also investigated and compared

to that produced by a single actuator.



Chapter 5

Temporal oscillating plasma

5.1 Introduction

Spanwise wall oscillations have been reported to give large skin-friction reductions

for certain parameters through suppression of the near-wall turbulence. The wall

boundary condition for the spanwise component of velocity for this flow control

method is:

w+ = Wri; sin (~: t+ ) . (5.1 )

As discussed in Section 2.3.2, Jukes et al. (2006b), conducted a series of experimen-

tal investigations into using opposing sets of DBD actuators to create oscillating

spanwise wall motions in order to achieve a drag reduction. They used a series

of actuator pairs orchestrated into two sets and orientated in a spanwise direction

for several different actuator spacings, st = 20, 30 and 50. They reported a drag

reduction with the smallest spacing using a square wave as an input signal to the

actuator sets. Measuring the fluid velocity and skin-friction near DBD actuators is

difficult because of the difficulty in placing a sensor in the area of plasma and the

effect of the moderate temperature rise that occurs (Choi et al., 2011).

In this Chapter a series of simulations are run for various DBD actuator con-

figurations. Each configuration is tested for various periods of temporal oscillation

65
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a(t) sin( 27r t)

y

Figure 5.1: Schematic of the system for a turbulent channel flow with spanwise
temporal oscillation, Lx, Ly and Lz are the dimensions of the computational domain.

to produce a spanwise oscillating flow near the wall. The results are tabulated and

compared to the other configurations, and with spanwise wall oscillation results, to

assess the performance of DBD actuators for turbulent skin-friction control.

5.2 Method

In the current simulations as described in more detail in Section 2.2, a sinusoidal

force was used. The term a(t) for a point in time is defined by the following equation:

a(t) = sin (~ t) , (5.2)
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the force term for the Navier-Stokes equations is then:

(5.3)

Figure 5.2 illustrates that a positive value of a(t) results in activation of actuator

Set 1 and deactivation of Set 2 (resulting in a positive spanwise velocity), while a

negative value of a(t) results in deactivation of Set 1 and activation of Set 2 (resulting

ina negative spanwise velocity).

APW a(t) > 0 Set 1 Lz
• - n • - n •-n •-n

Sp
a(t) < 0 Set 2

n- • n-. g -• g - .
Figure 5.2: Schematic of the actuator sets and their activation in accordance with
a(t).

For this investigation the plasma actuators were defined for the entire length

and width of the domain on both the top and bottom walls. Four configurations

were tested, a uniform plasma configuration and three discrete configurations with

the number of equally spaced actuator pairs, n, being n = 40, 32 and 20 (Table 5.1)

producing an actuator spacing of st = 10, 12.5 and 20 respectively.

n L+ s+ b+z l!
20 800 20 17.5
32 800 12.5 17.5
40 800 10 17.5
00 800 0

Table 5.1: DBD actuator configurations for simulations.
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The uniform plasma configuration is referred to in graphs and tables by

st = O. The plasma profile width for all the simulations including the uniform

configuration is b+ = 17.5 and Bp = 10. The explanations for these values and

the exact configurations have been explained in Section 4.6. The intention of using

different actuator configurations is to replicate as closely as possible spanwise wall

oscillation with the uniform plasma configuration and then to digress to discrete

actuator configurations, increasing the distance between each actuator to st = 20.

The latter case was found to be most effective by Jukes et al. (2006b) and the closest

spacing achieved in their experiment.

5.2.1 Numerical procedure

The results were computed using the implicit method. described in Chapter 3. The

Reynolds number for the simulations was Re(= Umh/lI) = 3150. The Reynolds

number based on the friction velocity UTO of the no-control case was ReT = uToh/1I =

200. The computational domain has dimensions Lx = 18h, Ly = 2h, Lz = 4h, and

is discretised to a grid of (360 x 129 x 320). The corresponding grid spacings were

~x+ = 10.0, ~Y!in = 0.1, ~y;t;,ax = 9.0 and ~z+ = 2.5. Periodic boundary

conditions were used in the spanwise and streamwise directions, while no-slip was

applied to the top and bottom walls.

The simulations were run for a total time of ttot = 550, ttt = 7000 (t+ =

tU~o/II). This is longer than the time interval usually used for calculation of low-

order turbulence statistics (Kim et al., 1987; Abe et al., 2001) but is of an order

used in skin-friction parametric studies for spanwise wall oscillations (Quadrio and

Ricco, 2004). Following time step tests the time step used was ~t+ ~ O.l.

The simulations were undertaken on a 3100 core cluster of 2.66 GHz Intel

X5650 West mere cores based on 2 sockets, 12 cores and 24GB of RAM per node.

Each simulation required 3.5Gb of RAM and 600 CPU hours.
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5.3 Results

Eleven different periods of oscillation were tested for each actuator configuration:

T+ = 15, 30, 50, 75, 100, 125, 150, 200, 250, 300 and 500. The quantity of main

interest in the simulations is the skin-friction drag coefficient:

(5.4)

where p is the density of the fluid, Tx is the longitudinal component of the shear

stress at the wall, and Ub is the bulk velocity.

The simulations are all started from the same unperturbed flow as the initial

condition and with the flow control starting at time t = O. A time interval is

required for the controlled flows to adapt to the new conditions and to reach a new

quasi-equilibrium state. As observed with spanwise wall oscillations the duration

of the transient is not monotonic and this transient time needs to be taken into

account and discarded from the statistics. As used previously by Quadrio and Ricco

(2004), a visual inspection of the time history of the skin-friction for each case was

undertaken to select a point, ti, which is noticeably after the transient and is where

the time averaging of skin-friction data was initiated. For each case, the value ti

is given in Table 5.2 (Some examples of the time history of the skin-friction from

t+ = 0 to i+ = 3000 are presented in Appendix B.l). Time averaged and phase

averaged statistics for all other properties was initiated for all cases much further in

time than the values of ti at t+ = 4000.

Table 5.2 presents the skin-friction results for the effect of change in the

period of oscillation for the four actuator configurations. D; was set to produce the

maximum spanwise velocity or amplitude W;i; ~ 12. W;i; was found to increase if

D; was fixed and either T+ increased or st decreased. Initial tests had shown the

phase averaged maximum spanwise velocity W;i; generated by the DBD turbulent

simulations was identical to those generated by 2D simulations. Two dimensional
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simulations were used to tailor the value of D; so that W;;; ~ 12 for each case.

Case 0 in Table 5.2 is the no-control reference simulation, where ReT = 197.6

and C] = 7.874 x 10-3. The term DR is calculated as follows:

(5.5)

the 0 subscript indicates the no-control case (Case 0). The drag reduction can be

expressed as a percentage of the no-control skin-friction value, DR%:

DR% = 100 x Cf,o - Cf
C/,o '

(5.6) .

hence a negative DR% value indicates a skin-friction increase.

A set of spanwise wall oscillations simulations for W;;; = 12.0 were run for

comparison in analysis, and shown in Table 5.3, the results were comparable to those

of previous studies (Quadrio and Ricco, 2004).
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Figure 5.3: Time averaged coefficient of friction for different periods of oscillation
T+ for different plasma actuator configurations and spanwise wall oscillation (SWO)
for W~ = 12.
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case T+ Dc s+ ti c, x 10-3 DR%
0 7.87
1 15.0 15.7 0 1000 5.99 24
2 30.0 12.0 0 1000 5.40 32
3 50.0 10.3 0 2000 4.94 37
4 75.0 9.4 0 2000 4.67 41
5 100.0 8.9 0 2000 4.54 42
6 125.0 8.7 0 3000 4.57 42
7 150.0 8.5 0 3000 4.75 40
8 200.0 8.2 0 2000 5.78 27
9 250.0 8.0 0 2000 6.56 17
10 300.0 7.9 0 2000 7.03 11
11 500.0 7.8 0 2000 8.10 -3
12 15.0 28.9 10 1500 10.39 -32
13 30.0 26.4 10 1500 6.38 19.0
14 50.0 23.9 10 2000 5.62 29
15 75.0 22.0 10 2000 5.22 34
16 100.0 21.0 10 2000 5.05 36
17 125.0 20.4 10 2000 5.08 37
18 150.0 20.0 10 2000 5.42 31
19 200.0 19.7 10 1500 6.37 19
20 250.0 18.9 10 1500 7.12 10
21 300.0 18.7 10 1500 7.44 6
22 500.0 17.7 10 1500 8.36 -6
23 15.0 32.6 12.5 1000 16.30 -110
24 30.0 31.7 12.5 1000 10.72 -36
25 50.0 27.4 12.5 1000 8.64 -10
26 75.0 25.5 12.5 1000 7.62 3
27 100.0 24.6 12.5 1500 7.16 9
28 125.0 24.0 12.5 1500 7.26 8
29 150.0 23.5 12.5 1500 7.42 6
30 200.0 23.0 12.5 1500 7.93 -1
31 250.0 22.4 12.5 1500 8.22 -4
32 300.0 22.2 12.5 1500 8.48 -8
33 500.0 21.3 12.5 1500 9.02 -15
34 15.0 35.6 20 1000 16.27 -110
35 30.0 34.8 20 1000 19.52 -150
36 50.0 32.7 20 1000 17.27 -120
37 75.0 32.4 20 1000 14.66 -86
38 100.0 31.5 20 1000 13.21 -68
39 125.0 30.9 20 1000 12.38 -57
40 150.0 29.7 20 1000 12.01 -53
41 200.0 28.9 20 1000 11.57 -47
42 250.0 28.6 20 1000 11.34 -44
43 300.0 28.1 20 1000 11.17 -42
44 500.0 27.5 20 1000 10.82 -37

Table 5.2: Data for different periods of oscillation and actuator configurations,
W~ ~ 12: period T+, actuator spacing st, (case 0 refers to the no-control case
configuration), ti indicates the start of the time-averaging procedure for the cal-
culation of the friction coefficient C], DR% indicates percentage drag reduction
(negative number indicates drag increase).
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case T+ ti c, X 10-3 DR%
sI 15 2000 6.82 11
s2 30 2000 6.20 21
s3 50 2000 5.56 29
s4 75 2000 5.14 34
s5 100 2000 5.02 36
s6 125 3000 5.05 36
s7 150 3000 5.23 34
s8 200 3000 5.87 25
s9 250 3000 6.59 16
slO 300 3000 6.98 11
s11 500 3000 7.95 1

Table 5.3: Data for spanwise wall oscillation for different periods of oscillation,
W~ = 12.0.

Figure 5.3 represents the coefficient of friction ratio, Cf / Cf,O, for the simu-

lations presented in Tables 5.2 and 5.3, where Cf,O is the coefficient of friction for

no-control (case 0). Initial inspection of the coefficient of friction and the corre-

sponding drag reduction shows several points of interest. The DR% obtained for

the uniform plasma configuration is superior to that of the spanwise wall oscillation

for T+ ::; 250, for a comparable maximum spanwise velocity, W~. The greatest

reduction was obtained at T+ = 100, when a 44% drag reduction was produced as

compared to a 36% drag reduction for spanwise wall oscillation. For T+ = 500, uni-

form plasma produces a small drag increase of 3% as compared to a small decrease

of 1% in the case of spanwise wall oscillation. Generally the trend in drag reduction

with period of oscillation, T+, and a fixed W~ is similar to that of spanwise wall os-

cillations. The drag reduction increases as T+ increases from 0 to T~t = 100 rv 125,

then decreases beyond that point.

In the case of the discrete plasma configurations, the st = 10 configuration

provides a very good performance with the resulting drag reduction in most cases

comparable to that achieved by uniform plasma and spanwise wall oscillation. How-

ever, a notable case is seen for the smallest period of oscillation T+ = 15 (Case 12).
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case W+ Dc s+ ti c, X 10-3 DR%m E
45 4.5 3.3 0 3000 5.81 26
46 6 4.4 0 3000 5.35 32
47 9 6.7 0 4000 4.77 39
5 12 8.7 0 4000 4.54 42
48 18 13.3 0 4000 4.39 44

Table 5.4: Data for one period of oscillation T+ = 100, for uniform plasma config-
uration for various values of W~.

where the drag increase is large DR = -32%, while in the case of uniform plasma,

a drag reduction of DR = 24% is observed. The st = 12.5 configuration shows a

similar trend to both the si = 10 and the uniform configurations, with an optimum

period of oscillation at T~t = 100 '" 125, although the achieved maximum drag

reduction is far less with only a maximum reduction of DR = 9%. There are drag

increases for many periods of oscillation for si = 12.5, in particular the shorter

periods of oscillation T+ ::s: 50 with a drag increase of DR = -110% for T+ = 15.

The st = 20 configuration produced a large drag increase for every period

of oscillation tested. Skin-friction increased rapidly with lower periods of oscillation

from T+ < 125 until at T+ = 30 where the drag increase is DR% = -150. The

trend for the discrete configurations is for the skin-friction to increase with increased

spacing and high drag increases are observed for the smaller periods of oscillation

tested.

