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Summary

The drag developed on an object as it moves through a fluid comprises of
a number of components arising from various and differing fluid phenom-
ena. For aerodynamic bodies such as aircraft, one of the most dominant
components of the total drag force is that arising from shear interactions
between the surface of the object and the fluid. In steady, cruise conditions
this shear-induced skin friction drag can account for almost 50% of the total
drag force on the body and hence this is the reason much interest surrounds
the minimisation of this component.

Laminar Flow Control (LFC) is the field of aerodynamics focused on
minimising skin friction, or viscous drag. The viscosity of a fluid, and the
shear interactions between the layers of fluid and the aerodynamic body give
rise to a boundary layer, a region of fluid with diminished fluid velocity and
momentum. Laminar Flow Control aims to minimise the momentum deficit
within the boundary layer by manipulating the flow within and encouraging
favourable flow conditions to exist and be maintained. In essence, Laminar
Flow Control attempts to maintain laminar flow within the boundary layer,
improving the stability of the flow, delaying the onset of turbulence and the
formation of a turbulent boundary layer that develops significantly more
drag than an equivalent laminar structure.

A number of techniques exist for controlling and maintaining laminar
flow within a boundary layer. Examples include compliant surfaces, acoustic
arrays and suction, and all share the common trait of complexity, which
to date has limited the application of such systems in the real world. In
the search for simpler Laminar Flow Control technology, attention has been
turned towards Dielectric Barrier Discharge (DBD) plasma actuators as a
possible alternative. Through the formation of a small volume of plasma,
these actuators are capable of producing an electrostatic body force that can
couple with the surrounding air and bring about a jetting effect without the
addition of mass. This jetting effect, if controlled effectively, can potentially
favourably augment a boundary layer flow and lead to a delay in transition.
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The work discussed in this thesis represents a contribution to the field
of DBD-based Laminar Flow Control. The aim was to further investigate
the potential of plasma actuators for improving the hydrodynamic stability
of a boundary layer and hence contribute to the limited published data
pertaining to this field. The research involved the development of a DBD-
based LFC system in which plasma actuators were used to augment the
most fundamental of boundary layer flows, the flat plate, Blasius-type. By
measuring the augmentation to the velocity profile of the boundary layer
brought about by the LFC system, the stability of the flow was able to be
investigated and hence the feasibility of the technology determined.

The plasma actuators utilised in this research were designed such that
control could be achieved over the shape of the induced jetting profile. To min-
imise adverse interactions with boundary layer flows, the plasma actuators
were designed so that the magnitude and position of the maximal induced
jetting velocity could be controlled. After consultation of the literature, novel
actuators utilising orthogonally arranged electrodes were conceived and
tested in a parametric study. Through variation of the distance to which the
exposed electrode sat proud above the surface of the actuator, in addition
to variation of the applied voltage, it was found that the desired control
over the induced jet could be attained, leading to the identification of two
mechanisms through which the DBD-based LFC system could be tuned. The
details of the design and development of these orthogonal actuators and the
effect of the electrode height on the jetting characteristics of the devices can
be found in Gibson et al. (2009a) and Gibson et al. (2009b).

After identifying suitable and novel actuator arrangements, a tuning
strategy was conceived to hasten the development of the LFC system. Rather
than implementing the actuators and measuring the response of the boundary
layer to the plasma first, Linear Stability Theory was instead used to identify
desirable boundary layer augmentation objectives for the LFC system. Linear
Stability Analyses (LSAs) were performed on a number of idealised boundary
layer flows, obtained from curve fitting analytical functions to published DBD-
augmented boundary layer data, as well as from boundary layer theory. The
LSAs were conducted using an Orr-Sommerfeld Equation solver developed
as part of this research, which utilises a finite differencing scheme. The
outcome of this comparison process was that the developed DBD-based LFC
system was used to attempt to augment the boundary layer such that the
flow attained an asymptotic suction velocity profile, which would give the
boundary layer a limit of stability almost two orders of magnitude greater
than that of the base flow, and hence significant robustness to transition.

The conceived DBD-based LFC system was implemented into a Blasius-
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type boundary layer which was formed over the Flat Plate Rig (FPR) designed
and developed as part of this research. Initially a single actuator was utilised,
positioned just upstream of the location of the critical Reynolds Number
(limit of stability) of the flow. Due to the design of the FPR and the actuators
utilised, it was possible to study the response of the layer to the plasma
with and without a mild suction effect, introduced through a 5mm wide slot
that was required for operation of the actuator. This mild suction effect was
measured to be approximately 4Pa, and by itself was found to be insufficiently
strong enough to augment the flow such that it attained the characteristics of
a boundary layer with uniform wall suction. With the FPR, measurements of
the velocity profile of the boundary layer with and without flow control were
made around the critical Reynolds Number location of the flow (80000 <

Rex < 120000), which allowed the changes to the stability of the flow to be
studied.

As discussed in Gibson et al. (2012) the initial results of the DBD-based
LFC system showed that the plasma was adversely affecting the stability of
the flow. Subsequent tuning of the system was therefore performed through
variation of the applied voltage of the actuator. From this tuning it was found
that an actuator operated with an applied voltage of 19.0kVpp (referred to as
a low-voltage actuator) in conjunction with the mild suction effect, produced
boundary layer characteristics akin to those of a flow exposed to uniform
wall suction. In addition, an actuator operated with an applied voltage of
21.4kVpp (referred to as a high-voltage actuator) was found to adversely affect
the stability, even more so in the absence of the mild suction effect. The single
low-voltage actuator was found to be able to maintain uniform wall suction-
like characteristics for 50mm beyond the trailing edge of the encapsulated
electrode. This finding pertaining to the use of the low-voltage actuator
highlighted the potential of a single DBD device to develop uniform wall
suction-like characteristics with only a mild suction effect through a single
slot, and hence in a less complex fashion than conventional suction systems.

An attempt was made to maintain the favourable benefits of the single,
low-voltage actuator by using two such actuators placed in series. However,
the effect of this combined double-actuator/suction system differed only
slightly from the suction-only system (with two slots instead of one), meaning
that in this configuration, the use of the plasma was somewhat superfluous.
Hence it could be concluded from the results of the research that a single
low-voltage actuator operated in conjunction with a mild suction effect
is more effective as a LFC system than a single mild-suction slot, but a
combined double-low-voltage actuator/suction system is no better than a
simpler and less energy consuming double-mild-suction slot system. It is,
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however, anticipated that through the undertaking of future works, utilising
additional actuators that have undergone further tuning, a LFC even more
effective than the double suction slot system tested in this research will
ultimately be developed.
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1 Introduction

Environmental impact and service operating costs are of great concern to the
global aviation industry. As of 2008 the aviation industry could no longer be
considered an insignificant contributor of greenhouse gases, with approxi-
mately 2% of total CO2 emissions being attributed to air transportation of
tourists (Scott et al. 2008). Providing air tourism remains business as usual in
the immediate future, then the greenhouse gas emissions will be “...in direct
conflict with the efforts of the international community to achieve substantial
emission reductions,” (Pentelow and Scott 2010). Numerous world bodies
committed to sustainable development recommend that by the Year 2050
the level of CO2 in the atmosphere will need to decline to 50% of the level
recorded in the Year 2000 if dangerous climatic changes are to be avoided
(Pentelow and Scott 2010). Reducing aircraft fuel consumption is now more
than ever of utmost importance to the global aviation industry and the com-
munity as a whole, particularly since aviation traffic is anticipated to rise
in the future (Penner 1999). Reducing fuel consumption is also in the direct
financial interest of the aviation sector. Fuel consumption, which is directly
associated with vehicle drag, accounts for 22% of the Direct Operating Costs
(DOC) of a commercial aircraft. According to Renneaux (2004) a reduction in
drag of 1% can lead to a 0.2% reduction in the DOC of a large transport air-
craft. Hence, minimising drag to reduce environmental impact and operating
costs is currently the focus of much research.

The drag of an aircraft consists of a number of different components,
of which viscous-derived skin friction drag is the most significant (Bertin
2002). As skin friction accounts for almost 50% of the total drag of a typical
commercial aircraft (Figure 1.1) it is easy to understand why a large amount
of research and development work is focused on reducing this source of
viscous loss.
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Viscous drag arises as a result of shear interactions between the surface
of the body and the fluid through which it passes. The fluid essentially sticks
to the surface, and thus creates a velocity gradient between the body and the
freestream. This velocity gradient is indicative of a loss of freestream momen-
tum, which is the result of viscous drag. The region in which the velocity
gradient is prevalent is called the boundary layer and it is the behaviour
of the flow within this region, which dictates the magnitude of the viscous
drag force. The upstream regions of a boundary layer generally consist of
laminar flow, which progressively manifests into a turbulent structure as the
layer develops over the length of the body. The so-called turbulent boundary
layer arising from the growth of disturbances within the flow field, is charac-
terized by its increased thickness and developed skin friction. It is for this
reason that aerodynamicists concerned with minimising viscous drag strive
to maximise the extent of the laminar region using Laminar Flow Control
(LFC) techniques.

Dielectric Barrier Discharge (DBD) plasma actuators have gained consider-
able interest in recent times as potential LFC devices. Through the generation
of very small regions of surface plasma, DBD actuators are capable of im-
parting momentum to a fluid through electrostatic interactions between the
moving charged particles of the plasma and the dipoles of the surrounding

Other 6%

Figure 1.1: Components of drag affecting a typical aircraft in cruise, (adapted
from Bertin 2002).
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1.1 Aims & objectives

air molecules. The extent of the plasma force influence is limited to a region
close to the actuator surface. This makes such devices ideal for redistributing
momentum throughout a boundary layer, potentially in a way to improve
hydrodynamic stability and thus delay transition from laminar to turbulence.
This is why DBD actuators present as an attractive option for controlling
the flow of a laminar boundary layer and hence the purpose of this research
is to investigate how the DBD effect can be exploited for this task so as to
contribute to the development of simple and more effective DBD-based LFC
technology that will ultimately benefit the environment and global aviation
industry.

1.1 Aims & objectives

Laminar Flow Control system design has a long and expansive history
throughout which many diverse technologies have been proposed. The reluc-
tance in adopting the currently available technologies has led to work into
other potential flow control devices for LFC. The aim of this research is to
investigate a novel approach to Laminar Flow Control design using Dielectric
Barrier Discharge plasma. This technology as applied to LFC is in its infancy,
with the potential of the system for LFC only being recognised in the past
few years. The research presented in this thesis focusses on contributing to
the limited amount of knowledge available that pertains to DBD-based LFC.

The research discussed herein is restricted in that the investigations have
focused on the effects of DBD plasma on the hydrodynamic stability of a
flat plate boundary layer flow in the absence of a pressure gradient. Math-
ematically, such a boundary layer is approximated by the Blasius solution,
and is the most fundamental of external flows to which LFC strategies are
studied analytically and numerically. Historically, assessing the changes to
the stability characteristics for a Blasius flow has been the starting point for
LFC system design (Schlichting 1955) and as such the effectiveness of DBD
plasma in augmenting the stability of flat plate boundary in a Zero Pressure
Gradient (ZPG) is of fundamental importance to the future development of
the technology.