Further simulations were conducted for the uniform plasma configuration to

determine the effect of increasing the strength, D; and therefore W~, on the skin-

friction for a fixed period of oscillation, T+ = 100. Table 5.4, presents the data for

the uniform plasma, and again the indication is that an increased drag reduction

occurs compared to that obtained from spanwise wall oscillation for the same pa-

rameters (Quadrio and Ricco, 2004). For example a drag reduction of 44% for the

w~ ~ 18 case compared to 39% for that of spanwise wall oscillation for the same

values of T+ and W~ taken from Quadrio and Ricco (2004). Increasing W~ for uni-
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case w+ Dc s+ ti c, x 10 3 DR%m '12
16 12 21.0 10 2000 5.05 36
27 12 24.6 12.5 1500 7.16 9
38 12 31.5 20 1000 13.21 -68
49 4.5 7.9 10 3000 6.60 16
50 .6 10.5 10 3000 6.01 24
51 9 15.8 10 3000 5.23 34·
52 12 21.0 10 3000 4.82 39
53 18 31.5 10 3000 4.32 45
54 4.5 9.3 12.5 3000 9.19 -17
55 6 12.3 12.5 3000 8.59 -9
56 9 18.5 12.5 3000 7.74 2
57 12 24.6 12.5 3000 6.97 12
58 18 36.9 12.5 3000 6.09 23
59 4.5 11.8 20 3000 13.31 -69.0
60 6 15.8 20 3000 13.51 -72
61 9 23.7 20 3000 13.44 -71
62 12 31.5 20 3000 13.16 -67
63 18 47.3 20 3000 12.51 -59

Table 5.5: Data for one period of oscillation T+ = 100, for discrete plasma configu-
rations for various values of W;;.

form plasma leads to an increase in DR%, but the rate at which DR% increases with

increasing W~ decreases as seen with spanwise wall oscillations (Quadrio, 2011).

A set of simulations were conducted for the discrete configurations for a

fixed period T+ = 100, and a range of values for W~. To accommodate for these

extra cases a smaller second computational domain was used with dimensions Lx =

6, Ly = 2, Lz = 2, and is discretised to a (120 x 129 x 160) grid. The corresponding

grid spacings were same as for the larger domain, ~x+ = 10.0, ~Y!in = 0.1,

~Y~ax = 9.0 and ~z+ = 2.5. The time step used was ~t+ ~ 0.1 apart from when

W~ ~ 18 (Cases 53, 58 and 63) where the time step was reduced to ~t+ ~ 0.05.

Table 5.5 presents the data for the discrete plasma configurations obtained

using the smaller domain. The larger domain simulations for W;;; ~ 12.0, from

Table 5.2. are also shown and compared to the smaller domain simulations that

used the same conditions. It is evident that there is a difference in Cf values
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Figure 5.4: Time averaged coefficient of friction against maximum spanwise velocity
wri;: for different plasma actuator configurations for T+ = 100.

obtained between the different sized domains with lower skin-friction values for the

smaller domain and with a difference of up to 5% for the st = 10 case. However, the

simulations using the smaller domain are still useful in displaying the trends e.g., for

the st = 10 configuration the drag reduction increases with increasing velocity to a

maximum of DR = 45% for case 54. Interestingly for the st = 12.5 configuration

the lower values of Wri;: lead to a drag increase with a drag reduction only observed

as Wri;: ~ 9, with a DR = 23% for Wri;: ~ 18. In the st = 20 case there is a large

drag increase for every velocity tested and even for the wj; ~ 18 there is still a

large drag increase of DR = -59%. The general indication is that as the actuator

concentration is decreased the performance of the DBD actuators decreases to the

point where it causes a drag increase. Increasing the strength of the actuation and

hence the spanwise velocity achieved decreases the skin-friction.

From here on all the results presented are from simulations in Tables 5.2 and

5.3, where Wj; ~ 12.

Figure 5.5 is the plane and phase averaged skin-friction coefficient ratio for

the different actuator configurations for four different periods of oscillation over one
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cycle of oscillation. The activated actuator sets change and hence the polarity of

the forcing changes at tiT = 0 and 0.5

A fairly constant skin-friction is observed with the st = 0 configuration

through the period of oscillation as in the case with spanwise wall oscillations. In

both cases the skin-friction oscillates slightly with large periods of oscillation e.g.,

T+ = 500. For example Figure 5.5(d) shows a sinusoidal oscillation in the skin-

friction with a wave length equal to one half the period of oscillation. In the case of

the discrete plasma configurations the temporal constitution of the skin-friction is

significantly different with large 'spikes' in the skin-friction starting shortly after the

polarity of the forcing changes at tiT = 0.05. For a specific period of oscillation the

duration and height of the spike in skin-friction increases as the actuator spacing

increases while the maximum skin-friction value reduces as the period of oscillation

increases.

In the case of the st = 10 configuration, the size of the spike is small in

comparison to the other discrete cases and it returns to a value close to that of

the minimum skin-friction coefficient obtained by the uniform plasma case. The

minimum skin-friction coefficient ratio for the uniform and the st = 10 configuration

is Gt/Gf,Q < 0.6 while for the st = 12.5 configuration it is Gf/Gf,Q ~ 0.7. The

st = 20 configuration shows extremely large drag increases as the force polarity

changes, with Gt/Gfo > 2.0 and does not reduce to a level lower than Gf,o during

the cycle.
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Figure 5.6: Contour of spanwise velocity w+, for spanwise wall oscillations for one
period of oscillation, T+ = 100.

5.3.1 Stokes layer

The turbulent space averaged spanwise flow for turbulent spanwise wall oscillation

can be described by the laminar solution to the Stokes second problem (Choi et al.,

2002; Quadrio and Ricco, 2004). The Stokes boundary layer can be split into two

sections by segregating the spanwise velocity into positive and negative velocity. The

phase averaged Stokes layer produced by 2D spanwise wall oscillation simulation for

W~ = 12.0 and T+ = 100 is represented as contours of spanwise velocity in Figure

5.6, where the Stokes layer is clearly partitioned into sections of negative and positive

spanwise velocity.

The Stokes layer penetration depth (not to be confused with the Stokes layer

thickness), can be defined as the wall-normal distance, i+, where the amplitude of

the oscillating spanwise velocity has a magnitude higher than a threshold velocity

wtt (see Equation 2.4). Choi et al. (2002) originally defined wtt as a value typical

of spanwise turbulent fluctuations. Quadrio and Ricco (2004) defined the threshold

velocity as wtt = 1.2 to best fit their scaling factor S+. wtt = 1.2 is chosen to be

used as the threshold velocity in this study and is used as the outer contour lines

in Figure 5.6. From Equation 2.4, if the maximum spanwise velocity is fixed, the



30.-------~------~
Ca)

79

30.-------~--------~
Cb)

- - - - lff=O.25
- -- - lIT=O.S
- - - - - lIT=0.75

I1T=O

15 15

Figure 5.7: Spanwise velocity profile at various points in time for one period of
oscillation, T+ = 100: a) spanwise wall oscillation, b) uniform plasma.

penetration depth of the Stokes layer increases with increasing period of oscillation.

Figure 5.7 presents the phase averaged spanwise velocity profile for spanwise

wall oscillation and for uniform plasma produced from 2D simulations for T+ = 100

and W~ = 12. There are two main differences between the two profiles, the first is

that they are out of phase. Figure 5.8 presents the maximum spanwise velocity at

time t for the spanwise wall oscillation and four periods of oscillation for uniform

plasma over one cycle. For spanwise wall oscillation the polarity of the velocity

changes at tiT = 0.5, but for the uniform configurations the force polarity changes

at tiT = 0.5 and there is an interval until the polarity of the velocity changes. The

phase difference between the span wise and uniform plasma velocity profiles increases

with decreasing T+, the phase difference ranging between </> = 0.05 "-'O.lt/T. The

phase difference coincides with the start of the spikes seen in the ski.n-friction for

the discrete plasma configurations indicating a possible connection between the skin-
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Figure 5.8: Maximum spanwise velocity over one cycle for uniform plasma and
spanwise wall oscillation.

friction increases and the change in polarity of the wall-normal velocity.

The second difference between the two velocity profiles presented in Figure

5.7 is that the maximum velocity is at y+ ~ 2 rather than at the wall. The maximum

penetration depth of the plasma forcing is b..+ = 2. Quadrio (2011) has suggested

that for the same amplitude and oscillation if the penetration depth of a body force

is small then the Stokes layer that is generated would be the same as that generated

by a spanwise wall oscillation but just displaced from the wall. A similar observation

of a displaced Stokes layer has been made for Lorentz forcing by Berger et al. (2000).

Figure 5.9 presents the Stokes layer penetration depth for spanwise wall

oscillation and plasma simulations from 2D simulations for a range of oscillation

periods T+ = 15 '" 500, at W;; = 12 and is compared with the analytical solution

for the Stokes layer penetration depth for spanwise wall oscillation derived from the

laminar Stokes layer solution (Equation 2.4). The Stokes layer penetration depth

for the spanwise wall oscillation simulations is very close to that of the analytical

solution as observed previously by Choi et al. (2002). The Stokes layer penetration

depth for the uniform plasma configuration for nearly all the periods of oscillation
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Figure 5.9: Stokes layer penetration depth for uniform plasma, spanwise wall oscil-
lation and analytical result.

tested is approximately 2 wall units greater than that generated by spanwise wall

oscillation (Figure 5.10).

Ricco and Quadrio (2008) suggested that the Stokes-layer penetration depth

is the primary parameter for deducing the skin-friction reduction for spanwise wall

oscillations if T+ < 150. It may be that the higher drag reductions produced by

uniform plasma for comparable parameters to wall oscillation occurs because of the

displaced, and therefore increased, penetration depth from the wall of the Stokes

layer.
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200 400 600

Figure 5.10: Stokes layer penetration depth difference between spanwise wall oscil-
lation and uniform plasma simulations.
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As the Stokes layer generated by the discrete configurations is not the result

of a uniform force it is referred to as a pseudo-Stokes layer (PSL). The instanta-

neous spanwise velocity profile obtained from 2D simulations is phase and spatially

averaged over the spanwise distance from the one actuator in Set 1 to the start of

the next actuator in Set 1. This distance represents an entire actuator pair and the

space until the next pair, essentially the minimum spanwise distance of force sym-

metry and is referred to as the actuator pair width (APW) as illustrated in Figure

5.2.

The phase averaged velocity field or PSL is not uniform over the APW. As

an illustration Figures 5.11, 5.12, 5.13 and 5.14 portray the Stokes layer for uniform

plasma and the minimum PSL for each discrete configuration for T+ = 30, 100, 200

and 500 respectively. The minimum PSL is presented by the smallest magnitude of

spanwise velocity over the length of the APW for each point in time during a cycle

of operation.

For each plot (Figures 5.11 to 5.14) the outer contour represents the thresh-

old velocity wtt = 1.2, and the black contour lines are the contours for the uniform

plasma configuration for that period of oscillation. The uniform plasma configura-

tions clearly shows Stokes layers with a maximum spanwise velocity at y+ ~ 2, with

the penetration depth of the Stokes layers increasing with increasing T+ .

For each value of T+ for the discrete configurations the PSLs profiles, espe-

cially for the st = 10 configuration, appear very alike to the uniform plasma Stokes

layer profiles but become more dissimilar with increasing st and decreasing T+.

(For s; = 20 and T+ = 30 a graph is not plotted as the threshold velocity Wth was

not maintained along the APW at any point in time.) The PSLs however appear to

become dissimilar from the uniform Stokes layers at tiT ~ 0.1, when the velocity

changes polarity.

Figure 5.15 presents the cross-correlation coefficient Tw,w(t) of the phase av-

eraged spanwise velocity fields for 2D simulations for the discrete plasma con fig-
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Figure 5.11: Contours of spanwise velocity for the minimum PSLs and uniform
plasma Stokes layer over one period of oscillation, T+ = 30: a) s% = 0, b) s% = 10,
and c) s% = 12.5. (Contour lines start at w+ = wtt = 1.2 and increase by 2.4+.
Blue contours and negative dash lines represent negative values)
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Figure 5.12: Contours of spanwise velocity for the minimum PSLs and uniform
plasma Stokes layer over one period of oscillation, T+ = 100: a) st = 0, b) st = 10,
c) st = 12.5 and d) st = 20. (Contour lines start at w+ = wtt = 1.2 and increase
by 2.4+. Blue contours and negative dash lines represent negative values)
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Figure 5.13: Contours of spanwise v.elocity for the minimum PSLs and uniform
plasma Stokes layer over one period of oscillation, T+ = 200: a) st = 0, b) st = 10,
c) st = 12.5 and d) st = 20. (Contour lines start at w+ = wtt = 1.2 and increase
by 2.4+. Blue contours and negative dash lines represent negative values)
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Figure 5.14: Contours of spanwise velocity for the minimum PSLs and uniform
plasma Stokes layer over one period of oscillation, T+ = 500: a) st = 0, b) st = 10,
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by 2.4+. Blue contours and negative dash lines represent negative values)
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urations to that produced by uniform plasma for each instant in time for T+ =
30, 100, 200 and 500. The cross-correlation of phase averaged spanwise velocities

in the discrete plasma case and the uniform plasma case was calculated for a zero

separation (!:::.y= !:::.z= 0). The cross-correlation between the spanwise velocity

field of the uniform plasma case, WI, and the spanwise velocity field of the discrete

plasma case in question, W2, is defined as:

() ( ) ( ) w~(y,z,t)w~(y,z,t)
Tw,wt =<WIy,z,t,w2y,z,t >= .