Blaisus flow can be described through suitable treatment of the governing
equations of fluid mechanics. In addition, the hydrodynamic stability of
Blasius flow is widely understood and can be calculated using potential flow
techniques. This knowledge allows the stability of an augmented Blasius flow
to be effectively benchmarked, whilst also providing assistance in formulating
the required performance of the DBD-based LFC system. In the context of
the research discussed here, the mathematical solution of the Blasius flow
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and the hydrodynamic stability of said flow were used to formulate flow
augmentation objectives for the DBD-based LFC system developed here.

After reviewing the theory and literature pertaining to DBD-based LFC,
the resulting objectives of the research were defined as the following:

• to identify actuator configurations with potential to improve the hy-
drodyanmic stability of a flat plate laminar boundary layer in a ZPG
based on the performance of these devices in quiescent air.

• to implement the actuators in a flat plate laminar boundary layer in a
ZPG and assess the effect of the actuators on the stability of the flow.

• to attempt to tune the operation of the actuators so that the flow attains
improvements to its stability.

• to strive to maximise the streamwise extent to which hydrodynamic
stability improvements can be maintained.

In order to achieve the desired research objectives, a considerable amount of
resources needed to be procured. Hence, in addition to the research objectives,
a significant component of the research involved the following two tasks:

• the development of an in-house computational routine to solve the
hydrodynamic stability equations pertaining to Blasius flow.

• the design, manufacture and development of a Flat Plate Rig (FPR) that
was able to achieve experimental flows mimicking that of a Blasius
boundary layer.

1.2 Thesis Outline

The thesis is presented in a number of chapters, the sequence of which
highlight the chronology of the knowledge development and research un-
dertakings. The early chapters introduce the principles of DBD-based LFC,
from which the detailed objectives of the research can be identified. After
discussing the design and development of the experimental apparatus, the
results of the experimental investigations are presented in the later chapters.

An introduction and review of Laminar Flow Control is the topic of
Chapter 2. In this review, the theory pertaining to boundary layer flows and
their analysis is introduced. From the analytical description of boundary layer
flows, the concept of hydrodynamic stability is introduced along with the
theory and analytical techniques used to investigate the onset of boundary
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layer transition. The theory of hydrodynamic stability provides the basis from
which the objectives of LFC can be discussed, which consequently allows
a critical review of LFC technologies to be presented. From the review it
is revealed that significant scope exists to develop simpler techniques for
augmenting hydrodynamic stability in boundary layer flows.

Chapter 3 contains a review of DBD plasma aerodynamics. As discussed
in this chapter, DBD actuators are fundamentally simple devices that can
produce a wall-jetting effect without the addtion of mass. It is this wall-
jetting effect which has aroused interest in the use of DBD for LFC, but as
is discussed, DBD-based LFC research is still in its infancy. Although much
research has been undertaken investigating this jetting phenomenon, the
complexities associated with actuator design mean that successful applica-
tion of DBD actuators for boundary layer transition delay has been limited.
The consequence of this is that scope exists to investigate the response of
boundary layers to novel actuator configurations to further investigate ways
to improve hydrodynamic stability in a boundary layer flow.

An important component of research into LFC is understanding the
theory pertaining to hydrodynamic stability. This understanding includes
possessing the capability to solve the equations of hydrodynamic stability
in order that stability-improving mechanisms can be understood and this
analytical information used to structure LFC system design. The equations
of hydrodynamic stability possess no simple analytical solution, but through
suitable mathematical treatment can be solved numerically. As part of this
research, a numerical routine was scripted so as to provide this information
to the research. The techniques that the routine calls upon in order to solve
the equations are presented in Chapter 4 along with the validation of the
method.

Chapter 5 presents the results of the work into developing novel and ben-
eficial actuators for DBD-based LFC. Using the results of the literature review
in conjunction with hydrodynamic stability analysis and an experimental
parametric study, a novel actuator design was developed. These developed
actuators, which are introduced as orthogonal actuators in the chapter, were
the devices of choice for augmentation of the flat plate boundary layer flows
investigated in this research.

The design and development of the Flat Plate Rig (FPR) used for inves-
tigating the DBD augmented boundary layer flows is the topic of Chapter
6. In addition to discussing the features of the FPR, Chapter 6 also presents
details of the measurement equipment employed as well as the procedures
of the undertaken experiments.

Preliminary experiments involving orthogonal actuators augmenting the
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flat plate laminar boundary layer in a ZPG are presented in Chapter 7. These
investigations revealed that the orthogonal actuators can be utilised with or
without a very slight suction effect, and in doing so the flow of the fluid can
be changed dramatically. An assessment of the performance of the actuators
finds that the actuators in the tested configurations have an adverse effect
on stability, but there exist opportunites to refeine the actuator operation for
improved results.

Refinement of the actuator design and operation is presented in Chapter 8.
Through variations of actuator applied voltage, actuator operation with most
beneficial and most adverse stability effects are identified. The Chapter then
compares the two actuator operations with and without suction, revealing
that the lower applied actuator voltages provide improved perfromance, but
the stability improvements dissipate downstream of the actuator.

In Chapter 9, experimental investigations are undertaken to maximise
the stability improvements downstream of the actuator. This is attempted
through the use of two identical actuators placed in series. The results reveal
that the use of two actuators in this configuration seemingly destabilizes the
flow, and that future work is required to identify possible combinations of
actuators that can provide sustained improvements to flow stability.

The final chapter includes the conclusions and recommended future
works pertaining to this research. As part of the dicussion on future works,
the feasibility of the developed numerical codes and experimental equipment
to undertake the future work are assessed.

1.3 Publications arising from this thesis

The research discussed in this thesis has led to the generation of a number
of publications. These include international conference articles and journal
manuscripts. The development of actuator designs for DBD-based LFC as
discussed in Chapter 3 & 4 of this thesis was published in the following two
conference articles:

• Gibson, B. A., R. M. Kelso, and M. Arjomandi (2009a). “Investigation of
the Effect of Electrode Arrangement on Plasma Actuator Performance”.
In: 47th AIAA Aerospace Sciences Meeting and Exhibit. 2009-1003. Orlando,
FL.

• Gibson, B. A., R. M. Kelso, and M. Arjomandi (2009b). “Plasma Actuator
Influence on Laminar Boundary Layer Flow”. In: 2009 Asia-Pacific Inter-
national Symposium on Aerospace Technology. Nagaragawa, GIFU, Japan.
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In addition to the conference articles, the results presented in Chapter 7
and are based on the following publication:

• Gibson, B. A., R. M. Kelso, and M. Arjomandi (2011b). “The Response of
a Laminar Flat Plate Boundary to an Orthogonally Arranged Dielectric
Barrier Discharge Actuator”. In: Journal of Physics D: Applied Physics Vol.
45, No. 2, pp. 20502-20522.

1.4 Thesis format

In compliance with the formatting requirements of The University of Ade-
laide, the print and online versions of this thesis are identical. The exceptions
exist for some images where Copyright approval for print in the online
version was not obtained. In these instances the original images have been
replaced with a black box.

The online version of the thesis is available as a PDF. It is known that
the PDF version can be viewed in its correct fashion with the use of Adobe
Reader 9.
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2 Boundary Layers and Laminar

Flow Control

The field of Laminar Flow Control research is concerned with minimising
the skin friction over bodies moving through fluids. The work centres on the
maintenance of laminar flow within the boundary layer that develops over
the body as a result of viscous interactions between the fluid and the object.
Understanding of the fundamental behaviour of a fluid within a boundary
layer is paramount to the development of LFC strategies, and in this chapter
the underlying fluid mechanics theory pertaining to LFC is presented.

The first section of this chapter defines a boundary layer, introduces the
governing equations of motion applicable to a laminar layer and discusses
the basic mechanisms that lead a boundary layer to transition from laminar to
turbulent flow. Using this information the robustness of a laminar boundary
layer to transition can be assessed using stability analysis techniques, which
are introduced in the second part of this chapter. Improving the stability
of a flow and its robustness to transition is the objective of plasma-based
LFC technology and the final section of this chapter introduces some of the
alternative LFC techniques researched to date.

2.1 The physics of boundary layers

As a body moves through a fluid, tangential forces develop between the
layers of the fluid and the surfaces of the body upon which the fluid wets.
These tangential (frictional or shearing) forces are associated with the viscosity
of the fluid and work to oppose the motion of the object, creating a condition
of no-slip at the fluid-wall interface. The consequence of the no-slip condition
is that the velocity of the fluid at the wall is zero (i.e. the fluid is stationery)
and a gradient in fluid velocity is established between the surface and the
freestream. Representing a loss in freestream momentum, the velocity gra-
dient results in the formation of viscous-induced or skin friction drag on the

9



Chapter 2 Boundary Layers and Laminar Flow Control

body.
The condition of no slip exists for every fluid-surface interaction, meaning

that even fluids of negligible viscosity will form a boundary layer over a
wetted surface. Hence there is no escaping the development of skin friction
drag. However by understanding the physics and motion of the fluid within a
boundary layer it is possible to identify strategies to minimise the magnitude
of the developed skin friction drag.

Beginning as a structure of negligible thickness at the leading edge of a
surface, boundary layers thicken as they develop downstream, doing so in
accordance with the geometry and pressure distribution associated with the
body. Within the boundary layer many different flow structures varying in
both space and time may exist, and encouraging some to exist and others
to disappear can lead to a reduction in the developed drag. Typically, a
boundary layer will have three types of gross flow structure (Figure 2.1).
The initial upstream regions of the boundary layer generally contain laminar
flow. The laminar region of the boundary layer contains essentially two-
dimensional flow, which leads to a low local boundary layer thickness and
minimal skin friction drag. As the boundary layer develops downstream
of the leading edge, the laminar structure begins to become unsteady and
during this phase, transitional flow exists, characterised by the inception
of spanwise variations and increased vorticity, leading to the formation of
small-scale vortices near the wall. Eventually these vortices breakdown and
manifest into a turbulent flow and consequently a turbulent boundary layer.
Turbulent boundary layers have the dubious trait of producing approximately
ten-times the skin friction for a given Reynolds number than an equivalent
laminar structure (Joslin 1998) and it is for this reason that LFC technology is
focused on the maintenance of laminar flow within a developed boundary
layer. It has been estimated that if laminar flow could be maintained on
the wings of a large transport aircraft, fuel savings of up to 25% would be
obtained (Thomas 1985).