J w~2(y, z, t)J w~2(y, z, t)
(5.7)

where a prime represents fluctuations, w' = w-w, andD denotes a two-dimensional

average over y and z directions,

w = Ly1Lz J J w dy dz. (5.8)

where Ly and Lz are the domain size in the y and z directions, respectively. Please

note that the average in the y direction begins from yi = 2 and ends at yt =
Ly - 2, and not from the walls, to remove the differences in near-wall spanwise

velocity fluctuations caused by the different actuator configurations and to allow a

comparison of the PSLs with the uniform plasma Stokes layer from the y-Iocation

of their maximum spanwise velocity.

In Figure 5.15 large troughs are present that start at tiT ~ 0.5 - 0.1 when

the polarity of the velocity changes. The troughs increase in depth and width with

increasing s: and decreasing T+. The troughs are similar to the spikes in the time

history of the skin-friction in Figure 5.5. During a half period of oscillation after

the troughs, the s: = 10 and 12.5 configurations show a tendency towards a near

perfect positive correlation for the PSL to the Stokes layer generated by uniform

plasma. The correlation Tw,w(t) for the s: = 20 configuration improves between the

troughs but is markedly reduced to those of the other two configurations for a given



88

period of oscillation.

Correlating rw,w(t) with the phase averaged skin-friction (Figure 5.5) for

the same period of oscillation, produced strong negative correlations r < -0.9 for

every case apart for the s: = 20 configuration at T+ = 30, indicating a strong

relationship between the skin-friction and the correlation of the PSLs to the Stokes

layer generated by uniform plasma.

Figure 5.16 presents the cross-correlation coefficient Tw,w of the phase aver-

aged, spanwise velocity fields for the discrete plasma configurations to those pro-

duced by the uniform plasma configuration over the entire period of oscillation for all

the periods of oscillation tested. The cross-correlation of phase averaged spanwise

velocities in the discrete plasma case and the uniform plasma case was calculated

for a zero separation (l:1y = ~z = ~t = 0). Where the cross-correlation is defined

as:

( ) ( ) wi (y, z, t)w~(y, z, t)
rw,w =< WI y, Z, t ,W2 y, z, t >= .Vw~2(y, Z, t)JW;2(y, Z, t)

(5.9)

where a prime represents fluctuations, w' = w-w, and D denotes a three-dimensional

average over y and z directions and time t,

w = Ly~zT J J w dy dz dt. (5.10)

where Ly and L, are the domain size in the y and z directions and T is the period

of oscillation, .respectively. As with the calculation of Tw,w(t), the average in the y

direction begins from yi = 2 and ends at yt = Ly - 2.

The correlation between the velocity fields of the uniform plasma and the

discrete configurations increases with increasing T+ and decreasing s;. However

with small periods of oscillation T+ :::;50, the correlation reduces substantially

coinciding with the large increases in skin-friction present in Figure 5.3.
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Figure 5.15: Correlation rw,w(t) for the discrete plasma actuator configurations: a)
T+ = 30, b) T+ = 100, c) T+ = 200, and d) T+ = 500.
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Figure 5.16: Correlation rw,w for the discrete plasma actuator configurations against
T+.

The overall trend appears to be that the spanwise velocity fields, and there-

fore the PSLs above the near-wall area of discrete forcing, increase in similarity to

those produced by uniform plasma with increasing T+ and decreasing st. However

the PSLs differ markedly from the uniform plasma Stokes layers when the polar-

ity of the spanwise velocity changes and coincides with large skin-friction increases.

The time history of the skin-friction is strongly negatively correlated to the value of

rw,w(t) during an oscillation and the depth of the troughs in rw,w(t) and the height

of the spikes in Cf(t) also increase with increasing actuator spacing and period of

oscillation. The percentage of T+ for the width of the trough in rw,w(t), and there-

fore for the PSL to become analogous with the Stokes layer produced by uniform

plasma following a change in polarity of the force, increases with increasing st and

decreasing T+.
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5.3.2 Velocity and turbulence statistics

Velocity fluctuations in the flow field for the four periods of oscillation of previous

interest, (T+ = 50, 100, 200 and 500) are shown for the four plasma configura-

tions and compared with the spanwise wall oscillation case and the no-control case.

Normalisation of the velocity fluctuations by the actual wall-shear velocity (uTm) is

shown in Figures 5.17, 5.18 and 5.19. In Figure 5.19 the instantaneous mean span-

wise velocity was used to calculate Wrms rather than the canonical time-averaged

mean to remove the effect of the mean instantaneous spanwise flow caused by the

forcing. (Velocity fluctuations normalised by UTO are presented in Appendix B)

For T+ = 30 and T+ = 100 there is an outward shift of Urms for the spanwise

wall oscillation, uniform plasma and st = 10 configurations e.g., the y-Iocation of

maximum Urms for T+ = 100, shifts outwards from y+ ~ 12 for the no-control flow to

y+ ~ 20 for spanwise wall oscillation and even further to u: ~ 22 for uniform plasma.

This indicates an increased viscous sublayer but with similar flow characteristics to

the no-control flow further from the wall. The st = 12.5 and st = 20 configurations

show a more linear profile, reaching a plateau not far from the wall, indicating that

the outer-flow is inherently different to that of the no-control case. With increasing

T+, the Urms profiles for the st = 12.5 configuration become more akin to those

for uniform plasma complying with the increasing correlation of the PSLs to the

uniform plasma Stokes layer. In the st = 20 configuration the Urms profiles become

more akin to those for the uniform plasma with increasing T+ but remain distinct

from the profiles of the other configurations.

The Vrms and Wrms profiles for the discrete configurations exhibit local max-

ima close to the wall because of the actuation (see Section 5.3.3). For T+ = 30 and

T+ = 100 there is an attenuation in Vrms and Wrms for spanwise wall oscillation, uni-

form plasma and st = 10 configuration but as T+ > T~t the fluctuations increase

over that of the no-control case. The Vrms and Wrms profiles for the st = 12.5 and

s; = 20 configurations are markedly higher but become more akin to the uniform
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plasma and the st = 10 configurations with increasing T+.

Phase averaging of the velocity fluctuations for the uniform plasma and the

three discrete configurations normalised by the no-control wall-shear velocity (uTO) is

presented in Figures 5.20, 5.21 and 5.22. The mean instantaneous spanwise velocity

is used as previously to calculate Wrms in Figure 5.22.

For Figures 5.20 to 5.22 the velocity fluctuations increase with increasing

actuator spacing. In particular, regions of large fluctuations start at around tiT ~

0.1 for the discrete configurations and the intensity and duration of these regions

increases with increasing actuator spacing. A similar conclusion can be made for

the vorticity fluctuations presented in Figures 5.24 and 5.25 which present wall-

normal vorticity (w~rmJ and spanwise vorticity (w~rmJ respectively. In the case of

the streamwise vorticity fluctuations presented in Figure 5.23, the forcing produces

large values near the wall for all the configurations but, as with the other vorticity

fluctuations, further from the wall y+ > 30, wy' increases with increasing actuatorrms

spacing.
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d) T+ = 500.
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Figure 5.21: Phase averaged Vrms normalised by UTQ, contour plot for T+ = 100: a)st = 0, b) st = 10, c) st = 12.5 and d) st = 20.



98

80

60 2.5
2.25
2

+ 1.75
>, 40 1.5

1.25
1

20 0.75
0.5
0.25
0

(a)

2.5
2.25
2

+ 1.75
>, 1.5

1.25
1
0.75
0.5
0.25
0

(b)

80

60 2.5
2.25
2

+ 40 1.75
>, 1.5

1.25
1

20 0.75
0.5
0.25
0

(c)

80

60 2.5
2.25
2
1.75+ 40 1.5>,

1.25
J

20 0.75
0.5
0.25
0

(d)

Figure 5.22: Phase averaged Wrms normalised by UTO' contour plot for T+ = 100: a)st = 0, b) st = 10, c) st = 12.5 and d) st = 20.
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Figure 5.24: Phase averaged w~nns normalised by UTO and h, contour plot for T+ =
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Figure 5.25: Phase averaged w~rms normalised by UTQ and h, contour plot for T+ =
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(law of the wall u+ = y+, u+ = ~ In y+ + 5.5)

The mean-velocity profiles are shown in Figure 5.26 for the different config-

urations for T+ = 100. For spanwise wall oscillation and the st = 10 configuration

the point where the log-law intercepts u: = u+ is elevated from u: ~ 10 to y+ ~ 15,

and for the uniform case to v: ~ 17. This indicates an increase in the viscous sub-

layer, which as is also shown in the shift in the streamwise velocity fluctuations.

Although a 9% drag reduction was obtained for the st = 12.5 configuration the

shift in the intercept is not so apparent. However for the st = 20 configuration

where the skin-friction increases a clearly defined and separate viscous sublayer and

log-law region is not apparent. (The mean-velocity profiles normalised by UTa for a

range of values of T+ are presented in Appendix B.)

The Reynolds shear stress, -u'v', is shown in Figure 5.27 for T+ = 100.

All but the st = 20 configuration show a reduction throughout the domain apart

from 'near the wall where a local maxima is produced because of the entrain-

menr/expulsion for the discrete configurations (see Section 5.3.3). The st = 0

configuration displaying reduced values to that of spanwise wall oscillations.

The quadrant analysis of the Reynolds stress provides detail on the contri-
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Figure 5.27: Reynolds shear stress, normalised by uTQ for T+ = 100.

butions to the total turbulence production from events occurring in the flow. The

second quadrant (urms < 0 and Vrms > 0; ejection) and fourth-quadrant (urms > 0

and Vrms < 0; sweep) events contribute to positive Reynolds shear stress and the

first quadrant (urms > 0 and Vrms > 0) and third-quadrant (urms < 0 and Vrms < 0)

events contribute to the negative Reynolds shear stress.

The contribution to the Reynolds shear stress is shown in Figure 5.27 for

T+ = 100, the sum of the four quadrants is equal to the local mean Reynolds shear

stress. In the case of the no-control channel Figure 5.27( a) the ejection event is dom-

inant away from the wall and the sweep event is dominant in the wall region and

these contributions are approximately equal at y+ ~ 12. Spanwise wall oscillation

significantly reduces the ejection and sweep events and the point where their contri-

butions are equal is shifted outwards to y+ ~ 30. Uniform plasma shifts this point

even further to y+ ~ 32 and the fractional contributions from the sweep and ejection

events are similar to that of the no-control case, implying that the outer-wall tur-

bulence is attenuated and displaced but the structure remains similar; The s; = 10

configuration has a local maximum close to the wall. But the sweep and ejection

events are then suppressed and shifted outwards with the y-location of equilibrium

at y+ ~ 30 and the fractional contributions of the events remain similar to the pre-
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vious configurations. The st = 12.5 configuration shifts the point of equilibrium to

y+ ::::::23 but the sweep and ejection are large close to the wall. There is only slight

attenuation from the no-control case away from the wall with the percentage con-

tribution of ejection and sweep beginning to show some similarity implying a subtle

change to the flow structure. The largest actuator spacing, st = 20 configuration,

produces large sweep and ejection contributions, and their fractional contributions

are very similar implying large turbulent mixing right through the domain.
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5.3.3 Y - Z plane data

Figure 5.28 presents the phase averaged y - z plane data for streamwise vorticity,

the three velocity components, the Reynolds stress and the skin-friction profile over

one half period of oscillation (T+ = 100 and st = 10). Initially at time tf'T = 0 a

strong negative spanwise velocity is present.

At tiT = 0.125 the spanwise velocity close to the wall has changed polarity

and is irregular. This point in the cycle coincides with a reduction in the correlation

rw,w(t) (see Figure 5.15(b)) and increases in skin-friction (Figure 5.5(b)), the velocity

and vorticity fluctuations (Figures 5.20-5.25). Streamwise vortices are present above

each actuator resulting in velocity fluctuations. With regions of expulsion (positive

v) and entrainment (negative v) present either side of the actuator. The vortices

also result in regions of high speed (+u') fluid in the region of entrainment and

low-speed fluid (-u') in the region of expulsion. The anti-correlation between the

wall-normal and streamwise velocity components resulting in high Reynolds stress

increases close to the wall and consequently the skin-friction has increased from that

at tiT = 0, with large increases in skin-friction in the region of entrainment as high

speed fluid is drawn towards the wall.

By tiT = 0.25 the correlation rw,w(t) has improved to be close to a perfect

positive correlation and the spanwise velocity profile along z in Figure 5.28(c) ap-

pears more uniform from that at tiT = 0.125. The vortices have reduced in strength

and are forming a sheet of negative streamwise vorticity. Consequently the expulsion

and ejection have reduced in strength and there is a reduction in the streamwise

velocity fluctuations. The Reynolds stress and the skin-friction have attenuated.