Laminar Flow Control aims to maximise the extent of the laminar region
of the boundary layer flow. For this reason, understanding the underlying
physics of the flow and the motion of the fluid within the boundary layer is
of paramount importance. The equations of motion for a boundary layer are
obtained from the governing equation of fluid mechanics (the Navier-Stokes
Equation, Equation 2.1) and continuity (Equation 2.2), with

−→
f representing

the sum of the external body forces acting on the fluid. Restricting the research
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2.1 The physics of boundary layers

Figure 2.1: Schematic representation of different flow types in a typical
boundary layer undergoing transition (White 1974).

from this point on to a two-dimensional boundary layer, the governing
equations as applied to a boundary layer are simplified through an order-of-
magnitude-analysis (Cebeci and Cousteix 1999, Schlichting 1955). The resulting
equations of motion for the flow in the x and y directions are defined by
Equation 2.3 & 2.4 respectively, with the simplified continuity expression
defined by Equation 2.5.

D
−→
V

Dt
= −1

ρ
∇p + ν∇2−→V +

−→
f (2.1)

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (2.2)

u
∂u
∂x

+ v
∂u
∂y

= −1
ρ

∂p
∂x

+ ν
∂2u
∂y2 − ∂

∂y
(
úv́
)

(2.3)

∂p
∂y

= 0 (2.4)

∂u
∂x

+
∂v
∂y

= 0 (2.5)

Solution of the governing equations is achieved with the aid of similarity
concepts. Knowing that the velocity of the flow is zero at the wall-fluid
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Chapter 2 Boundary Layers and Laminar Flow Control

interface (the no-slip condition) and recognising that the velocity within the
layer tends to the edge velocity (ue) at the interface of the freestream and
the boundary layer, then the velocity of the fluid inside the layer can be
expressed as a function of the wall-normal spatial location within the layer
(Equation 2.6). Using similarity techniques simplifies the velocity distribution
within the layer such that it becomes a function of a single, non-dimensional
variable, which is independent of the development length of the layer parallel
to the wall, x. This variable (η, defined in Equation 2.7) is known as the
similarity variable (Cebeci and Cousteix 1999, Schlichting 1955).

u
ue

= g (x, y) (2.6)

u
ue

= g (η) (2.7)

The similarity variable that appropriately describes the behaviour of the
boundary layer is that employed by the Falkner-Skan technique for boundary
layer flows (Equation 2.8). This variable, when used in conjunction with a
dimensionless stream function (Equation 2.9), allows the boundary layer
equations (Equations 2.3 & 2.4) to be reduced to a simpler differential equa-
tion referred to as the Falkner-Skan Equation (Equation 2.10), complete with
transformed boundary conditions (Equations 2.11 & 2.12), and dimension-
less pressure gradient parameter (Equation 2.13). The representation of the
Falkner-Skan Equation presented here also includes terms to account for the
term related to Reynolds shear stress found in the simplified Navier-Stokes
Equation, úv́. These terms (Equations 2.14 & 2.15) are derived from the con-
cept of eddy viscosity (see Cebeci and Cousteix 1999) and are included in
this section for completeness. However, as will be shown in Section 2.1.1,
these terms disappear when analysing a laminar boundary layer.

η = y
√

ue

νx
(2.8)

f (η) =
ψ (x, y)√

ue
νx

(2.9)

(
b f ′′

)′
+

m + 1
2

f f ′′ + m
[
1 − (

f ′
)2
]
= x

(
f ′

∂ f ′

∂x
− f ′′

∂ f
∂x

)
(2.10)

η = 0, f = fw = − 1√
ueνx

∫ x

0
vwdx, f ′ = 0 (2.11)
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2.1 The physics of boundary layers

η = ηe, f ′ = 1 (2.12)

m =
x
ue

due

dx
(2.13)

b = 1 +
νt

ν
(2.14)

x
(

f ′
∂ f ′

∂x
− f ′′

∂ f
∂x

)
(2.15)

The Falkner-Skan representation of the boundary layer equations, al-
though simpler than the Navier-Stokes Equation, still has no direct analytical
solution. It can however be solved using numerical techniques and a solver
capable of this (based on the scheme suggested by Cebeci and Cousteix 1999)
has been developed as part of this research (as detailed in Chapter 4). By
understanding the motion of the fluid within a boundary layer it is possible
to develop strategies for encouraging the maintenance of laminar flow and
reducing skin friction drag.

2.1.1 The Blasius boundary layer

The most fundamental of boundary layer flows is a laminar layer developed
over a flat plate in the absence of a pressure gradient (or Zero Pressure
Gradient, ZPG). This type of flow is more simply referred to as the Blasius
boundary layer. For the Blasius boundary layer there is no Reynolds stress,
since the flow is laminar, nor is there a pressure gradient (by definition).
Hence the Falkner-Skan Equation for the Blasius layer can be reduced to
an even simpler form (Equation 2.16, with boundary conditions defined by
Equations 2.17 & 2.18).

f ′′′ +
1
2

f f ′′+ = 0 (2.16)

η = 0, f = 0, f ′ = 0 (2.17)

η = ηe, f ′ = 1 (2.18)

The research into DBD-based LFC technology discussed in this thesis
has focused on augmenting and controlling a Blasius-type boundary layer.
Consequently, from this point onwards in the review of theory and literature,
the discussion will be restricted in scope to pertain only to the Blasius layer,
unless otherwise specified.
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Chapter 2 Boundary Layers and Laminar Flow Control

2.1.2 Boundary layer parameters of interest

A consequence of the study of the equations of motion pertaining to boundary
layers is the identification of a number of useful and convenient parame-
ters that aid in the development of Laminar Flow Control systems. Four of
these parameters are introduced and discussed in this section. More detailed
discussions of the four can also be found in numerous texts on fluid mechan-
ics, including Cebeci and Cousteix (1999), Drazin (2002), Schlichting (1933),
Bertin (2002), White (1974).

The boundary layer thickness (δ) is the distance from the wall of the body
to the closest location where the velocity of the flow is equal to that of the
freestream. In laminar boundary layer analysis, the boundary layer thickness
is taken as the point where the local boundary layer velocity is equal to
99% of the value in the adjacent freestream velocity, ue. The thickness of
the boundary layer increases as the layer develops downstream. Laminar
boundary layers are characteristically thinner than turbulent ones.

The thickness of a boundary layer can be difficult to discern experimen-
tally and analytically. An alternative measurement which is more easily
determined is the displacement thickness (δ�) as defined in Equation 2.19.
The displacement thickness represents the distance by which the external
streamlines of the flow are displaced due to the presence and formation of
the boundary layer. Similar to the boundary layer thickness, streamlines are
displaced further by a turbulent layer and hence turbulent layers have higher
displacement thickness values. In addition, the displacement thickness of a
destabilised and transitional boundary layer is known to fluctuate, allowing
displacement thickness to be used to assess the characteristics and stability
of a boundary layer (Howe 1981).

δ� =
∫ ∞

0

(
1 − u

ue

)
dy (2.19)

The presence of the boundary layer also creates a momentum deficit in
the flow. This deficit can be equated to an equivalent layer of fluid with a
uniform flow velocity equal to the local freestream velocity. The height of this
volume of fluid is called the momentum thickness, θ (defined in Equation
2.20). Again, like the boundary layer thickness and displacement thickness,
laminar layers have smaller values of momentum thickness compared with
turbulent boundary layers.

θ =
∫ ∞

0

u
ue

(
1 − u

ue

)
dy (2.20)

14



2.2 Hydrodynamic stability & transition

The ratio of displacement thickness to momentum thickness is called the
shape factor (H) of the flow (Equation 2.21) and is of great significance in clas-
sifying boundary layer flows and predicting boundary layer transition. The
value of the ratio differs for laminar and turbulent layers, flows experiencing
adverse and favourable pressure gradients, and boundary layers controlled
with suction. The shape factor for Blasius flow is constant and equal to 2.59.
Laminar boundary layers typically have shape factor values between 2.0 and
4.0. The lower limit of this range corresponds to a boundary layer controlled
with uniform suction, and the upper value corresponds to separated flow
(White 1974). Study of the flat plate boundary layer in a favourable pressure
gradient reveals that the shape factor of the flow will be between 2.0 and
2.59, and between 2.59 and 4.0 when exposed to an adverse pressure gradient
(Cebeci and Cousteix 1999). Laminar boundary layers manipulated by some
form of control can attain shape factor values between 1.6 and 2.0 (Ogata
and Fujita 2009), but a sudden reduction in shape factor is suggestive of the
development of a turbulent boundary layer, with fully developed turbulent
boundary layers on flat plates having a nominal value of 1.4 (Schlichting
1955, Grundmann and Tropea 2007b), but typically varying between 1.4 and
1.6 (Grundmann and Tropea 2007b). Hence, assessment of the shape factor
provides a convenient way to determine the effectiveness of LFC systems on
delaying boundary layer transition.

H =
δ�

θ
(2.21)

2.2 Hydrodynamic stability & transition

The evolution of a boundary layer flow from laminar to turbulent flow is
known as boundary layer transition. Boundary layer transition is a complex
process, consisting of numerous simultaneous events involving the growth
and propagation of velocity disturbances throughout the layer. These dis-
turbances are the result of external forces that perturb the flow, including
surface irregularities and freestream turbulence. The process by which these
disturbances enter the layer is known as receptivity. This is a separate area
of boundary layer study to LFC and a comprehensive review of the subject
is provided by Saric et al. (2002). In the context of the present research the
process of receptivity is responsible for allowing disturbances to enter a
boundary layer. If the conditions of the boundary layer are favourable to the
disturbance, the associated velocity fluctuation will begin to amplify, leading
to transition at some streamwise location along the surface of the body.
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Chapter 2 Boundary Layers and Laminar Flow Control

The growth of the disturbances depend on the type, the magnitude, the
mechanism through which they enter the flow, and the conditions of the
boundary layer itself. Consequently, as discussed by Morkovin (1988) and
Saric et al. (2002), a boundary layer may follow one of many different paths
on its way to becoming fully turbulent, as shown on the transition road map
(Figure 2.2). In flows over aircraft wings and fuselages that are or are very
nearly two-dimensional flows, the transition process often begins with the
inception of primary modes (Thomas 1985, Saric et al. 2002). These primary
mode instabilities are, in essence, two dimensional wave fronts that grow in
an approximately linear fashion and the transition process involving these
primary modes occurs over a comparatively large streamwise distance. The
LFC technology pertaining to the undertaken research is focused on damping
the growth of these linear primary mode disturbances. Consequently, the
subsequent discussion of transition and LFC techniques in this thesis is in
reference to natural transition involving the amplification of these linear,
primary mode disturbances.

Transition involving linear disturbance amplification is often referred to
as natural transition since it can occur with no external forcing (Schlichting
1955). This type of transition is the type of transition schematically repre-
sented in the previous section (Figure 2.1). Natural transition begins with
the amplification of small disturbances at a near-linear rate. This growth
results in the development of two dimensional wave fronts, the existence
of which were first predicted by Tollmien (1929) and the nature of which
mathematically identified by Schlichting (1933). It is for this reason that the
two dimensional wave fronts are often referred to as Tollmien-Schlichting (T-S)
waves, and primary mode transition results from the ultimate breakdown of
these two dimensional flow structures into three dimensional turbulence.