Further in time at tf T = 0.375 the velocity fluctuations have reduced further, and

the skin-friction has reduced slightly more.

The y - z plane data for the st = 12.5 configuration is presented in Figure

5.29. As with the st = 10 configuration a similar sequence of events occurs but

the time taken for the streamwise vortices and the velocity fluctuations to attenuate
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takes longer with stronger fluctuations and corresponding skin-friction increases

prior to that observed for the s; = 10 configuration.

The data presented in Figure 5.30 presents a slightly different sequence of

events for the s; = 20 configuration. The correlation Tw,w(t) never approaches a

close to perfect correlation Tw,w(t) ~ 1 in Figure 5.15(b) and the values of Wrms are

large in Figure 5.22. This is evident from the non-uniform spanwise velocity profile

along z with the distinct wall jets created by each actuator still clearly distinguish-

able by tiT = 0.375, unlike the two smaller actuator spacings where the jets had

agglomerated into a sheet of uniform spanwise velocity not far from the wall. Conse-

quently there are still areas of large streamwise vorticity rather than a uniform sheet

of vorticity with starting vortices that have lifted away from the wall clearly evident

at tiT = 0.25, unlike in the two smaller actuator spacings, a trend also seen for two

dimensional quiescent simulations in Section 4.6. The expulsion/ejection is signif-

icantly larger in strength than in the two smaller actuator spacing configurations

particularly at tiT = 0.25 and consequently large fluctuations in the streamwise

velocity are present.

With the increased actuator spacing it is more apparen, that where there is

entrainment the region of largest -u' and -v' is close to the wall y+ < 5. While in

the area of expulsion the area of highest +u' and +v' is further away from the wall,

y+ ~ 10, resulting in different y-Iocations for the Reynolds stress maxima. It is

also more apparent that the local skin-friction is smaller in the area of expulsion and

largest in the area of ejection where it is up to four times that of the time averaged

no-control skin-friction at tf'T = 0.25.

5.3.4 Flow visualisation

The >'2 quantity introduced by Jeong and Hussain (1995) is frequently used to iden-

tify vortical structures. Iso-surfaces for values of >.t = -0.0125 based on the actual

skin-friction velocity uTm' which is the equivalent of the maximum xz plane averaged
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Figure 5.28: From top to bottom for each sub-figure: phase-averaged streamwise
velocity u+, wall-normal velocity v+, spanwise velocity, w+, streamwise vorticity
wt, Reynolds stress -u'v'+ contour plots with corresponding skin-friction ratio,
Cj/Cj,o, for the st = 10 configuration: a) tiT = 0, b) tiT = 0.125, c)tlT = 0.25
and d) tiT = 0.375.
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Figure 5.29: From top to bottom for each sub-figure: phase-averaged streamwise
velocity u+, wall-normal velocity e+, spanwise velocity, w+, streamwise vorticity
wi, Reynolds stress -u'v'+, contour plots with corresponding skin-friction ratio,
CjICj,o, for the s: = 12.5 configuration: a) tiT = 0, b) tiT = 0.125, c)tlT = 0.25
and d) tiT = 0.375.
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Figure 5.30: From top to bottom for each sub-figure: phase-averaged streamwise
velocity u+, wall-normal velocity v+, spanwise velocity w+, streamwise vorticity
wi, Reynolds stress -u'v'+, contour plots with corresponding skin-friction ratio,
Gt/Gt,a, for the s; = 20 configuration: a) tiT = 0, b) tiT = 0.125, c)t/T = 0.25
and d) tiT = 0.375.
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pr-
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Figure 5.31: A2 visualisation for the no-control case x = 0 - 9, At = -0.0125.

A2rms value for the no-control case, are presented. The iso-surfaces are separated

into structures associated with positive spanwise vorticity (blue contours) and nega-

tive spanwise vorticity (green contours) and are presented for the entire width of the

domain but only longitudinally for the first half of the domain. Figure 5.32 is the

instantaneous A2 iso-contours for the uniform configuration (T+ = 100) at the mid-

points for the two half-cycles. In comparison with the no-control case (Figure 5.31)

the structures here are reduced in density and elongated in size. Elongation and

reduction in frequency of structures has been previously witnessed with spanwise

wall oscillation simulations (Viotti et al., 2009).

For the st = 10 configuration the discrete plasma has been shown to in-

troduce negative streamwise vorticity structures above the actuators as a positive

spanwise force is generated and positive vorticity when a negative spanwise force is

generated. These near-wall structures that run the length of the domain are clearly

evident in Figure 5.33. Above them the turbulent structures are reduced and elon-

gated, indicating a suppression and attenuation of the turbulence which is seen in

the statistics presented in Section 5.3.2.

In the case of the st = 12.5 configuration the outer-wall turbulent structures

in Figure 5.34 appear to have increased and are smaller in size indicating an increase

in the intensity of turbulence. The time averaged statistics indicates an increase in
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(a)

Figure 5.32: A2 visualisation for uniform plasma, x = 0 - 9, At
tiT = 0.25 and b) tiT = 0.75.

-0.0125: a)

(b)

5.4 Discussion

turbulence for the s: = 20 configuration and Figure 5.35 supports this as the whole

domain is filled with numerous, densely packed, vortical structures.

A series of simulations were run to investigate the possibility of using DBD plasma

actuators for turbulent skin-friction control by generating temporally oscillating

spanwise motions close to the wall. The intention was to go from spatially uniform,

temporally oscillating spanwise wall oscillation, a technique known to provide large

drag reductions and attenuate turbulence, and transform through a series of config-

urations to a final DBD configuration with an act.uator spacing of s: = 20 in order

to assess the effect on the drag reduction and turbulence for each configuration. A

series of oscillation periods were used from T+ ~ 15 '" 500 for each configuration.

A large range was used for two reasons; the small periods were tested as Jukes et al.
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Figure 5.33: .A2 visualisation for the st = 10 configuration, x = 0-9, .At = -0.0125:
a) tiT = 0.25 and b) tiT = 0.75.

(a)
,

~
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(b)

Figure 5.34:. .A2 visualisation for the st = 12.5 configuration, x = 0 - 9, .At
-0.0125: a) tiT = 0.25 and b) tiT = 0.75.
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Figure 5.35: A2 visualisation for the s: = 20 configuration, x = 0-9, At = -0.0125:
a) tiT = 0.25 and b) if'I' = 0.75.

(2006b) had reported a large drag reduction for small periods of oscillations from

observed in initial simulations as the forcing changed polarity. Thus it was decided

to investigate whether, given increasing time, the more discrete configurations would

mature between alternation of the forcing polarity into a drag reducing flow.

Uniform plasma resulted in larger drag reductions as compared to spanwise

wall oscillations for the same maximum spanwise velocity, W~ and period of oscil-

their original experimental work and secondly large skin-friction increases had been

lation, T+ providing the latter was not too large, T+ < 300. Compared to spanwise

wall oscillation results the turbulence intensities and Reynolds shear stress are more

attenuated and shifted further outwards from the wall. Visualisation of the flow

shows a reduction in number and elongation of vortical structures. However, apart

from an increased attenuation of turbulence over that of spanwise wall oscillations,

the flow statistics appear to the show the flow to be similar in nature and the drag

reduction mechanism also appears to be similar. The reason for this improvement



119

in DR is the increased penetration depth of the generated Stokes layer by approxi-

mately 2 wall units for all the periods of oscillation tested. The increased penetration

depth of the Stokes layer results from the displacement of the y-Iocation of maxi-

mum spanwise velocity from the wall to y+ ~ 2. Ricco and Quadrio (2008) have

stated that for spanwise wall oscillations the critical measure for drag reduction if

T+ < 150 is the Stokes layer penetration depth, and these results support that view.

The uniform plasma was transformed through three discrete configurations

with increasing spacing and therefore percentage of wall area without plasma. The

s: = 20 configuration is the largest spacing tested and pertains to a 50% coverage

of the wall.

The near-wall flow for the discrete configurations can be divided into two

sections. The first stage starts as the forcing and consequently in time the near-

wall spanwise velocity changes polarity. The velocity and vorticity perturbations

that this produces lead to a large skin-friction increase. The second stage is the

formation of a uniform PSL, the spanwise flow generated by the wall jets is seen to

aggregate into a sheet of spanwise velocity. The PSL that this produces reduces the

near-wall turbulence and skin-friction in the same manner as the Stokes layer for

uniform plasma and span wise wall oscillation.

Given sufficient time the PSL tends to increase its correlation to that of the

Stokes layer generated by uniform plasma. The instantaneous correlation of the PSL

to the uniform plasma Stokes layer appears to provide a good correlation (r > -0.9)

to the the skin-friction for that given moment in time. The time average skin-friction

for the discrete configurations is therefore a trade off between the drag increasing

first stage and the drag reducing second stage. The time for transition to the second

stage and the magnitude of maximum skin-friction for the first stage, increases with

increasing actuator spacing. In addition achievable skin-friction reduction starts to

decrease as T+ > 125 as the half period of oscillation becomes longer than the life

time of the longest lived, and statistically important near-wall turbulent structures
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becomes greater than the half period of oscillation.

There is a dramatic decline in the performance of DBD actuators for turbu-

lent skin-friction control with increasing actuator spacing. The st = 10 configura-

tion produces large reductions of up to DR = 37%. For the st = 12.5 configuration

with the introduction of a spanwise gap with no forcing of only 7.5 wall units the

performance reduces markedly with a maximum DR = 9%. This is more remarkable

as the maximum spanwise velocity is Wri; ~ 12 which equates to 75% of the bulk

mean velocity Ui; For the st = 20 configuration the gap is widened to 20 wall

units and consequently the drag reducing second stage never seems to occur and the

generated flow is drag increasing for all the periods of oscillation tested.

One of the potential uses of the actuators would be for commercial aircraft.

Calculating for a commercial aircraft flying at cruising altitude and speed (flight

scales), a wall unit would be approximately 1.5j.tm in length. The scales are so

small that the optimum frequency of oscillation for skin-friction control based on

T;;;t = 125 would be approximately 50KHz. As previously mentioned the plasma

profile was set at b+ = 17.5 so that it is inline with a profile with of a few mm in

low Reynolds numbers experiments. But at flight scales a value of b+ = 17.5 would

convert to a value of b" = 26.25j.tm, much smaller than the few mm profile width of

the plasma arc generated by current DBD actuators which would convert to a value

of b+ > 2000 at flight scales.

No investigation was made of various values of b" in this research. For even a

small change in b+ there could be a potential change in the results and there would

certainly be changes in the results if the profile width was changed to hundreds or

thousands of wall units in length.
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5.5 Summary

The use of DBD actuators for turbulent skin-friction control by generation of a

temporally sinusoidal, spanwise oscillating flow is investigated. Uniform plasma was

found to produce larger skin-friction reductions than spanwise oscillation for a given

period of oscillation, T+ and maximum velocity, W,;;. The increased performance

originates from the displacement of the Stokes layer by 2 wall units, with the maxi-

mum velocity at y+ ~ 2 rather than at the wall. Progression was made from uniform

plasma to an actuator spacing of si; = 20 through a series of increasing actuator

spacing configurations. At these discrete configurations the change in polarity of the

forcing and consequently the spanwise velocity, generates large velocity and vorticity

perturbations resulting in an increase in the skin-friction. Over time the individual

wall jets created by each DBD actuator aggregate to form a pseudo-Stokes layer

and a drag reduction. The transitionary period from the change in the spanwise ve-

locity polarity until the PSL forms, increases with increased actuator spacing. The

performance of the DBD actuators in obtaining a drag reduction declines rapidly

with increasing actuator spacing and at a spacing of s; = 20 no drag reduction was

achieved.



Chapter 6

Spatial oscillating plasma

6.1 Introduction

In Chapter 5, an investigation into the use of DBD plasma actuators to produce

a spatially uniform temporally spanwise force close to wall to produce skin-friction

reductions were carried out. One of the main conclusions from this work was that

with discrete plasma configurations the ability of the DBD actuators to produce

a skin-friction reduced dramatically with increased actuator spacing, in particular

when the polarity of the spanwise velocity changed.

Viotti et al. (2009) and Berger et al. (2000) converted a spanwise wall oscillation

and a spanwise Lorentz force respectively from a temporally oscillating wave into a

longitudinally oscillating (referred to as spatial) wave. Using the natural convection

velocity of near-wall turbulence, Viotti et al. (2009) converted temporal spanwise

oscillations:

(6.1)

into a spatial counterpart, with a longitudinal sinusoidal distribution of spanwise

velocity over a wavelength 'xx:

( ) _ +. (271" )
W x - Wm sin 'xx X , (6.2)

122
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where Ax is the streamwise oscillation wavelength. There was an improvement in the

energy budget for both the Lorentz forcing and the wall oscillation, and Viotti et aJ.