The transition of a boundary layer due to the linear growth of distur-
bances within the flow is today widely accepted as a transition mechanism.
However, historically this was not always the case. Schlichting (1933) had
provided mathematical support to Tollmien’s early work into boundary layer
transition, but due to a lack of experimental evidence supporting the theory,
the acceptance of the analytical results was limited (Schlichting 1955). The
reason for this was a lack of suitable wind tunnels that possessed a suffi-
ciently low level of turbulence and large enough test section required to
observe the growth of the predicted disturbances. It was not until over two
decades after the first prediction of these primary modes that experimental
technology allowed the acquisition of results supporting the theory. The
experiments were performed by Schubauer and Skramstad (1950) and are
noteworthy, amongst other things, for the extremely low levels of turbulence
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Secondary
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Figure 2.2: The road map from receptivity to transition (adapted from Saric
et al. 2002).

that the researchers achieved in their investigations. Using a total of six flow
screens in the settling chamber of a closed circuit wind tunnel at the National
Bureau of Standards, turbulence levels of the order of 0.01% were attained by
the researchers. This allowed the researchers to observe the natural transi-
tion process and observe the predicted linear growth of the primary mode
disturbances.

Boundary layers transition from laminar to turbulent flow due to the
growth of disturbances. It has been discussed how these disturbances can
enter the flow, but the question of where these disturbances begin to grow
and bring about transition still remains. The answer to this question is not
trivial, and very difficult to ascertain due to the nature of the receptivity
process and individual circumstances pertaining to each flow. To provide
assistance in identifying the point of transition, the hydrodynamic stability
of the flow can be studied. The hydrodynamic stability of the flow allows the
spatial and temporal amplification of disturbances of different frequencies
and wavelengths to be determined. This information can subsequently be
used to provide approximate locations of transition, areas of concern for
transition, as well as insights into ways to delay the transition process. The
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Chapter 2 Boundary Layers and Laminar Flow Control

details of the hydrodynamic stability (or simply stability) of the flow can be
obtained by investigating the Navier-Stokes equation using Linear Stability
Theory.

2.2.1 Linear Stability Theory & Analysis

By considering the governing equations of the flow within the boundary
layer, the growth and behaviour of transition-inducing disturbances can be
studied. This technique allows the prediction of the natural transition process
and is referred to as Linear Stability Theory (LST). A detailed discussion of
linear stability theory, its origins, attributes and predictions can be found
in numerous texts, including Cebeci and Cousteix (1999), Drazin (2002),
Schlichting (1955). Rather than repeat these discussions, the following section
presents an introduction to the theory from which its usefulness to the
research is subsequently derived. In line with the scope of the research, the
theory and discussion presented are restricted to two-dimensional boundary
layer flows.

Linear Stability Theory essentially involves the calculation of stability
limits for the transition-inducing velocity fluctuations associated with pri-
mary mode disturbances. LST models each disturbance as periodic in both
space and time and allows the onset of amplification for each disturbance
(also referred to as the point of marginal stability for each disturbance) to be
determined. By determining this point of marginal stability for a spectrum
of disturbances it is thus possible to identify the disturbance frequencies
and wavelengths to which the flow is susceptible, as well as the location
within the boundary layer at which these disturbances become unstable.
Furthermore, LST can be used to determine the spatial and amplification
rates of the disturbances, which can subsequently be used to estimate the
location of transition onset.

2.2.1.1 Derivation of the Theory

In LST the velocity disturbance is assumed to be two dimensional and
periodic in both space and time. This assumption allows a single disturbance
to be expressed as a stream function, ψ (x, y, t) (Equation 2.22), derived from
the complex variables ω = ωr + iωi and c = ω

α = cr + ici. ωr represents the
circular frequency of the oscillation, cr the phase velocity of the disturbance,
α the spatial wavenumber of the disturbance, and the imaginary components
of the complex variables are the respective amplification factors. The function
φ (y) describes the variation of the disturbance amplitude throughout the
boundary layer.
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2.2 Hydrodynamic stability & transition

ψ (x, y, t) = φ (y) ei(αx−ωt) (2.22)

Consistent with potential flow theory, the components of the fluctuating
velocity disturbance can be obtained through the differentiation of the stream
function. Substitution of these derivatives into the governing Navier-Stokes
Equations yields a fourth order eigenvalue problem, linearised about the
velocity, u, of the base flow. This eigenvalue problem, commonly referred
to as the Orr-Sommerfeld Equation or OSE (Equation 2.23), has boundary
conditions related to the original governing equations of the boundary layer
flow (Equation 2.24 & 2.25; note that the derivatives that feature in the OSE
are with respect to y, i.e. the wall-normal direction).

(u − c)
(
φ′′ − α2φ

)− u′′φ =
−iν

α

(
φiv − 2α2φ′′ + α4φ

)
(2.23)

y = 0, φ = 0, φ′ = 0 (2.24)

y = δ, φ = 0, φ′ = 0 (2.25)

The consequence of the OSE is that the disturbances to which a flow is
susceptible are dependent on the mean velocity characteristics of the flow.
Although no analytical solution exists for the OSE, the eigenvalues of the
equation can be determined through a number of techniques. In Chapter 4 the
numerical method developed as part of this research in order to solve the OSE
is presented and discussed. By using this numerical method to determine
the frequencies and disturbances that the flow is susceptible to, it is possible
to determine the Reynolds number at which each disturbance becomes
unstable. Conversely it is possible to identify the disturbances that the flow
is susceptible to at each Reynolds number. By finding these disturbances
for every Reynolds number it is possible to construct a stability curve from
which the stability of the flow can be understood. An example of such a
curve is shown in Figure 2.3. For a given Reynolds number, any disturbance
lying outside the circumscription of the locus will be damped and any
lying within will be amplified. The consequence of this is that there exists
a critical Reynolds number (and hence chordwise position) below which
every disturbance will be damped, the so called critical Reynolds number,
Recrit. For the Blasius boundary layer, the critical Reynolds number based on
displacement thickness, Reδ�crit

is approximately 575. In terms of chordwise
position x, the critical Reynolds number is approximately 110000.
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Figure 2.3: Curve of neutral stability for a flat plate boundary layer (adapted
from Schlichting 1933).

Amongst other things, LST provides some insight into strategies for LFC.
A LFC system that can reduce the number of disturbances circumscribed by
the stability locus and/or which increases the critical Reynolds number of
the flow will improve the flow stability and a delay in the onset of natural
transition.

General criterion for instability

The derivation of Linear Stability Theory is deeply grounded in the work
of Reynolds and Lord Rayleigh undertaken in the 19th century (Schlicht-
ing 1955). Although neither was able to mathematically describe stability
phenomena sufficiently accurately, some general insights were able to be
gleaned from their undertakings. One of the most important is the general
criterion for instability that stems from the Rayleigh Stability Equation (the
RSE, Equation 2.26), itself an inviscid form of the OSE and one based on the
same assumptions.

(u − c)
(

∂2φ

∂y2 − α2φ

)
− ∂2u

∂y2 φ = 0 (2.26)

If the RSE is multiplied by its complex conjugate and integrated from y1

to y2, the resulting homogeneous equation (Equation 2.27) contains an imagi-
nary component of vital importance (Equation 2.28). Through study of the
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2.2 Hydrodynamic stability & transition

imaginary component it can be inferred that if the quantity ∂2u
∂y2 changes sign

on the interval from y1 to y2, then the flow will become unstable (Rayleigh
1880). This postulation was supported and reinforced by Fjørtoft (1950) who
proved, through modification of the original theory, that ∂2u

∂y2 (u − uS) < 0,

(where yS is a point corresponding to ∂2u
∂y2

∣∣∣
yS

= 0 and uS = u (yS)) is a nec-

essary condition required for a disturbance to become amplified. Hence the
presence of an inflection point in the velocity profile of a boundary layer is
a necessary and often sufficient requirement for boundary layer transition
(Drazin 2002). The consequence of these mathematical analyses is that any
augmentation to a boundary layer flow occurring through the use of a LFC
system must avoid the introduction of inflection points into the mean velocity
profile of the flow, or if it does introduce an inflection, this needs to decay in
space and time rather than amplify.

∫ y2

y1

[∣∣∣∣∂φ

∂y

∣∣∣∣
2

+ α2 |φ|2
]

dy +
∫ y2

y1

[(
1

u − c

)(
∂2u
∂y2

)
|φ|2

]
dy = 0 (2.27)

ci

∫ y2

y1

[(
1

u − c

)(
∂2u
∂y2

)
|φ|2

]
dy = 0 (2.28)

2.2.1.2 Predicting transition from LST results

The results of linear stability theory have been shown by some researchers
to be useful in locating the streamwise position of transition. The methods
attempt to locate the spatial distance between the point of neutral stability
and turbulent breakdown, and subsequently allows the streamwise location
from some reference point to be located. Liepmann (1945) suggested that the
turbulent breakdown occurs when the ratio of instability shear stress to the
viscous shear stress of the base flow exceeds some critical value. Using this
idea Smith and Gamberoni (1956) and Ingen (1956) proposed that breakdown
would occur when a disturbance introduced at a point of the curve on
neutral stability is amplified by a factor of encr . Smith and Gamberoni (1956),
using results of measurements from low turbulence intensity experiments,
suggest that ncr ≈ 9. This value corresponds to an amplitude amplification
of approximately 8000.

To accommodate for the effects of freestream turbulence, a correction
to the en method has been formulated by Mack (1977), who suggested that
the amplification ratio required for complete turbulent breakdown should
decrease with increasing freestream turbulence, Tu. Thus a corrected form of
the critical amplification factor is given by Equation 2.29.
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ncr = −8.43 − 2.4ln (Tu) (2.29)

An alternative to the en method is to use shape factor correlations to locate
the transition point. The method is described by Wazzen et al. (1981) and is a
shortcut based on LST and the en methodology. For a boundary layer with a
shape factor value between 2.1 and 2.8 the chordwise position of transition
(xtr) is found using Equation 2.30. This method is both computationally
efficient, requiring only mean velocity profile data, and sufficiently accurate
for quick estimates of the location of transition.

log
(

uextre9

ν

)
= −40.4557 + 64.8066H − 26.7538H2 + 3.3819H3 (2.30)

As shown in the transition road map (Figure 2.2) the process is lengthy
and can take a number of different paths, with or without primary transition
modes. Thus, more formally, transition can be thought of as the space and
time over which the flow goes from featuring disturbances beginning to
amplify, to the time when the flow is fully turbulent (Cebeci and Cousteix
1999), and hence the actual location needs to be inferred from experimental
study. However, the two prediction techniques discussed here provide a
convenient shortcut for obtaining a useful estimate of the extent of laminar
and turbulent flow within a given boundary layer.

2.2.1.3 Laminar Flow Control and augmentation of stability

There are two ways in which the stability of a fluid can be augmented.
Understanding of both stems from the physics described by the OSE. The
first is to change the mean flow characteristics of the boundary layer through
thinning and profile shaping. The second is to use wave superposition to
attenuate the linear disturbances, and impede their growth. Of the two,
the former results in augmentation of the curve of neutral stability, and
thus provides a more broadband, and potentially more robust approach
to LFC. For this reason the research discussed in this thesis developed a
LFC technique based on augmentation of the mean flow characteristics of a
boundary layer.

In this section, the effect of two common LFC techniques that augment the
mean flow characteristic are theoretically introduced. This allows an insight
into how pressure gradient augmentation and boundary layer suction can
be used to improve the stability of a flow and delay transition. In addition,
it highlights the requirements that a plasma-based LFC system will have to
meet.
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2.2 Hydrodynamic stability & transition

Effects of pressure gradient

Through clever consideration and design of an aerodynamic surface it is
possible to achieve improvements in boundary layer stability. Passive laminar
flow control can be realised by altering the pressure distribution over a body
through shape optimisation. The effect of the pressure gradient is related to
the Pohlhausen shape factor (Λ) associated with the boundary layer velocity
profile (Equation 2.31). A positive value of Λ corresponds to an accelerating
flow, with a favourable pressure gradient, and the converse is true for a
negative value of Λ. A favourable pressure gradient is found to increase the
critical Reynolds number of the flow and reduce the range of frequencies to
which the boundary layer is sensitive (Figure 2.4).

Λ =
δ2

ν

dU
dx

(2.31)

Variations in the shape of a body augments the pressure distribution and
can thus provide improvements to flow stability and transition delay. An
experimental study conducted by Cousteix and Pailhas (1979) studied the evo-
lution of transition over an airfoil. Consistent with the theory, the researchers
found that an adverse pressure gradient over the upper surface promoted
boundary layer transition. The areas with greatest pressure gradients differed
slightly from the theory due to the formation of separation bubbles and
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Figure 2.4: Curves of neutral stability for a flat plate boundary layer with
pressure gradient augmentation (adapted from Schlichting 1955).
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separation of the boundary layer, however the regions of moderate pressure
gradient agreed well with the theoretical predictions.

Pressure gradient augmentation has found much use in the design of
low Reynolds number airfoils. In the design of these airfoils, controlling the
location of transition is critical in reducing the size of the separation bubbles,
ensuring flow reattachment, minimising drag and maximising performance
(Lissaman 1983). Pressure augmentation for positioning transition has led to
many low Reynolds number designs including those developed by Selig et al.
(1989) that offer improved performance in low Reynolds number flows with-
out the high drag associated with high Reynolds number airfoils operated at
low speeds (Lissaman 1983). Although pressure shaping is not being used
to delay transition and minimise skin friction drag in low Reynolds number
airfoil design, the results of such designs do demonstrate how variation of
the pressure gradient over a body might be used in a LFC system.

Varying the pressure gradient over a boundary layer requires alteration
of the geometry of the body over which the flow is formed. Therefore, it
may not be practical to do this if certain geometrical design features take
precedence over drag minimisation. Hence it is feasible to suggest that this
may be the reason why pressure gradient augmentation for reducing skin
friction drag is yet to find extensive commercial application.

Effects of suction

The use of suction for Laminar Flow Control involves the use of a permeable
wall surface that is able to remove fluid from the boundary layer through a
wall-normal suction effect. Suction has a two-fold benefit to the maintenance
of a laminar boundary layer and subsequent reduction in drag. Firstly, suction
serves to thin a boundary layer and hence make it less likely to become
turbulent. Secondly, suction augments the velocity profile of the boundary
layer and compels it to remain laminar in regions that would otherwise be
turbulent. The result is that a boundary layer with suction possesses a higher
limit of stability and critical Reynolds number than one without (Schlichting
1955).

Boundary layer suction is conceptually interpreted as a boundary layer
in which there is a vertical component of velocity towards and through the
wall. As discussed by Schlichting (1955), if a uniform suction velocity (v0)
is applied to a flat plate boundary layer with a zero pressure gradient, it is
found that the velocity profile within the layer asymptotes towards a profile,
which is independent of location, and of constant displacement thickness
(Equation 2.32). In addition, the shape factor of the flow asymptotes to a
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constant value of 2.
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The consequence of suction on the stability of the boundary layer is highly
beneficial. As shown by Bussmann and Münz (1942) (as cited by Schlichting
1955) a boundary layer in which the velocity profile is that of the asymptotic
suction profile has a critical Reynolds number (based on displacement thick-
ness) two orders of magnitude greater than that of the base Blasius flow. In
addition, Bussmann and Münz (1942) (as cited by Schlichting 1955) approxi-
mated the velocity profiles of the boundary layer during the development
towards asymptotic suction. For various suction parameters (Equation 2.33)
the authors observed that an increasing value of the suction parameter leads
to an increase in the critical Reynolds number, and a reduction in the range of
unstable disturbances and frequencies circumscribed by the curve of neutral
stability.

ξ =

(−v0

u

)2 ux
ν

(2.33)

The use of suction hence improves flow stability and delays transition.
The effect of suction is similar to the use of a favourable pressure gradient
in as much as the boundary layer becomes thinner, with a more favourable
velocity profile. Unlike shape optimisation however, suction can be applied to
existing geometries and it can be controlled. These facets of suction improve
its usefulness and potential for LFC.

2.2.1.4 Transition delay with wave superposition

Given the linear behaviour of the two-dimensional waves, it is possible to
exploit the principle of wave superposition to delay the onset of transition.
Whilst this strictly does not augment the stability of the fluid by invoking
gross changes to the mean flow characteristics, the technique is based on
LST and for completeness is introduced here. Through LST it is possible
to identify the particular frequencies and wavelengths to which a flow is
susceptible. This information can then be used as a guide for identifying the
presence of potentially unstable disturbances in a flow. If found, the growth
can be attenuated by introducing a counter-disturbance out of phase with that
already present. This counter-disturbance will subsequently destructively
interfere with the present disturbance, thus reducing its amplitude and hence
delaying its contribution to the breakdown of laminar flow in the layer. Using
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wave superposition on appropriate disturbances throughout the entire layer
can theoretically delay transition indefinitely.

Early verification of the use of wave superposition for transition delay was
provided by Wehrmann (1965). Using a flexible wall on which a boundary
layer was formed, the velocity fluctuations associated with an artificially intro-
duced perturbation of fixed frequency were able to be damped or amplified
depending on the relative phase and amplitudes of the oscillations applied
to the wall. Later studies conducted in the 1980s and beyond have supported
this work (Milling 1981, Thomas 1983) and alternative control devices such as
heating and cooling elements (Liepmann and Nosenchuck 1982, Liepmann
et al. 1982) and acoustic arrays (Li and Gaster 2006, Opfer 2002, Sturzebecher
and Nitsche 2002, Sturzebecher and Nitsche 2003a, Sturzebecher and Nitsche
2003b, Baumann et al. 2000) have been shown to be effective in delaying
boundary layer transition.

2.3 Brief review of Laminar Flow Control systems

Research into Laminar Flow Control can be traced back to the late 1920s
and early 1930s with the work of Tollmien (1929) and Schlichting (1933)
predicting the existence of primary mode transition. A detailed review of
the subsequent research into LFC that followed is given by Joslin (1998) and
in this it becomes clear that the history of LFC research has been heavily
dependent upon the global price of oil. This is seen by the documented
resurgence in interest in LFC research that occurred during the 1970s. During
the 1970s, the aviation industry, faced with rising oil costs, searched for ways
to improve aerodynamic efficiency and reduce fuel consumption; LFC was
an obvious area of interest.

To date, LFC systems that have made it to flight trials have used suc-
tion, shape optimisation, or a combination of both, to augment the mean
velocity characteristics and hence limits of stability of a boundary layer flow
(Joslin 1998). There is a lack of discussion of flight tests using active wave
cancellation techniques and this can be attributed to the complex sensing
requirements and reliability concerns required to make them effective in
real-world scenarios. Suction systems have been found to be effective, but
complex, with the need to incorporate a reliable pumping source in the sys-
tem, as well as difficulties in manufacturing surfaces with the required slots.
Shape optimisation is less complex, but has been shown to be vulnerable to
the formation of three dimensional instabilities that cause the systems to be
ineffective without the use of some active flow control, such as suction (Joslin
1998). Hybrid Laminar Flow Control uses suction over the leading edge of a
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surface and shape optimisation over the remainder to offer a less complex
system, but one with similar performance that attained solely with suction
(Joslin 1998).

Both the Lockheed and the Douglas aircraft companies demonstrated the
potential of a suction-based LFC system during the 1980s (Fischer et al. 1983).
The two companies developed leading edge suction systems for a Lockheed
C-140 aircraft. One was placed on each side of the wing, ahead of the front
spar and both companies reported that laminar flow could be maintained
for up to 12% of the chord length of the wing (Hefner and Sabo 1987).
Subsequent simulated airline services were operated with this aircraft, and
the results were positive for the development of LFC technology. According
to Maddalon and Braslow (1990) the use of the LFC systems required no
input from the crew other than the activation of the system on board. In
addition the systems were found to be reliable, a point of utmost importance
for any innovative aviation technology.

Over the past three decades, other aircraft have been tested with suction
and hybrid LFC systems, showing the potential and effectiveness of the
technology. A recent example is the hybrid system applied to the tail fin
of an Airbus A320. According to Schrauf and Horstmann (2004), a 15%
reduction in the total drag of an A320 can be realised if the system used
on the tail fin was applied to all lifting surfaces of the aircraft. However, in
its initial form, the technology was found to be too heavy and complex to
be considered feasible for commercial application (Schrauf and Horstmann
2004). Subsequent design refinement has lead to reductions in complexity
and system weight, to levels possibly viable for commercial use (Schrauf and
Horstmann 2004), yet still to date no LFC technology is utilised commercially
in the global aviation industry. Hence further work into the development of
LFC technology is clearly required, warranted and justified.

According to Joslin (1998), LFC technology is yet to find wide acceptance
in the aviation sector as it is unclear as to what the long term technical
and economical viability of conventional LFC technology is. The future
of LFC, claims Joslin (1998), resides in novel and innovative technologies,
including synthetic jet actuators like DBD devices. It is anticipated by Joslin
(1998) that these alternative actuators may provide significant improvements
over existing technology, with less expense and complexity. As discussed
in greater detail in Chapter 3, just recently wind tunnel experiments have
shown DBD plasma devices as being capable of delaying boundary layer
transition (Grundmann and Tropea 2007a, Grundmann and Tropea 2007b,
Grundmann and Tropea 2009). With no moving parts and proven capability,
DBD actuators may prove to be the future LFC system foretold by Joslin
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(1998), providing of course enough resources are allocated to thoroughly
research the capabilities of this innovative technology.

2.4 Summary

In this chapter the fundamentals of boundary layer theory have been intro-
duced, allowing an understanding of Laminar Flow Control and its objectives
to be attained. All LFC systems aim to improve the hydrodynamic stability
of a flow, thus attenuating the growth of transition-inducing disturbances
and hence delaying the onset of turbulent flow.