(2009) reported skin-friction reductions that were 20-30% larger than those obtained

with temporal forcing for a given amplitude. These findings suggested that a spatial

arrangement of DBD actuators could lead to a reduction in the skin-friction values

that had been previously recorded for the temporally oscillating arrangements.

a(x) =sin(~:x)

y

Figure 6.1: Schematic of the system for a turbulent channel flow with spatial wave
of spanwise oscillation: Lx, Ly and Lz are the dimensions of the computational
domain.

6.2 Method

The term a(t) from Chapter 5 is converted into a spatial equivalent (see Figure 6.1):

a( x) = sin (~: x ) . (6.3)
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APW a(x) > 0 Set 1

a(x) < 0 Set 2

Figure 6.2: Schematic of the actuator sets and their activation in accordance with
a(x).

the force term for the Navier-Stokes equations is then:

(6.4)

Figure 6.2 shows a positive value of a(x) resulting in activation of actuator Set 1

(the set that produces a positive spanwise velocity), while a negative value of a(x)

results in deactivation of Set 1 and activation of Set 2 (negative spanwise velocity).

The actuators were prescribed for the entire width and length of both the top and

bottom walls, so that the forcing is continuous in the streamwise direction. The

four configurations in Chapter 5, s: = 0,10,12.5 and 20 were used, allowing a

direct comparison with the results from Chapter 5.

The results were computed using the same domain and initial conditions as

used for Chapter 5 i.e., ReT = 200, Lx = 18h, Ly = 2h, Lz = 4h ( ~x+ = 10.0,

~Y!in = 0.1, ~Y~ax = 9.0 and ~z+ = 2.5). The simulations were run for a total

time of ttot = 550, t~t = 7000, and the time step used was ~t+ ~ 0.1.
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6.3 Results

The periodic boundary conditions at the outlet and inlet of the domain limit the

wavelengths to those that, when the domain length is divided by the wavelength,

the quotient is an integer. The wavelengths used were Ax = 3.0, 4.5, 6.0, 9.0

and 18.0 using uro' xt = 600, 900, 1200, 1800 and 3600. Using the convection

velocity C;}; = 10 to compare the streamwise oscillating waves with that of the

temporally oscillating (At = C;};T+) the values for Ai approximately equate to

T+ = 60, 90, 120, 180 and 360 respectively. Table 6.1 presents the skin-friction

results for the five values of Ax for the four actuator configurations with their re-

spective maximum spanwise velocities Wri;. As the only method to ascertain what

value of Dc was required to obtain a value of W;;: = 12 in each case was by the use

3D simulations, the values of Dc were estimated, and so there is a variation in Wri;.

A set of wall oscillation simulations were also undertaken for comparison

and are presented in Table 6.2, the calculated skin-friction values are of similar

magnitude to those reported by Viotti et al. (2009). Figure 6.3 represents the

coefficient of friction ratio, for the simulations presented in Tables 6.1 and 6.2. The

drag reductions obtained for the uniform plasma configuration, as found with the

temporal oscillations in Chapter 5 were slightly higher to those found with spanwise

wall oscillation for a comparable value of Ax. The highest reduction was obtained at

Ai = 1200, where a skin-friction reduction of DR = 51% was achieved as compared

to a DR = 47% for spanwise wall oscillation. The optimum value of Ai = 1200

is close to the optimum value found by Viotti et al. (2009) of Ai = 1250, but this

wavelength could not be tested in this work. This optimum value of Ai = 1200

equates to a temporal equivalent of T+ = 120.

The si = 10 configuration as it did with temporal oscillation provides a very

good performance. The resulting drag reduction was comparable to that achieved
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case w+ .Ax Dc t; s+ c, x 10 3 DR%m E
0 7.87
101 12.1 3 8 3000 0 4.14 47
102 12.8 4.5 8 3000 0 3.95 50
103 13 6 8 3000 0 3.82 51
104 13.6 9 8 4000 0 3.97 50
105 13.7 18 8 3000 0 7.04 11
106 11.9 3 18.9 2000 10 4.36 44
107 12.2 4.5 18.9 2500 10 4.1 48
108 12.6 6 18.9 2500 10 4.04 48
109 12.8 9 18.9 2500 10 4.22 46
110 13 18 18.9 2000 10 6.99 11
111 12.1 3 22.4 2000 12.5 4.69 40
112 12.3 4.5 22.4 2000 12.5 4.4 44
113 12.5 6 22.4 3000 12.5 4.22 46
114 12.5 9 22.4 3000 12.5 4.77 39
115 12.5 18 22.4 2000 12.5 7.78 1
116 10.1 3 28.6 2000 20 12.13 -54
117 11.1 4.5 28.6 2000 20 10.64 -35
118 11.6 6 28.6 2000 20 10.13 -28
119 11.8 9 28.6 2000 20 9.87 -25
120 11.7 18 28.6 2000 20 10.01 -27

Table 6.1: Data for different wavelengths of oscillation and actuator configurations:
wavelength .Ai, actuator spacing st, (case 0 refers to the no-control case), ti in-
dicates the start of the time-averaging procedure for the calculation of the friction
coefficient Cl, DR% indicates percentage drag reduction (negative number indicates
drag increase).

by uniform plasma and spanwise wall oscillation and therefore was an improvement

on its temporally oscillating counterpart. The most notable difference from the re-

sults obtained with temporal oscillations was for the two larger actuation spacings.

There is a substantial improvement in the skin-friction reduction for the st = 12.5

configuration with drag reduction values close to those obtained for st = 10 and

uniform plasma. The highest skin-friction reduction was again seen at .Ai = 1200

with a skin-friction reduction of DR = 46% was obtained. This is a substantial

improvement over the 9% obtained for temporal oscillation indicating a significant

change in the flow characteristics. The st = 20 configuration produced an increase
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case Ax ti c, x 10-3 DR%
s101 3 3000 4.48 43
s102 4.5 3000 4.23 46
s103 6 3000 4.12 47
s104 9 3000 4.15 47
s105 18 3000 6.82 13

Table 6.2: Data for spanwise wall oscillation for different wavelengths of oscillation,
)W;i;: = 12.
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Figure 6.3: Time-averaged coefficient of friction for different wavelengths of oscilla-
tion \; for different plasma actuator configurations and spanwise wall oscillation.

in skin-friction for every case tested but the increases were smaller than those ob-

tained from their temporal counterparts.

Figure 6.4 is the time-averaged skin-friction coefficient ratio for three different

wavelengths of oscillation over one wavelength of oscillation. To compare between

temporal and spatial oscillating plasma the phase-averaged skin-friction coefficient

ratio for T+ = 125 (equivalent spatial wavelength, Xi = 1250), is plotted in Figure

6.5 and can be compared with the Xi = 1200 results in Figure 6.4(b). As found with

temporal oscillations spikes in the skin-friction values occur as the polarity of the

force and consequently the spanwise velocity changes for each discrete configuration.
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Figure 6.4: skin-friction behaviour for different actuator configurations over one
wavelength of oscillation: a) At = 600, b) At = 1200 and c) At = 1800.

Comparison between Figures 6.4(b) and 6.5 shows that the height and width of

the spikes for each configuration are noticeably reduced over those for temporal

oscillation. For example, the maximum skin-friction ratio is reduced from Cf/C/o =
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Figure 6.5: skin-friction behaviour for different actuator configurations over one
period of oscillation for W~ = 12 and T+ = 125.

1.5 to Ct/Cfo = 0.85 for the s%= 12.5 configuration, while the minimum value for

the skin-friction is also reduced from a value of Ct/Cfo = 0.75 to Ct/Cfo = 0.5.

6.3.1 Stokes layer

Figure 6.6 presents the space and time-averaged spanwise velocity profile for span-

wise wall oscillations and uniform plasma from the turbulent simulations. As sug-

gested by Viotti et al. (2009) for spanwise wall oscillations the spatial Stokes layer

(SSL) in Figure 6.6(a) appears very similar to its temporal Stokes layer (TSL)

counterpart in Figure 5.7. The SSL generated for uniform plasma has, like its TSL

counterpart, an origin at y+ ~ 2 but differs in that it appears to be more in phase

with the spanwise wall oscillation SSL than the uniform plasma TSL is with the

spanwise wall oscillation TSL in Figure 5.7.

Figure 6.7 presents the maximum spanwise velocity, taken from the time-

averaged turbulent simulations for the spanwise wall oscillation, and three wave-

lengths of oscillation for uniform plasma over one cycle. In the spanwise wall oscil-

lation the polarity of the spanwise velocity changes at x] Ax = 0.5 and as with the

TSL there is an interval until the spanwise velocity changes for the uniform plasma
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Figure 6.6: Spanwise velocity profile at various longitudinal locations for one period
of oscillation, )..~= 1200: a) spanwise wall oscillation, b) uniform plasma.
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cases. The phase difference for the the SSLs is <p < 0.05 x] Ax and is reduced to the

phase difference of <p = 0.05 rv O.ltlT for the TSL (Figure 5.8).

For the discrete configurations the pseudo-Stokes layer from the spatial os-

cillating configurations is referred to as a pseudo spatial Stokes layer (PSSL) while

for the temporally oscillating configurations it is referred to as a pseudo temporal

Stokes layer (PTSL). Figure 6.8 presents the correlation rw,w(x) along the wave-

length of oscillation of the time-averaged spanwise velocity fields for the discrete

plasma configurations to that produced by uniform plasma for Ai = 600, 1200 and

1800. As in Chapter 5, for rw,w(t), the correlation was taken from y+ > 2 to remove

the differences in near-wall spanwise velocity fluctuations caused by the different

actuator configurations and to allow a comparison of the PSSLs with the uniform

plasma SSLs from the y-location of their origin.

In Figure 5.15 troughs are present in the correlation starting at x] Ax :::::i

0- 0.05 when the polarity of the velocity changes. The troughs increase in depth

and width with increasing s; and decreasing Ai, as seen with temporal oscillations

for increasing s; and decreasing T+. During a half wavelength of oscillation after
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the troughs the st = 10 and 12.5 configurations show a tendency towards a near

perfect positive correlation for the PSSL to the SSL generated by uniform plasma.

The correlation Tw.w(X) improves for the st = 20 configuration between the troughs

but remains distinctly lower for a given wavelength than those for the other two

discrete configurations.

Comparison between Tw.w(t) for the PTSLs (Figure 6.9) at T+ = 125 and

Tw.w(X) for the PSSLs at xt = 1200 (Figure 6.8(b)), shows a marked improvement

in the correlations for the PSSL. For the st = 12.5 configuration the minimum value

of Tw.w(X) ~ 0.97 compared to a value of Tw.w(t) ~ 0.92 for its temporally oscillating

counterpart. An even bigger improvement in the correlation is seen for the st = 20

configuration with a minimum value of Tw.w(X) ~ 0.8, a large improvement over

Tw.w(t) ~ 0.7.

The spatial oscillating plasma arrangements appear very similar to the tem-

porally oscillating cases in Chapter 5. The spanwise velocity fields, and therefore

the PSSLs, increase in similarity to those produced by uniform plasma with in-

creasing At and decreasing st. However, as seen with the PTSLs, the PSSLs differ

markedly from the uniform plasma Stokes layers when the polarity of the spanwise

velocity changes. The correlation Tw.w(X) is markedly higher than the values ob-

tained for Tw.w(t) for the st = 12.5 and st = 20 configurations, indicating that with

a spatial oscillating force the spanwise velocity profiles are more alike to those from

uniform plasma than those as a result of a temporally oscillating wave. This im-

provement in the correlation results in the lower skin-friction profiles in Figure 6.4.

Not withstanding that spatial spanwise oscillations results in a larger DR% than

does temporal oscillations, the three fold improvement in maximum DR% obtained

with the st = 12.5 configuration is mainly because of the improvement in Tw.w(X).
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6.3.2 Velocity and turbulence statistics

Time-averaged velocity fluctuations in the flow field for Ai = 1200 for the four

plasma configurations were compared with the spanwise wall oscillation case and

the no-control case. Normalisation of the velocity fluctuations by the actual wall-

shear velocity (uTm) is shown in Figure 6.10. (Velocity fluctuations normalised by

UTQ are presented in Appendix C)

Figure 6.10(a) indicates that the Urms profiles are attenuated and shifted

outwards for all the controlled configurations apart from the st = 20 configuration

where there is an increase in urms. Figure 6.10(b) presents a similar trend for Vrms

but with local maxima close to the wall for the discrete configurations because of

the entrainment/expulsion around each actuator shown previously in Section 5.3.3.

The Wrms profiles show as with Urms an attenuation from the no-control case except

for the st = 20 configuration which are higher in the near wall region than than of

the no-control case.

The velocity fluctuations appear to be reduced and shifted from the wall

as seen with temporal oscillations. The fluctuations are slightly more reduced for

uniform plasma to that of spanwise wall oscillation as seen before with temporal
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oscillations. For the discrete configurations the fluctuations increase with increasing

actuator spacing and, as Was case for temporal oscillation, the increases are small

from the results obtained with uniform plasma for the st = 10 configuration. The

s; = 12.5 show the increases in velocity fluctuations from the uniform plasma case

is small compared to the large increases seen for temporal oscillations (see Figures

5.17,5.18 and 5.19).