By studying the equations of motion that describe the behaviour and
hydrodynamic stability of the fluid within a boundary layer, the discussion
within this chapter has shown how the robustness of a boundary layer to
transition can be augmented through shape optimisation, suction and wave
superposition techniques. However, as demonstrated in the literature, the
weight and complexity of current LFC systems, particularly those incorporat-
ing wave superposition techniques, has meant that LFC technology is yet to
be widely utilised in the aviation industry. Consequently, there exists signif-
icant room for the development of simpler, more robust and cost-effective
systems incorporating DBD plasma, and the research discussed in this thesis
aims to do this by contributing to the development of DBD-based technology
to control the flow within a laminar boundary layer.
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Having introduced the concept of Dielectric Barrier Discharge plasma-based
Laminar Flow Control in the preceding chapter, a review of DBD plasma
flow control is presented in this chapter. The review includes a discussion of
the fundamental performance of DBD actuators, the parameters that affect
the jetting characteristics that such devices produce, and how DBD actuators
have to date been used for augmenting and controlling boundary layer flows.
Particular attention is given to identification of mechanisms through which
the jetting characteristics of DBD actuators can be controlled so as to allow
the formulation of feasible tuning strategies for the DBD-based LFC system
that was to be developed. The chapter concludes with a summary of the
research objectives of this work, and the identified novel actuator designs
and tuning strategies discussed in detail in Gibson et al. (2009b).

3.1 DBD plasma: an alternative flow control device

Dielectric Barrier Discharge (DBD) actuators have gained significant interest
amongst researchers in recent years for use as flow augmentation devices.
Unlike flow control techniques such as suction, which were being experimen-
tally trialled in the 1950s (Joslin 1998), the first experimental demonstrations
of a DBD actuator augmenting a boundary layer flow at low speeds oc-
curred only 13 years ago (Roth et al. 1998). Through the production of a
small, self-sustaining volume of surface plasma, using electrodes operated
at high voltages, DBD devices are able to couple with and contribute to the
momentum of a surrounding fluid. The momentum addition arises from
the development of an electrostatic force, associated with the movement of
charged particles within the developed plasma, which interacts with the
dipoles of the surrounding fluid molecules and results in a localised jetting
phenomenon (Roth and Dai 2006, Corke et al. 2010).

A typical DBD actuator features two electrodes, connected to a high
voltage Alternating Current (AC) power source, and separated by a dielectric
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surface, which together are capable of inducing a fluid flow in the vicinity
of the plasma (Figure 3.1). Providing that the amplitude of the electric field
established between the electrodes is greater than the plasma breakdown
field strength (Eb, defined as the value that allows electron-ion pairs to be
established in the isolated gas) then a self sustaining plasma will be formed
between the electrodes (Corke et al. 2010). Once established, the electric
field strength required to sustain the discharge diminishes to Es, which,
like the breakdown field strength, is a function of the operating conditions
of the plasma (Corke et al. 2010). In environments at or near atmospheric
pressure, DBD plasma formation requires lower peak field strengths than
equivalent Direct Current (DC) plasma formation techniques such as corona
discharge. Consequently DBD plasma technology can potentially be more
reliable and more energy efficient than DC systems, making them more ideal
for real-world usage (Corke et al. 2010).

Associated with the electric field developed by the plasma discharge is a
net electrostatic body force. This body force can be used to couple with the
molecular structure of weakly ionized and weakly polarised gases such as
air, and it is this body force which can be utilised for flow control. At the
same time, the technique of plasma formation is limited in its usefulness
for controlling conducting fluids such as water. The developed body force
gives rise to a jetting effect without the addition of mass. For this reason,
DBD actuators can be referred as synthetic wall-jets (Santhanakrishan and
Jacob 2006, Santhanakrishan and Jacob 2007, Mello et al. 2007) and when
the performance of DBD wall-jets is studied, similarities with Glauert-type
wall-jets can be clearly seen, (Figure 3.2).

The plasma produced by a DBD actuator results from collisional activity
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Figure 3.1: Schematic representation of a DBD actuator and the induced flow
developed by the device.
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Figure 3.2: Comparison of DBD actuator with a Glauert wall-jet. DBD results
from the author. For the Glauert results the velocity and height are plotted in
an equivalent non-dimensional form as discussed by Glauert (1956).

involving charged particles. As discussed by many authors, during one half
of the AC cycle, electrons leave the exposed electrode and move towards
the encapsulated one, accelerated by the strong electric field between the
two. During the movement the electrons collide with the surrounding air
molecules, leading to localised ionisation and plasma formation (Roth 2001,
Font 2004, Van Dyken et al. 2004, Roth and Dai 2006, Abe et al. 2007, Forte
et al. 2007, Cho et al. 2008, Corke et al. 2010). On reaching the dielectric
surface the electrons accumulate, creating a pseudo-cathode, whilst also
making themselves available for collisional activity in the second half-cycle
(Kogelschatz et al. 1997, Enloe et al. 2004b). Once the polarity of the current
source reverses, the accumulated electrons on the dielectric discharge and
move back towards the exposed electrode, creating further ionisation. The
time scale of the process depends on the actuator and the ambient conditions,
but in air is reported to be approximately 10ns (Falkenstein and Coogan 1997).
The ionisation process is asymmetrical, with differing densities of charged
particles per half-cycle, a direct consequence of the electron accumulation
on the dielectric (Kogelschatz et al. 1997, Enloe et al. 2004b). Consequently
the body force produced by the plasma differs between each half-cycle. For
many years this asymmetric ionisation cycle created much debate amongst
researchers as to the direction of the body force during each half-cycle. Some
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researchers who attempted to model the developed plasma suggested that the
direction of the body force changed between half-cycles, but when averaged
over a complete cycle was directed towards the encapsulated electrode (Font
2004, Font and Morgan 2005). This gave rise to the so called PUSH-pull
force production mechanism, where the capitalisation indicates the relative
magnitudes of the forces (Corke et al. 2010). Experimental evidence, however,
does not support this, with numerous experiments conducted in quiescent
air suggesting a PUSH-push force production mechanism in which a force
directed towards the encapsulated electrode is developed in each half cycle
(Forte et al. 2006, Enloe et al. 2009). This is supported by the numerical
modelling of the plasma conducted by Orlov (2006) and Orlov et al. (2006),
and hence it is now accepted that DBD actuators contribute to the momentum
of a fluid in both half-cycles of the discharge (Corke et al. 2010).

An important property of the plasma is the temperature at which it is
formed. In a DBD actuator the plasma is developed in non-thermal equilib-
rium and the associated electrical energy couples into the surrounding gas
to form energetic particles. This consequently allows the gas temperature to
essentially remain unchanged (Corke et al. 2010). According to Falkenstein
and Coogan (1997) this phenomena is attributed to the ability of electrons
to accumulate on the surface of the dielectric, which inhibits thermal arcing
from occurring. Consequently the flow control effects of DBD actuators can
be attributed solely to the developed body force and not localised heating of
the fluid.

3.2 Laminar Flow Control with DBD actuators

The magnitude of the force developed by a DBD actuator is far from large.
Even though DBD actuators produce very little in the way of brute force,
the fact that the actuator is capable of having a dramatic influence on a
surrounding region of fluid makes these devices suitable candidates for
laminar flow control systems.

Present DBD technology is limited to providing actuation forces of the
order of 0.020N/m (Baughn et al. 2006, Thomas et al. 2009), which is by no
means large. It is for this reason that much attention has been given to utilis-
ing these devices for low Reynolds number and laminar flow applications
where the magnitude of the force becomes relatively more significant and
effective. An example of the effectiveness was observed in the work of Corke
et al. (2002). Using a single DBD actuator placed at a normalised chordwise
position ( x

C ) equal to 0.72, these authors were able to achieve an increase
in the lift coefficient of a NACA 0009 airfoil of approximately 0.050 , at a

32



3.2 Laminar Flow Control with DBD actuators

Reynolds number based on chord length of 18000, for all angles of attack
measured (Figure 3.3). These results corroborate well with other reported
improvements in low Reynolds number airfoil performance brought about by
the use of DBD actuators (Post and Corke 2003, Gaitonde et al. 2006, Munska
and McLaughlin 2006, Rizzetta and Visbal 2011).

For use as a Laminar Flow Control device, the DBD actuators need to
be capable of favourably augmenting the laminar component of a boundary
layer. One of the first experiments that measured the effect of a DBD device
on a boundary layer flow was that performed by Roth et al. (2000), who used
an array of 26 DBD actuators placed in series and measured the response
of the layer to these actuators at a chordwise Reynolds number of 40000.
Two tests were performed, one with the electrodes arranged in a streamwise
fashion, the other with the electrodes placed in a spanwise fashion. These
experiment were some of the first physical demonstrations of DBD flow
augmentation and as such the actuators were not designed to favourably
augment the flow. The results showed that significant augmentation of the
flow occurred with operation of the streamwise arranged array, with severe
inflections in the measured velocity profile (Figure 3.4). In addition smoke
visualisation revealed the development of longitudinal vortices, consistent
with the promotion of transition. For the spanwise case, less dramatic flow
augmentation was observed, but inflections were still introduced into the

Figure 3.3: Effect of DBD plasma on the lift coefficient of a NACA 0009 airfoil,
ReC = 18000, (adapted from Corke et al. 2002).
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velocity profile and both sets of results suggested that the DBD actuators
were useful for promoting boundary layer transition, irrespective of the
arrangement of the electrodes.

The response of a flat plate boundary layer to the presence of a single
Dielectric Barrier Discharge actuator was the focus of a study undertaken
by Jacob et al. (2004). With the actuator electrodes arranged in a spanwise
fashion, the velocity profile at a streamwise Reynolds number of 30000 was
recorded using Particle Image Velocimetry. The plasma actuator was found
to significantly accelerate the flow in the boundary layer, but in doing so
introduced a very large inflection in the flow. From this it was concluded
that DBD actuators have a noticeable effect on boundary layers, including
the ability to make the layer become unstable through the introduction of
inflections in the velocity profile, corroborating the earlier observations of
Roth et al. (2000).

Newcamp (2005) utilised a single DBD actuator with spanwise electrodes
in experimental investigations to delay boundary layer separation on the
suction side of a Pak-B-type low pressure turbine blade. Velocity profile
measurements were taken 7.1mm downstream of the exposed electrode at

Figure 3.4: Effect of actuator electrode orientation on boundary layer velocity
profiles, Rex = 40000 (adapted from Roth et al. 2000). Note that the profiles
are plotted using dimensionless coordinates.
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various Reynolds numbers, with the actuator operated at various power
levels. The actuators were found to significantly augment the boundary
layer profile at all Reynolds numbers investigated. For the low Reynolds
number case (Rex = 40000) the augmentation was found to introduce vortex
structures leading to boundary layer destabilisation for all actuator powers
tested (Figure 3.5). Whilst this may be beneficial for delaying boundary
layer separation, it is not so useful for LFC system design. However the
augmentation was found to be dependent on the power of the actuator and
this suggests that varying actuator power can be used as a tuning mechanism
for a DBD-based LFC system.

In addition to actuator power, Baughn et al. (2006) showed that the
response of a flat plate boundary layer to a DBD actuator is dependent on the
frequency at which the actuator is operated. Measuring the velocity profiles
of the boundary layer at chordwise Reynolds numbers between 95000 and
140000, it was found that the response of the boundary layer was more
dramatic for higher applied actuator frequencies. Of interest to LFC-system
design was that an actuator operated at a fixed applied voltage was able to
augment the boundary layer in a seemingly stable fashion when operated
with a lower frequency for both flow speeds measured (Figure 3.6). However,
the investigation of Baughn et al. (2006) was conducted at a Reynolds number

Figure 3.5: DBD actuator influence on a low Reynolds number boundary
layer developed over the suction side of a Pak-B-type low pressure turbine
blade, Rex = 40000 (adapted from Newcamp 2005).
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close to the critical value for Blasius flow, and analysis of the published
velocity data suggests that the flow was not completely laminar throughout
the investigation region. Hence the results of Baughn et al. (2006) suggest
a mechanism through which tuning of a DBD-based LFC system could
potentially be achieved, but future work focused on comparing the results of
Baughn et al. (2006) with a similar study conducted on a completely laminar
flow would be beneficial to LFC system design.

Although the literature discussed so far was not pertaining specifically
to DBD-based LFC design, it does highlight why minimal details of such
technology exist in the literature. The destabilising effects of DBD actuators
on the velocity profiles of the flows observed in most experimental investi-
gations discussed explain why Johnson and Scott (2001) reported that the
use of DBD actuators led to disturbance amplification in boundary layer
flows, concluding, like Porter et al. (2007), that DBD actuators can be used
as effective boundary layer tripping devices. A subsequent experimental
study undertaken by Magnier et al. (2009) corroborated these reports. The
investigation measured the response of a flat plate boundary layer to DBD
devices placed at four different chordwise locations, at freestream speeds
between 15m/s and 22m/s. Magnier et al. (2009) reported that the synthetic

(b) U∞ = 6.8m/s

Figure 3.6: DBD actuator influence on a flat plate boundary layer with
different applied frequencies, at a constant applied voltage Vapp = 15.5kVpp
(adapted from Baughn et al. 2006).

36

  
                          NOTE:   
   This figure is included on page 36  
 of the print copy of the thesis held in  
   the University of Adelaide Library.



3.2 Laminar Flow Control with DBD actuators

jets of the DBD actuators promoted transition in the boundary layer, moving
the point of transition to a position just aft of the actuator being operated.
Interestingly however is that Magnier et al. (2009) showed that by increasing
the voltage of the actuators augmentation of the resultant turbulent layer
could be achieved, and this may be useful for delaying the onset of fully
turbulent flow if and when transition does occur.

The adverse effects on flow stability discussed in the three reports of
Johnson and Scott (2001), Porter et al. (2007), and Magnier et al. (2009)
suggest why comparatively more and diverse research has been undertaken
into boundary layer separation control. An example of such work is that of
Balcer et al. (2006) in which the authors showed how DBD actuators could
successfully couple with boundary layer flows so as the effect could be used
to re-attach a separated boundary layer on a flat plate. Balcer et al. (2006)
reported that the success of the re-attachment was dependent upon the power
of the actuators used, suggesting that tuning of the system was required so
as to achieve desired results. A subsequent numerical study conducted by
Mello et al. (2007) investigated the effect of a zero-net mass flux synthetic
jet actuators on a flat plate boundary layer and the flow over a hypothetical
airfoil. The results corroborated with those obtained by Balcer et al. (2006),
revealing that the use of these synthetic jets, of which DBD actuators are a
type, lead to dramatic increases in shear near the surface of the wall. In some
cases studied, the shear was found to increase by up 100%. As discussed in
the results the dramatic increases in shear at the wall lead to the introduction
of destabilising velocity profile inflections, directing the authors to conclude
that the jets were adverse for controlling transition, but potentially beneficial
for controlling boundary layer separation, as was demonstrated by Post and
Corke (2003), Newcamp (2005), and Balcer et al. (2006).

It is only in rather recent times that favourable benefits to the stability of a
boundary layer have been attained through the use of DBD actuators. The first
such study in which DBD actuators were used to successfully improve the
stability of a flat plate boundary layer to an artificially introduced disturbance
was conducted by Grundmann and Tropea (2007b). The authors utilised a
single DBD actuator, operated in a pulsed fashion, to perturb a flat plate
boundary layer by introducing a Tollmien-Schlichting instability into the
flow. A curved wall above the flat plate was used to generate an adverse
pressure gradient over the plate, which amplified the instability, leading
to transition occurring within the confines of the experimental test section.
Downstream of the disturbance actuator, two more DBD actuators, placed in
series and operated in a steady mode, were used to damp the growth of the
disturbance and achieve a 15% increase in the extent of the laminar region.
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The reported increased delay in transition was supported by measurements
of the boundary layer velocity profile throughout the experiment region
in addition to measurements of the turbulence intensity within the layer
downstream of the third actuator. For a location 130mm downstream of the
third actuator, the velocity profile after disturbance attenuation was shown
to reduce in thickness, and return to a profile very similar to the theoretical
(and desirable) Blasius solution. In addition, the turbulence intensity was also
significantly reduced throughout the layer and both of these observations
support the notion of laminar boundary layer maintenance. Further support
was revealed through comparison of the boundary layer shape factors before
and after attenuation. As was seen in the evolution of the shape factor with
and without plasma control (Figure 3.7, the sharp drop in shape factor
(indicative of the onset of a turbulent boundary layer i.e. transition) occurred
at x = 800mm for the controlled flow, occurring approximately 150mm later
than that reported for the uncontrolled case.

The positive experimental results obtained by Grundmann and Tropea
(2007b) themselves did not manifest without significant work, trial and error.
As discussed by Kriegseis et al. (2009) successful DBD-based transition delay
is strongly dependent on shape and size of the electrode of the actuator. Using
Proper-Orthogonal-Decomposition Particle Image Velocimetry Kriegseis et
al. (2009) investigated the response of a boundary layer to actuators with
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Figure 3.7: Evolution of shape factor with and without plasma (adapted from
Grundmann and Tropea 2007b).
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various values of electrode size ratio (Equation 3.1). The results showed
that the position of maximum induced velocity and the topology of the
augmented boundary layer could be controlled through variation of the
electrode size ratio. Based on the results of the study, the authors suggest
that an electrode size ratio of 0.25 should be used for the design of a LFC
with conventional actuators, as other ratio values tend to destabilise the flow.
In the context of DBD-based LFC design, these conclusions are significant as
they represent the first attempts made by researchers to identify and design
actuators specifically for LFC purposes.

χ� =
Lexposed

Lencapsulated
(3.1)

In light of the positive results of Grundmann and Tropea (2007b) a signif-
icant amount of numerical and analytical work has been done in regards to
DBD-based LFC system design. Since the vertical component of the induced
velocity developed by a DBD actuator is small, with a magnitude less than
1% of the boundary layer edge velocity, the underlying assumptions of lami-
nar boundary layer flow still pertain to DBD-augmented flows (Duchmann
et al. 2010). Using this knowledge and numerical investigations undertaken
by Quadros (2009), and Quadros et al. (2009) (as cited by Duchmann et al.
2010) into a DBD-augmented boundary layer flow, Duchmann et al. (2010)
conducted a Linear Stability Analysis on a flat plate boundary layer within
the vicinity of the experimental investigations of Grundmann and Tropea
(2007b). The combined results of Quadros (2009), Quadros et al. (2009), and
Duchmann et al. (2010) corroborated with the measurements of Grundmann
and Tropea (2007b), showing that the use of the DBD actuators slightly re-
duces the displacement thickness of the boundary layer in the region of
marginal stability of the base flow, which, in conjunction with the velocity
profile augmentation, results in a increased limit of stability for the controlled
boundary layer.

A subsequent study performed by Grundmann and Tropea (2007a) utilised
a DBD actuator to attenuate Tollmien-Schlichting instabilities of a particular
frequency. Using a very similar experimental setup as that used for the other
study conducted by Grundmann and Tropea (2007b), a single downstream
control actuator was used in a pulsed fashion to attenuate an instability
of known frequency introduced upstream by a vibrating ribbon. Using the
principle of wave superposition, the control actuator was operated out of
phase with the disturbance and was shown to be successful in attenuating the
growth of the disturbance as determined by measuring the Power Spectral
Density of the flow before and after control. The attenuation of the distur-
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bance (along with its harmonics and sub-harmonics) downstream of the
control device indicated that DBD actuators can be utilised for LFC based on
wave superposition, without the need to augment the mean characteristics
and hence gross stability characteristics of the flow. However, given the com-
plex feedback control required to utilise such systems in the real-world, a
simpler, passive technique using mean flow augmentation is arguably more
desirable and suggests why passive systems have historically been the subject
of more flight test programs (Joslin 1998).

A final note on the results of DBD-based LFC research to date is that
the actuators used have all been of the type with electrodes laid in the
spanwise direction. As discussed by Roth et al. (2000), spanwise electrodes
have a less dramatic augmentation effect on a boundary layer than equivalent
streamwise devices, indicating that the positive DBD-based LFC arises from
finesse, rather than brute force.

The collective efforts of Grundmann and Tropea (2007a), Grundmann and
Tropea (2007b), Quadros (2009), and Duchmann et al. (2010) have shown the
potential for DBD actuators to be used for LFC. With a subsequent publication
reviewing and confirming the positive experimental results of DBD-based
LFC (see Grundmann and Tropea 2009) it is now possible to conceive a future
that includes plasma-based Laminar Flow Control technology. However, as
is evident in the literature, the lack of numerous and diverse results of
successful DBD-based LFC highlights the need for further work in the area.
A large amount of failure in the realisation of favourable boundary layer
augmentation can be attributed to poor actuator operation and design. The
jetting characteristics of a typical actuator dramatically increase the velocity
of the layer close to the wall. This velocity increase and the associated rise in
fluid shearing at the surface brings about inflections in the velocity profile
that manifest into flow destabilisation. Possessing the ability to augment the
jetting characteristics of the plasma so as to mitigate this is highly desirable,
and techniques discussed thus far include using electrode size ratio, actuator
power and applied frequency. Identifying additional tuning techniques will
be most beneficial for developing DBD-based LFC and this should include
searching for alternative and novel plasma actuators in addition to the
conventional type (schematically represented in Figure 3.1) that have been
used exclusively in such research to date.