There is a significant difference in the Wrms profiles of discrete plasma con-

figurations for spatial waves to those generated by temporal waves. With temporal

oscillations (see Figure 5.19) there are large near wall (y+ < 5) local maxima which

are not apparent for the spatial cases in particular the st = 10 and st = 12.5

cases show an attenuation from the no-control case in this region. This, with the

reduced values in Tw w indicates that the spatial wave configurations reduce the in-,

evitable fluctuations in spanwise velocity from discrete forcing over those generated

by temporal oscillations.

The mean-velocity profiles normalised by the actual wall-shear velocities,

UT"" for the different configurations for ).~ = 1200 are shown in Figure 6.11. The

st = 10. st = 12.5 configurations and spanwise wall oscillations elevate the point

where the log-law intercepts v: = u+ from y+ ~ 10 to y+ ~ 17 while in the

uniform case it is elevated further to u' ~ 20. This elevation indicates an increase

in the viscous sublayer. The intercept point for the s; = 10 and spanwise wall

oscillation has shifted slightly further from the wall to the y-Iocation found for

temporal oscillations of y+ ~ 15 (see Figure 5.26). While the interception point has

shifted from y+ ~ 17 to y+ ~ 20 for uniform plasma, the largest improvement is

again for the s; = 12.5 configuration where the intercept has moved from y+ ~ 10

to y+ ~ 15.

The Reynolds shear stress. -u'v', is shown for ).~ = 1200 in Figure 6.12.

All but the s; = 20 configuration show a reduction throughout the domain apart

from near the wall where local maxima are produced for the discrete configurations
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because of the entrainment/expulsion see Section 5.3.3). In comparison to temporal

oscillations (see Figure 5.27) the Reynolds stress is reduced in especially for the two

largest actuator spacings. In the case of sf; = 20 the maximum value is reduced

from -u'v'+ :::::::1.4 to -u'v'+ :::::::0.9.

Quadrant analysis of the Reynolds shear stress is presented in Figure 6.13.

Spanwise wall oscillation significantly reduces the ejection and sweep events and the

point where their contributions are equal is shifted outwards to y+ :::::::36. Uniform

plasma shifts this point even further to y+ :::::::38 and the fractional contributions

from the sweep and ejection events are similar to that of the no-control case implying

that the outer-wall turbulence is attenuated and displaced but the structure remains

similar. The s: = 10 configuration has a local maximum close to the wall however

the sweep and ejection events are then suppressed and shifted outwards with the

y-Iocation of equilibrium at y+ :::::::35 and the fractional contributions of the events

remain unchanged. The sf; = 12.5 configuration shifts the point of equilibrium to

y+ :::::::35 but the sweep and ejection are large close to the wall. There is only slight

attenuation from the no-control case away from the wall with the percentage con-

tribution of ejection and sweep beginning to show some similarity implying a subtle

change to the flow structure. The largest actuator spacing, sf; = 20 configuration,

produces large sweep and ejection contributions. and their fractional contributions

are very similar implying large turbulent mixing right through the domain.
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6.4 Discussion

A series of simulations were run to investigate the possibility of orientating DBD ac-

tuators to create a spatial oscillating spanwise force to reduce skin-friction. As with

the investigation into the temporal oscillations in Chapter 5, the intention was to go

from a spanwise wall oscillation and transform through a series of configurations to

a final DBD configuration with an actuator spacing of st = 20 in order to assess the

effect on the drag reduction and turbulence by each configuration. The forcing used

was continuous in the streamwise direction, but experimentally the spatial wave

would have to be created by a series of electrodes with different signal strengths

and hence the forcing would be discrete in the streamwise direction. A series of

oscillation wavelengths were used from >.t = 600 rv 3600 for each configuration.

The values of A; were limited because of the periodic boundary conditions.

Viotti et al. (2009) had reported increased drag reductions with longitudinal

over temporal spanwise wall oscillations and a similar conclusion can be drawn from

the use of uniform plasma where the skin-friction reduction increased from DR =

42% (W,;;- ~ 12) to 52% (W,;;- ~ 13) for the optimum wavelength At = 1200. The

use of uniform plasma resulted in larger skin-friction reductions than did spanwise

wall oscillations for the same values of W,;;- and ,Xt as had been seen with temporal

oscillations. As in the case of temporal oscillations this resulted from an increase in

the penetration depth of the Stokes layer by 2 wall units because of a displacement

of the y-Iocation of maximum velocity from the wall to y+ = 2. The increase

in penetration depth of the Stokes layer and the consequent improvement in skin-

friction reduction supports the previous conclusion in Chapter 5 and that of Quadrio

(2011). of the Stokes layer penetration depth being the primary determinant of the

skin-friction reduction providing the period or wavelength of oscillation is smaller

than a value of T(t = 120.

The three discrete configurations used in Chapter 5 were used. As in the



142

case of temporal oscillations, the near-wall flow for the discrete configurations can

be divided into two sections. The first stage starts as the forcing, and consequently

in time the near-wall spanwise velocity, changes polarity. The velocity and vorticity

perturbations that this produces lead to an increase in the skin-friction. The second

stage is the formation of a uniform PSSL, reducing the near-wall turbulence and

skin- friction.

Comparison of the decrease in skin-friction from temporal to longitudinal

oscillating waves was most dramatic for the larger actuator spacings. The maximum

drag reduction for the s: = 12.5 configuration increasing from DR = 9% to DR =

46% for a spanwise velocity of W~ = 12, with a dramatic increase in the suppression

of velocity fluctuations in particular Wrms near the wall. The improvement in the

correlation rw,w(x) over its temporal counterpart rw,w(t), implies that the PSSLs

are generally more alike to the SSLs than are the PTSLs to TSLs for a given set of

oscillation parameters, particularly when the forcing, and consequently the spanwise

velocity changes polarity.
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Figure 6.14: Contour plot of streamwise velocity at x] Ax = 0.1 (Ai = 1200). Vectors
generated from V and w.

In the case of temporal oscillations the fluid near the wall is subject to a

forcing of a fixed period or wavelength, while in the case of spatial oscillations this



143

80 (a)
r'.'"

60 J
0.3
0.6
0.4

'i"- <10 0.2
·0.2
.0.4
·0.6

20 ·0.3
.J

0 OA x t \

80
r '.'"J60 0.3
0.6
0.4

'i"- <10 0.2
·0.2
.0.4
·0.6
·0.3
.J

r....
J
0.&
0.6
0.4
0.2
.Q.2

.0.4
·0.6
·0.3
.J

80r-------------------------------~

60
r......
J
0.8
0.6
0.4
0.2
·0.2
.0.4
·0.6
·0.8
.J20

Figure 6.15: Contour plots of ru,w(,\~ = 1200): a) s: = 0, b) s: = 10, c) s: = 12.5
and d) s: = 20.

period is not fixed. Spatial oscillation waves work on the principle that the velocity

of the fluid transposes the spanwise force, so if one was to travel with the fluid, or
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from a Lagrangian perspective, one would be subject to an oscillating force over

a period of time. This period of time is subject to the wavelength of the forcing

and the streamwise velocity of the fluid. If the velocity is lower, then over a fixed

distance the fluid is subject to a greater impulse.

The improvement in the skin-friction for the discrete configurations over

temporal oscillations could be the result firstly of the streamwise velocity profile

and secondly from the flow characteristics created by each DBD actuator. The first

reason is that the streamwise velocity profile near the wall is not u+ = C;};= 10.

The velocity profile in the viscous sublayer is linear (u+ = y+), meaning that u < Cw

and that a comparison between temporal waves and spatial waves using A; = CwT+

is subjective close to the wall (y+ < 5). The reduced value in u near the wall would

imply that the fluid close to the wall would be subject to more spanwise impulse than

a temporal wave equivalent, which would reduce the spanwise velocity fluctuations

caused by the discrete forcing.

The second reason for the improvement seen for the discrete configurations

could be the result of the flow characteristics created by each DBD actuator. Figure

6.14 presents contour plots of the streamwise velocity and velocity vectors of v and w

around one DBD actuator for the st = 20 configuration at X/Ax = 0.1 (A; = 1200),

a region where the velocity close to the wall is changing polarity. It has been

previously shown in Chapters 4 and 5 that the spanwise jet created by each DBD

actuator results in entrainment of high-speed fluid on one side of the actuator and

as the jet slows on the other side of the actuator there is an expulsion of slow-speed

fluid from the wall. From Figure 6.14 that it is evident there is an association of

expulsion (-u' and +v) with low spanwise velocity and of entrainment (+u' and

-v) with high spanwise velocity near the wall.

The cross-correlation coefficient r U,w of the streamwise velocity with the span-
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wise velocity was calculated for a zero separation (~z = ~t = 0):

() ( ) ( )
u'(x, y, z, t)w'{x, y, Z, t)

Tu;wX,y =<ux,y,z,t,wx,y,z,t >= ,Vu,2(x, y, z, t)V w'2(x, y, z, t)
(6.5)

and is presented in Figure 6.15, where (.) represents an average over Z and time.

Figure 6.15 shows that there is a high correlation or anti-correlation depending on

the direction of the forcing near the wall that is not evident with uniform forcing

(see Figure 6.15{a)). This suggests that fluid with low absolute spanwise velocity

takes longer to travel the same distance as does fluid with high absolute spanwise

velocity and is therefore subject to more impulse. Essentially the expulsion/ejection

caused by each actuator could potentially help in distributing the spanwise velocity

resulting in the improvements in the skin-friction for the discrete configurations

over those produced by temporal oscillations, particularly when the forcing changes

polarity.

Unfortunately although there is an improvement in the skin-friction reduction

for discrete configurations, the skin-friction still increases as the actuator spacing

increases. Although the st = 12.5 configuration is with a spatial wave able to

produce drag reductions of DR > 40%, (levels that are only slightly less than that

the st = 10 and uniform plasma configurations), there is a decline to drag increasing

flow for the st = 20 configuration for all the wavelengths tested.

As with the temporal oscillations the plasma profile width was fixed at b+ =

17.5 and the results could be significantly different if the value of b" was changed.

6.5 Chapter Summary

The use of DBD actuators for turbulent skin-friction control by the generation of

a spatial sinusoidal. spanwise oscillating flow is investigated. Spatial oscillations

resulted in reduced skin-friction values to those produced from temporal oscilla-
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tions for all the configurations tested. Uniform plasma was found to produce larger

skin-friction reductions than spanwise wall oscillation for a given wavelength of os-

cillation. )..i, the increased performance again originating from the displacement of

the Stokes layer by 2 wall units, with the maximum spanwise velocity at y+ ~ 2

rather than at the wall. There was an increase for the discrete configurations in

skin-friction as the polarity of the forcing and consequently the spanwise velocity

changes, but this was significantly less to the increases produced by temporal os-

cillations. The maximum drag reduction for the st = 12.5 configuration increasing

from DR = 9% for temporal oscillation to DR = 46% for longitudinal oscillations.

However the performance of DBD actuators in obtaining a drag reduction still de-

clines with increasing actuator spacing as occurs with temporal oscillations and at

a spacing of st = 20 no drag reduction was achieved.



Chapter 7

Conclusions

7.1 Conclusions

DBD actuators provide a method of producing a spanwise oscillating near-wall force

and potential skin-friction reductions, and offer the potential to reduce skin-friction.

Experimental investigations of DBD actuators for turbulent skin-friction control

have been hampered in recording near-wall measurements of velocity because of

the difficulty in placing a sensor in the area of the plasma actuators. A numerical

investigation was used as a means of gaining further insight into DBD actuators and

their use for turbulent skin-friction control.

A modified DBD model developed from the Shyy et al. (2002) model was

integrated into a DNS. The model and integration was devised so that a strength,

Dc, was set to provide a desired maximum spanwise velocity, and not to calculate

a velocity from a series of constituent variables such as the applied voltage and

electrode width that would decide the output of the actuator.

A series of two-dimensional simulations, in initially quiescent flow, were un-

dertaken and the results were found to compare well with experimental findings. A

wall jet was produced by the actuator with a velocity profile similar to that of a

laminar wall jet as found by Jukes et al. (2006a). The wall jet profile broadened and
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slowed as the distance downstream of the actuator increased. A starting vortex was

also observed that travels at 32° to the horizontal, reducing in strength over time.

This is close to the 31° to the horizontal for the vortex observed by Whalley (2011).

The growth rate of the starting vortex, was determined as being in the order of to.67

to a time and length scale based on the maximum wall jet velocity, Wj. This value

is close to the to.7l and fits well with the experimental results by Whalley (2011) in

experimental investigations. The close affinity of the results obtained from this DBD

model with the experimental results confirms that the DBD model is satisfactory.

Plasma profile parameters were determined for the turbulent skin friction

control simulations, the width of the profile was set at b+ = 17.5 and the angle at

Bp = 100. The use of DBD actuators for both the generation of a temporally and

a spatial (longitudinal), spanwise oscillating flow was investigated. Three actuator

spacings s: = 10, 12.5 and 20 were used. The s: = 10 configuration effectively

resulted in no gap existing between the plasma profiles of the actuator in each

set, thus resulting in a 100% coverage of the wall by plasma. Only the s: = 20

configuration resulted in a gap between each plasma profile that was larger than the

plasma profile width itself. This resulted in plasma coverage of the wall that was

less than 50%. The results obtained were compared to spanwise wall oscillations

and a from a transversally uniform plasma force.

The uniform plasma configuration was found to produce larger skin-friction

reductions than spanwise wall oscillation for both spatial and temporal waves. The

largest reduction recorded was DR = 51% compared to a DR = 47% for a spanwise

wall oscillation, both were obtained with a spatial wave at W~ = 12 and Ai = 1200.

The increased skin-friction reductions originated from the displacement of the Stokes

layer by 2 wall units, with the maximum spanwise velocity at y+ ~ 2 rather than

at the wall as found with spanwise wall oscillations.

During a half-cycle of oscillation for the discrete configurations, the flow can

be considered as having two separate stages. At the start of the half-cycle the
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spanwise forcing, and consequently the velocity, changes polarity. This results in

large velocity and vorticity perturbations that cause an increase in the skin-friction.

Further into the half-cycle the individual wall jets created by each DBD actuator

aggregate to form a pseudo-Stokes layer, and the perturbations are reduced and in

some cases there is a skin-friction reduction. The spanwise velocity fields created

by the discrete configurations were found to correlate well with those produced by

the uniform plasma. The correlation improved with decreased actuator spacing and

increased )..; or T+. For both the discrete configurations and the uniform plasma

the optimum values of the wavelength was -: = 1200 and T+ = 100"", 125, which is

the same as that previously observed for spanwise wall oscillations (Quadrio, 2011).

The spatial wave, as compared to a temporal wave, was found to produce

increased skin-friction reduction for uniform plasma as had previously been seen for

spanwise wall oscillations. The improvement was more dramatic for the discrete

configurations where the drag increasing, first stage of the half period of oscillation

was significantly attenuated from those produced by temporal oscillation. The st =
12.5 configuration produced an average drag reduction of DR = 9% for temporal

oscillation and this increased to DR = 46% for spatial waves. For both spatial

and temporal waves the performance of the discrete configurations in producing an

overall skin-friction reduction decreased with increasing actuator spacing. Using

both temporal and spatial waves, the s: = 20 configuration, which is relatively

small, did not produce a drag reduction for any case that was tested.

The investigation aimed to be similar to previous low Reynolds number ex-

perimental investigations and so the value of b" = 17.5 was set so that it was

equivalent to a plasma profile width of a few mm, as is the case with the profile

generated by current DBD actuators. However at flight scales a profile width of a

few mm would equate to thousands of wall units and in the case of temporal oscil-

lation the optimum frequency of oscillation would be approximately 50KHz while

for spatial waves the optimum wavelength of oscillation would be less than 2mm in
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length. A small change in the alteration of b+, and consequently the spacing of the

actuators, could have an effect on the results and would certainly have an effect if

the profile width is hundreds of wall units in length.

7.2 Recommendations

Actuator spacing appears to be crucial to the obtainment of a skin-friction reduction

and it is suggested that further investigations are carried out to produce actuators

that are capable of working in close proximity. Potentially the plasma profile width

could have an effect if only changed by tens or even less wall units and an investi-

gation of the effect of such a change is required. Unfortunately the model used in

this investigation does not give guidance to the physical specifications of a required

actuator such as the potential difference or electrode size and further development

of a model that accurately simulates a force from such given parameters so as to aid

experimental investigations would be of benefit.

Further investigation of the arrangement of actuators could also be done.

Instead of a linear arrangement of actuators, an alternating checkerboard arrange-

ment may lead to a reduction in perturbations and an increase in the regularity of

the pseudo-Stokes layers, so minimising the effect of the increased actuator spacing.

This work involved simulations relevant to a DBD actuator while a sliding

DBD actuator, as mentioned in Section 2.3, produces a large coverage and it may

be feasible to utilise such actuators in a skin-friction control arrangement.



Appendix A

Helmholtz resonators

A.I Introduction

One proposed method of flow control is active control using blowing and suction.

Choi and Moin (1994) found that using control methods involving streamwise, span-

wise and wall-normal velocities, that were determined by velocities in the buffer

layer. they were able to achieve significant drag reductions. The main method of

interest to these researchers was wall-normal velocity control. Suppression of the

sweep and ejection events was achieved by applying blowing or suction on the chan-

nel walls exactly opposite to the wall-normal velocity at a prescribed y-Iocation or

detection plane.

For each point in time the boundary condition at the wall for v(x, z) was

dictated as:

v(x, 0, z: t) = -v(x, Yd, z; t), (A.l)

where Yd(> 0) is the distance of the detection plane from the wall. The physical

implication of this was that when high speed fluid moving towards the wall (sweep )

was detected at v« an equally strong blowing velocity was applied at the wall to

nullify the sweep event. The contra-wise reaction occurred for an ejection event.

This produced a virtual wall effect in the flow i.e., a wall-normal location where
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the wall-normal velocity fluctuations are reduced to a minimum, roughly half way

between the actual wall and the detection plane.

The Yd location has an effect on the performance of the control method.

Choi and Moin (1994) found an optimum at Yd :::::;10 with a smaller drag reduction

at Yd :::::;5 and a drag increase at Yd :::::;26 at a Reynolds number of ReT = 180.

Later work revealed that a detection plane at Yd :::::;15 was the optimum location

(Hammond et al., 1998).

An investigation into the amplitude of the wall blowing and suction found

that by reducing the amplitude of the blowing and suction from the value of A = 1.0

used previously,

V(x, 0, z; t) = -Av(x, Yd, z; t), (A.2)

a drag reduction for a detection plane between 5 ::; Yd ::; 30 can be produced. It was

also shown that the drag reduction increased linearly with the amplitude of the wall

blowing and suction 0 < v;ms < 0.15 and that there was a maximum v;ms = 0.25

above which drag reduction for all detection planes deteriorated (Chung and Talha,

2011).

Choi and Moin (1994) also found that with selective control, in the first case

where blowing and suction was applied only when the magnitude of the wall-normal

velocity at the sensor location exceeded that of Vrms of the wall-normal velocity

at Yd (Iv(x, z}1 > vrms). and in the second case twice that of Vrms, drag reduction

of 20% and 15% respectively was achieved with only 25% and 5% respectively of

the area being controlled. The small control area indicated that most of the drag

reduction is achieved with the prevention of stronger events.

There are limitations to the practicality of this control method in that the

input for the control scheme is the wall-normal velocity at a location inside the flow,

and this is pratically unfeasible. Choi and Moin (1994) investigated the correlation

between various variables at the wall and the structures (wall-normal velocities)
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Figure A.l: Schematic diagram of opposition control.

above the wall, in an attempt to replicate the scheme by placing sensors at the wall.

They investigated wall-pressure (Pw), streamwise velocity gradient (8u'8Ylw) and a

variable derived from the Taylor series expansion and continuum equation of wall-

normal velocity near the wall. They found that the first two showed little correlation,

with the latter showing the most promise, yet only in the form of a modest 6% drag

reduction. There has been much work since, into the practical application of such a

scheme with the main focus on the sensing and control algorithms, for a wall based

sensing scheme (Lee et al., 1997, 1988; Endo et al., 2000; Kang and Choi, 2000).

Research into micro-jets for flow control application found that the cavities

of micro-jet actuators can produce a jet stream without being activated because of

Helmholtz resonance occurring within the cavity of the actuator (Lockberby et al.,

2007).

This investigation was made into Helmholtz resonating cavities, in a blowing

and suction opposition control scheme. The advantages of this system is that it

requires no energy and that any power savings made in reducing skin-friction would

also be the net power saving of the system while absence of control or sensing

elements make the system inherently simple.

A model for a resonator actuator is derived and then optimised using pre-
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recorded turbulent channel flow data. A series of turbulent channel flow simulations

were then run and the results analysed.

A.2 Resonator model

Using the equations derived for flow rate and rate of change of flow rate derived

for a cavity by Lockberby et al. (2007) a model for a cavity can be derived. The

V·J

Peat' = Pe + p'

Figure A.2: Sketch of a cavity.

dimensions that define a cavity are: Ac, the cross-sectional area of the cavity orifice,

Rc. the radius of the cavity orifice, le, the length of the cavity orifice and Vc, the

volume of the cavity.

The dimensionalised equation for the instantaneous flow rate, Q, of air from the

cavity is (Lockberby et al., 2007):

(A.3)

where. p., is the time-mean pressure in the cavity, p', is the fluctuating pres-



155

sure in the cavity, and Vj, is the bulk mean velocity of the jet. To non-dimensionalise

Equation (A.3), the following dimensionless variables are used. Here, a superscript

< >* represents dimensional variables, and a subscript < > ref represents

reference variables.

V,* t* I p'* p~ A* v~
Vc = h~~!' t = hre!/ure!' P = Pre!' Pc = Pre!' Ac = h;:!' Vj = ur:!. (AA)

Substituting them in and rearranging:

(A.5)

The flow momentum equation for fully developed flow is(Lockberby et al., 2007):

(A.6)

where, Pe is the density of the fluid in the cavity, Pi, is the fluctuating pressure at

the orifice exit. 11is a factor due to assumption of a constant pressure gradient in

the orifice. The wall-shear stress Tw is:

(A.7)

Assuming fully developed laminar pipe flow for the orifice:

(A.8)

Then Equation (A.6) can be simplified to:

(A.9)
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Non-dimensionalising Equation (A.9) using the terms from Equation (AA):

dVj Pre/ (' ) 6- = 'T/ 2 P _ Pi _ VJ,dt PePre/ure/lc PeReR~
(A.lO)

where the Reynolds number Re is

Re = :_Pr;__:e.!!-/_Ur;__:e.!!-/_h;__:re.:t._/.
/-l

(A.ll)

A.2.1 Pressure term

The non-dimensionalised Equation (A.10) contains the term Pre/, the equations are

therefore altered so that Pre/ = Pre/u;e/ is used as the reference pressure:

(A.12)

(A.13)

An issue with using ure/ and Pre/ is that a value for Pc would have to be

determined using the following equation:

Patm
Pc = 2

Pre/Ure/
(A.14)

The equation can be non-dimensionalised using speed of sound, c, Mach number,

M, and the heat capacity ratio, I :

p
c = .;;:y-,

P
1

Pc = 1M2'

(A.15)

(A.16)

If the skin-friction velocity UT was used as the reference velocity for the model
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so that UTe! = UT' then

(A.17)

(A.18)

However, now that the reference variables are different for the resonator model and

the channel flow simulation parameters, conversions between the two have to be

made. With regards to the Mach number at flight conditions the friction velocity is

typically 4% of the free stream velocity (Schlichting and Gersten, 1979):

0.04Re. (A.19)

So, the Mach number based on the friction velocity can be calculated:

u
MT
M = 0.04. (A.20)

So, for a typical flight Mach number of M = 0.85, M; = 0.0345 and 'Y = 1.4. The

atmospheric pressure at flight condition is:

1
Pe = M2:::::::: 600,

'Y T

(A.21)

(A.22)

A.3 Resonator optimisation

With a multitude of variables defining the resonator a method of optimisation was

required. By combining the two first order ODE's, a second order ODE can be
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formed. Re-arranging Equation (A.5) to make, "i the subject of the equation:

Vc dp'
Vj = -----

AcPe dt'
(A.23)

and placing it twice into Equation (A.lO) and rearranging the following second order

ODE is produced:

(A.24)

Note that Equation (A.24) is very similar to the equation for a damped forced

oscillating system:

tnii + ex + kx = Jm sinwt, (A.25)

and, J. the driving force is defined as:

J = Jmsinwt, (A.26)

and, w. is the circular driving frequency and, Cc, the critical dampening coefficient

is defined as:

(A.27)

where, wo, is the natural frequency of oscillation of the resonator:

(A.28)

The closer se. is to 1, the greater the amplitude of response of the system
Wo

and the lower the value of the dampening ratio (, the greater the response of the

system. from Equation (A.lO) :

6
( _ .!!_ _ Re.,.R~
- Cc - 2mwo' (A.29)
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the radius of the orifice, Rc, can be determined as:

(A.30)

The temporal design frequency of the resonator, fo, is therefore:

1. - Wo _ 3
o - 211' - 2(11' R~ReTPe . (A.31)

or the design period of the resonator To:

T. _ 211'
0-

Wo
(A.32)

and given that:

f£ = J=w, (A.33)

l = TJAcPe V = TJAcPe
TT 2' l 2 .vcPeWo PeWo

(A.34)

The parameters that define the resonator can then be envisaged by two pa-

rameters Wo, the natural frequency of oscillation of the resonator and, (, the coeffi-

cient of damping.

A.4 Method

The results were computed using the implicit method described in Chapter 3. The

Reynolds number for the simulations was Re(== Umh/v) = 3150. The Reynolds

number based on the skin-friction velocity uTO of the no-control case, as in the plasma

simulations, was ReT = uToh/v = 200. The computational domain has dimensions

Lx = 6h. Ly = 2h, Lz = 2h and is discretised to a grid of (120 x 129 x 80). The

corresponding grid spacings were ~x+ = 10.0, ~Y!in = 0.1, ~y;t;,ax = 9.0 and
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~z+ = 5.0. The time step used was ~t+(= ~tu;/l/) = 0.1. For the flow control the

total time for sampling was 590h/Um. The simulation was run so that the opposite

of the jet velocities produced by the resonator models was applied to the top wall

of the channel so as to provide conservation of mass. Therefore only the flow of the

bottom half of the channel is of interest.

A.5 Results

A.5.l Wall-normal velocity and wall-pressure correlation

A no-control DNS with the wall-normal velocity, v, for the entire domain recorded

for every time step along with the pressure fluctuations at the wall, P'w, was run.

The wall-pressure was correlated with the wall-normal velocity at y+ = 5,10,15, to

provide the value Tpv:

Tpv(!!1Y, ~z, ~t; y) = (p(xo, 0, z, t), v(xo + ~x, y, z + ~z, t + ~t)). (A.35)

Figure A.3(a) shows that with Tpv at ~t = 0 at y+ = 10 there is a negative correla-

tion Tp» ~ -0.35 of limited strength, with the best correlation at ~z = 0 and ~t = O.

Figure A.3)(b) represents the correlation Tpv for all three y-Iocations, ~z = 0, and

shows that there is a correlation of Tpw ~ -0.35 at ~x+ = -30 indicating that

the pressure fluctuations at the wall are influenced in part by wall-normal events 30

viscous units upstream. This corresponds with observations that quasi-streamwise

vortices. the structures that are suppressed by opposition control, have a similar

influence on downstream wall-pressure (Kim et al., 2002a).

Further analysis with joint probability density functions of wall-pressure

against wall-normal velocities. at y+ ~ 10, (see Figure A.4) as with similar joint

probability density functions produced by Choi and Moin (1994) indicate that wall-

pressure has very little relation to the wall-normal velocity component. Although
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Figure A.3: (a) Surface plot of Tp» at b.t+ = 0, t = 0 at y+
b.t+ = 0, t = 0 at b.z+ = 10.

400

10 and (b) Tpv at



162

! 3
~

} 3
;;

·2 -2

-3 ·3

Figure AA: Joint probability density of the wall-pressure fluctuations and the wall-
normal velocities at y+ ~ 10: (a) ~x+ = 0, (b) .6.x+ = -30. (the value of the outer
contour in each plot is 0.001 , and the increment is 0.001).

there is a slight improvement between wall-pressure and the wall-normal velocity 30

viscous units upstream, the indication is that wall-pressure has little bearing on the

wall-normal velocities.

A.S.2 OfHine optimisation

Using the recorded wall-pressure data, the resonator outputs were calculated for

different values of Wo and ( and then correlated with the wall-normal velocity at

y+ = 10. The process was offline, as pre-recorded pressure data was used and

therefore the resonator output had no influence on the flow and hence the pressure.

Results show that with a high wall-pressure fluctuation a negative wall-normal ve-

locity was produced by the resonators, and a positive wall-normal velocity for a

low wall-pressure fluctuation. This negative correlation between wall-pressure and

resonator jet velocity, combined with the negative correlation between wall-normal

velocityand wall-pressure, leads to a positive correlation between wall-normal veloc-

ity and resonator output velocity. This is opposite to the desired negative correlation

required with blowing and suction drag reduction. Therefore the polarity of the res-



163

O.lr.--------------------------------,
I

o
-.-. __ . 1;:0.50
_._._. 1;:1.00
_. - 1;=2..00
--- 1;=4.00
...---- 1;= 8.00

1;:16.0
- - 1;=32.0-0.1

~
>-

",,-

-0.2 -.... .,. ..... -.-.-.-...... .- _"
J ~-

\ ... -. ...../....... <-; -.- - _._.-...".:.:.~..,<.::._ .-"..._ ......._.-- =.' _-_-_._

~"":;"---~.:::-~=-~-::.,_-_--=-.: =- ...-'"-0.3

200 400 T 600
o

800 1000

Figure A.5: Correlation of wall-normal velocity with the resonator output, Rvvj'
against design period of the resonator To for various values of dampening coefficient,
(.

onators was reversed numerically to allow the desired negative correlation between

the wall-normal velocity and the resonator output velocity.

Figure A.5 is a plot of the correlation of wall-normal velocity with the res-

onator output, Rvvj' for values of To against ( at .6.x = 0 and .6.t = 0 with It = 25.

It was found that by reducing 'T7 the strength of the resonator was reduced without

effecting the correlation. Reducing It would lead to an increase in the resonator

strength, but it also affected the point of maximum correlation. Decreasing It

led to the resonator output having a greater correlation with wall-normal events

upstream, inline with the pressure correlation rpv, while increasing It led to the

optimum correlation being further downstream. With It = 25 the optimum corre-

lation was at .6.x+ = 0 i.e., the resonator output had its maximum correlation with

the wall-normal velocity directly above it.

A.5.3 Controlled channel flows

A multitude of simulations were run, for various values of Wo, (0 and it. A resonator

jet-velocity was calculated for every point on the wall, and the calculated resonator
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(= f "7 1+ V+ x 1O;j R+ c, X 1O-;J DR
- - - - - 7.84 0.0
0.5 0.11 25 1027.15 2.76 8.38 -7
1 0.03 25 186.76 2.26 7.82 0
2 0.05 25 155.63 1.60 7.74 1
4 0.11 25 85.60 0.80 7.58 3
8 0.11 25 42.80 0.56 7.73 1
16 0.11 25 21040 0040 7.91 -1
32 0.11 25 10.70 0.28 8.03 -2
64 0.08 25 3.89 0.20 7.99 -2

Table A.l: Simulation parameters. To+ = 800.

velocities were used as the boundary condition of the DNS channel flow simulation.

It was found that many simulations crashed, or led to large drag increases. Those

simulations that failed initially showed a moderate output (vj < 0.25) but then

steadily increased until, at some point, there was a sudden large increase in output

(vt > 10). The large resonator outputs conflicted with the smaller outputs produced

by the offline simulations for the same parameters, indicating that the resonators

were altering the flow, so that the wall-pressure fluctuations were much higher than

those formed with the uncontrolled flow resulting in higher velocity magnitudes from

the resonators. If a simulation proved unstable the output of the resonators was

reduced to provide stability, however reducing "7 led to low resonator outputs (see

Table A.l). with a small influence on the flow and the statistics generated would

naturally be only slightly different to that of the uncontrolled flow. A successful

series of results was at T: = 800, for several dampening coefficients,(see Table A.1),

for most values there was a drag increase, but there was a small drag decrease of

DR = 3% with ( = 4.0, hereafter referred to as controlled case. This is compared

to the no flow control case in the following.

Figure A.6 shows the time history of the skin-friction coefficient against the

the time averaged skin-friction coefficient of the uncontrolled channel flow. The

skin-friction fluctuations are of a similar magnitude to the uncontrolled flow, but on
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Figure A.6: Time history of the skin-friction coefficient.

average the skin-friction is lower than the uncontrolled case. Figure A.7 is a joint

probability density function of "i against wall-normal-velocity at »: = 10, there

is a weak negative correlation with r = -0.34. This is far lower than the perfect

negative correlation achieved with blowing and suction.

A.5.4 Mean properties

Some key features of the flow field for the ( = 4.0 case and the uncontrolled case

are shown, so that the differences between them can be examined. All velocity

and length scales are normalised by the channel half width, h, and unless otherwise

stated with the uncontrolled wall-shear velocity uTO•

The mean-velocity profiles normalised by the actual wall-shear velocities are

show in figure A.8 for both the uncontrolled and controlled channel. The mean

velocity profiles are nearly the same, and so is the slope of the log-law. There is a

slight increase in the point of interception of the log-law with u+ = y+ indicating

an increase in the viscous sublayer, but the increase is slight as would be expected

with such a small drag reduction.

Turbulence intensities are show in Figure A.9, and are compared with the
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Figure A.7: Joint probability density of resonator output Vj and the wall-normal
velocities at y+ ~ 10(the value of the outer contour in each plot is 0.001 , and the
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Figure A.9: Root-mean-square fluctuations normalised by the wall-shear velocity in
global coordinates.
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Figure A.lO: Root-mean-square pressure fluctuations normalised by UTO' Dashed
lines represent controlled case.

uncontrolled wall. Turbulence intensities are reduced throughout the channel, al-

though there is an increase in Vrms near the wall, because of the resonator output

and are in line with the observations made for blowing and suction.

The Reynolds shear stress uio'; is shown in Figure A.ll , also shown is the

total shear stress, -uv + (1/ ReT ~~). The slope of the total shear stress is a straight

line as should be the case with fully developed turbulent flow. The shear stress and

Reynolds stress is also reduced right through the profile. The contribution to the

Reynolds shear stress from each quadrant is shown in Figure A.9. The sum of the

values at each y-Iocation from the four quadrants is equal to the local Reynolds

shear stress. With uncontrolled channels, the ejection events are dominant away

from the wall, and sweep events are dominant in the near wall region, while both

equally contribute y ~ 12. In the the controlled channel, the Reynolds shear stress

from the sweep and ejection events is reduced, although the fractional contributions

remain the same, with the point where the sweep and ejection events are equal

shifted slightly outwards by approximately 2 viscous units.

Root-mean square vorticity fluctuations are shown III Figure A.13. Wall-
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shear-shear velocity uTO• Dashed lines represent controlled case.
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Figure A.13: Root-mean square vorticity fluctuations normalised by UTO. Dashed
lines represent controlled case.

normal and streamwise vorticity show a slight reduction through the channel, and a

slight outward shift of the peaks which is more evident with wall-normal vorticity.

There is a noticeable reduction in the spanwise vorticity close to the wall, which is

to be expected with the reduced shear components. However, in both the case of

spanwise and streamwise vorticity the local minima and maxima seen with blowing

and suction, are not present. This could result in part from an incomplete virtual

origin.

A.6 Discussion

Helmholtz resonators were investigated for the purpose of drag reduction, using

direct numerical simulations of turbulent channel flow, with the intention of them

mimicking a blowing and suction type drag reduction scheme. The advantages

of such would be an easier real world implementation. A Resonator uses wall-

pressure fluctuations as its input and produces a wall-normal jet-velocity. A model

was derived for resonators that produced a wall-normal boundary condition for the

D S channel flow simulations. However analysis of wall-pressure correlations and
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near-wall wall-normal velocity showed a small negative correlation rpv ~ -0.35,

indicating wall-pressure is not a very suitable input for a system in order to counter

wall-normal velocity fluctuations.

Offline experimentation of the resonator models with pre-recorded pressure

data allowed investigation into the effects of the resonator parameters. The best cor-

relations achieved between near-wall wall-normal velocity and the resonator output

velocities were of similar magnitude to the correlation of wall pressure to near-wall

wall-normal velocity rVVj ~ 0.34. However a negative correlation was to be de-

sired in order to achieve a similar drag reduction mechanism to that obtained from

blowing and suction. Therefore to achieve a desired drag reduction the polarity of

the resonator output from the resonator model was reversed before being used as

boundary condition and this removing an element of the physical basis of the model

and simulation.

The highest drag reduction achieved with the configurations tested was a

modest 3% drag reduction which was achieved with It = 25, ( = 4 and tt =

800, and TJ = 0.11, with the entire bottom wall having its wall-normal boundary

condition prescribed by the resonator model. This fits well with the maximum

6% drag reduction achieved by (Choi and Moin, 1994) using information at the

wall. Most of the simulations conducted either crashed or led to drag increases with

working simulations usually having a small response.

The statistics of the best controlled channel case was compared with the

uncontrolled channel flow, with uncontrolled and controlled simulations starting

with the same initial conditions. There was a slight upward shift in the log-law

and viscous-sublayer thickness, although the shift was slight which is expected with

such a small drag reduction. Velocity, vorticity and pressure fluctuations and the

Reynolds shear stress were reduced throughout the channels although the reduc-

tions obtained were small. As the response from the actuators were so weak, the

differences between the controlled flow and uncontrolled flow are slight. The drag
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reduction scheme is thought to be the same as that with blowing and suction. How-

ever, as expected with the small strength of the resonators and the low correlation

between the near wall wall-normal velocity and the resonator output, the virtual

origin is only slightly displaced and furthermore it is incomplete.

A.7 Summary

Helmholtz resonators were investigated for use in turbulent skin-friction control, a

model was derived. The variable that determines the output of a resonator is the wall

pressure fluctuations and it was found that there was a weak negative correlation

between the wall pressure and the wall-normal velocity at y+ ~ 10. A maximum

3% skin-friction reduction was obtained, but only when the polarity of the actuator

model was reversed. It was therefore concluded that, for the configurations tested,

the Helmholtz resonators offered only a minimum and variable effect in skin-friction

control.
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