3.3 Actuator tuning mechanisms for LFC

To implement DBD actuators into a LFC system and successfully achieve
an improvement to the stability of a flow, the device must do so whilst
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avoiding satisfying the general criterion for instability. As discussed in the
literature, DBD devices are very capable of coupling with and augmenting the
momentum of a boundary layer, but generally do so in a way that destabilises
the flow. There have been very few demonstrations of successful DBD-based
LFC, and this can be attributed to the induced wall-jetting effect introducing
destabilising inflections in the velocity profile of the flow. Therefore, the
ability to control the magnitude and position of the maximum jetting velocity
of the synthetic jet is desirable for it would provide a mechanism through
which the DBD system can be tuned so as to manipulate the flow in a
stable fashion. It has been shown in this discussion of the literature that
electrode size ratio, applied frequency and actuator power can be used to
tune the response of a boundary layer. In this section, other possible tuning
mechanisms are discussed.

Numerous geometric and electrical parameters dictate the jetting perfor-
mance of a DBD device. These parameters include, applied voltage, applied
frequency, electrode material, electrode width, electrode size ratio, dielectric
material, dielectric thickness and application. Numerous studies have sought
to optimise DBD actuators by measuring the jetting performance obtained
from variations in various parameters (Abe et al. 2007, Cho et al. 2008, Forte
et al. 2007, Roth and Dai 2006, Van Dyken et al. 2004). However, the large
number of variables influencing actuator performance, the coupled nature
between the geometrical and electrical parameters of the device, as well as the
intended application for the plasma actuator, make it difficult to identify the
optimal arrangement a device should posses. An example of the complicated
parameter coupling can be seen by comparing maximum jetting velocity
(umax) measurements recorded for similar actuators operated with varied
applied voltages and frequencies obtained from the work of Forte et al. (2007)
(Figure 3.8). Using maximum jetting velocity as the optimisation objective the
results show that no unique solution exists. These results are consistent with
trends shown in an earlier parametric investigation conducted by Roth and
Dai (2006). Of interest, however, is the increase in maximum jetting velocity
with increasing applied frequency (Figure 3.8b). As described by Orlov (2006),
the extent of the plasma region does not change with variations in applied
voltage, hence meaning that the plasma propagation velocity must increase
as a result of the diminished half-cycle times. This has a direct consequence
on the thrust produced by the actuator (Thomas et al. 2009) and the maxi-
mum induced jetting velocity, umax. As discussed by Corke et al. (2010), the
result of this frequency dependency is that there exists an optimal applied
frequency for each actuator (although this is non-trivial to find and is beyond
the scope of this research), which manifests into a maximum value of umax,

41



Chapter 3 Literature Review

as a function of applied frequency, for a given applied voltage (Figure 3.9,
Roth and Dai 2006).

The study of Baughn et al. (2006) reinforced the notion of frequency-based
actuator tuning. In this study, the authors showed that, at a given applied
power, both the magnitude and location of the maximum induced jetting
velocity of an actuator could be controlled through variation of the applied
frequency (Figure 3.10). These results reinforced what was found in the
subsequent investigation performed by Baughn et al. (2006) in which the
influence of the same actuator on a boundary layer flow was found to vary
with applied frequency, with the lower applied frequency seemingly better for
LFC (see Section 3.2, Figure 3.6). Ostensibly, variation of the magnitude and
position of the maximum induced jetting velocity augments the growth and
development characteristics of the boundary layer flow, through changes in
the local rates of shear throughout the layer (akin to the changes in boundary
layer growth arising from variations in freestream velocity). Hence it can be
concluded from the work of Baughn et al. (2006) that the applied frequency
can be used to tune the jetting profile of a DBD actuator, with a lower applied
frequency more favourable for LFC (Figure 3.6).

Other parameters that are known to affect the maximum jetting velocity
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Figure 3.8: Effect of electrical operating parameters on maximum induced
velocity (adapted from Forte et al. 2007).

42



3.3 Actuator tuning mechanisms for LFC

Figure 3.9: Effect of applied frequency on maximum induced velocity
(adapted from Roth and Dai 2006).

Figure 3.10: Velocity profiles for a DBD actuator operated at a constant power
(37.5W), at various applied frequencies (adapted from Baughn et al. 2006).
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include the chordwise separation between electrodes, electrode arrangement,
and the dielectric material used (Abe et al. 2007, Cho et al. 2008, Forte et al.
2007, Hoskinson 2009b, Roth and Dai 2006, Van Dyken et al. 2004, Corke
et al. 2010). In addition, Hoskinson et al. (2008), Hoskinson (2009a), and
Hoskinson (2009b) showed experimentally and analytically that the exposed
electrode diameter has a significant effect on the body force produced by
an actuator. Using circular electrodes, the authors showed that the net force
increases as the diameter of the wire decreases, independent of actuator
applied voltage and electrode material. Analytically, they also showed a
similar trend with material thickness of rectangular electrodes (Hoskinson
2009b). Whilst it is valuable to know how to control the maximum jetting
velocity (and body force), in the context of the present LFC research work, it
is more useful to understand how to control the profile of the wall jet and the
location of the maximum jetting velocity so as to ensure the general criterion
for instability is not satisfied (something not discussed by Hoskinson et al.
2008, Hoskinson 2009a, Hoskinson 2009b). Moreover, this control should
be easily implemented to allow for easy LFC system tuning. Thus a more
useful observation from the literature is that observed in the measurements
of (Roth and Dai 2006). Through variation of applied voltage, the authors
of this study found that both the magnitude and location of the maximum
jetting velocity could be controlled, through the same mechanism exploited
by applied frequency. For both an actuator with a TeflonTM dielectric surface
(Figure 3.11a) and a quartz dielectric (Figure 3.11b) an increase in applied
voltage led to an induced jetting velocity that had an increased maximum
jetting velocity at a location closer to the surface of the devices. In the interest
of reducing the developed shear stress at the wall, so as to minimise the risk
of inducing inflections in the velocity profile, the results of Roth and Dai
(2006) suggest that an actuator operated at a lower applied voltage may be
better suited for a LFC system.

Thus far it has been identified that the electrode size ratio, applied voltage,
frequency and power of the actuator can be used as tuning mechanisms for
DBD actuators. A further tuning parameter is identified by considering the
properties of the electrical field established within the actuator. A simple
linear model of the electric field established between the electrodes of a DBD
actuator is described by Shyy et al. (2002). It assumes that the electric field
decreases linearly downstream of the exposed electrode. Although this linear
behaviour is inconsistent with the experimental results that show that the
electric field decays exponentially (Enloe et al. 2004a, Orlov 2006, Orlov et al.
2006), the model is sufficient for giving a conceptual understanding about
how the geometry of a DBD actuator can be used to augment the developed
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(b) Quartz dielectric

Figure 3.11: Velocity profiles of a DBD actuator for various applied voltages
(adapted from Roth and Dai 2006).

plasma region. It is this conceptual understanding that is of value to the
tuning of a DBD-based LFC system.

Shyy et al. (2002) assumed that the developed plasma region can be con-
sidered as a simplified, two dimensional region varying linearly in strength
in both the direction parallel to the surface (the x-direction) and in the y-
direction normal to the wall (Figure 3.12). The plasma extends from the point
of maximum electric field strength (E0), assumed to be on the surface of the
dielectric at the trailing edge of the exposed electrode, to the point where
the field strength diminishes to the plasma breakdown value Eb. The extent
of the plasma in both the x and y directions is defined by dimensions a
and b respectively, with the rates of electric field decay in these directions
given by Equation 3.2 & 3.3 respectively. By assuming that the peak electric
field strength is a function of the applied voltage and separation between
the electrodes (Equation 3.4), then the electric field can be approximated by
Equation 3.5. In this expression, E represents the magnitude of the electric
field strength, which varies linearly according to Equation 3.6.
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Figure 3.12: The linear approximation of the electric field within a DBD
actuator adapted from the work of Shyy et al. (2002).
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The model of Shyy et al. (2002) highlights the dependency of the de-
veloped plasma region and electrostatic body force on the geometry and
positioning of the actuator electrodes. Similarly, the model developed by
Orlov (2006) and Orlov et al. (2006) highlights the dependency of the plasma
region on the geometry and arrangement of the electrodes. The method
of Orlov (2006) and Orlov et al. (2006) divides the region over the covered
electrode into N parallel sub-circuits (Figure 3.13a). Each sub-circuit consists
of an air capacitor (Can ), dielectric capacitor (Cdn ), and a resistive element
for both the forward-going and backward-going discharge cycles (R fn & Rbn

respectively). In addition, two Zener diodes for each discharge cycle (Dfn

& Dbn respectively) are included to represent the threshold voltage values
for plasma initiation (Figure 3.13b). According to the model, the electrical
properties of each sub-circuit are dependent upon the distance of each from
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the exposed electrode. Assuming that the network paths are parallel, and
that the length of each (In) scales with the position number (n), then the air
capacitance of each sub-circuit scales with 1/n, and the resistance of each
scales with n (Orlov 2006, Orlov et al. 2006, Corke et al. 2010). These assump-
tions then allow the time-varying voltage of each circuit to be found. These
voltage values provide the boundary conditions for the calculation of the
electric potential (ϕ) throughout the field, which is subsequently achieved
by solving the Poisson equation (Equation 3.7, where ε is the dielectric co-
efficient, and λD is the Debye length). Finding the potential throughout the
field can subsequently be used to find the time dependent electrostatic body
force, however this is a non-trivial task, requiring numerical techniques to
solve (Orlov 2006, Orlov et al. 2006).

∇ (ε∇ϕ) =
1

λ2
D

ϕ (3.7)

Although finding the developed body force is difficult, the technique
of Orlov (2006) and Orlov et al. (2006) highlights the dependency of the
developed body force on the geometry and arrangement of the electrodes.
This is consistent with the much simpler model of Shyy et al. (2002), in which
the geometry and positioning of the electrodes affects the developed plasma
region and body force. However, unlike the model of Shyy et al. (2002), the
method of Orlov (2006) and Orlov et al. (2006) predicts the correct scaling of
body force with actuator voltage, and it is also capable of finding the correct
direction of the resultant body force vector.

As previously discussed, the body force associated with DBD devices
arises from the developed electric field between the electrodes. Thus if the
geometry of the electric field can be augmented then the behaviour of the
plasma synthetic jet will also be altered. This is evident from the results of
Forte et al. (2007) where the maximal jetting velocity of an actuator was found
to be dependent on the horizontal separation between the electrodes (dh), and
is consistent with the body force models of Shyy et al. (2002), Orlov (2006)
and Orlov et al. (2006). But what effect would variation in the vertical extent
of the plasma have on the synthetic jet? The destabilisation of boundary layer
flows observed in the literature were attributed to the dramatic increases
in fluid velocity and shear close to the surface brought about by the use
of typical actuators. If the extent of the field in the wall-normal direction
could be altered, manipulated and controlled, then it is hypothesised that
the magnitude and position of the maximum jetting velocity could be con-
trolled and tuned to provide favourable flow augmentation. This could be
achieved by varying the extent to which the exposed electrode sits proud
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Figure 3.13: Space-time lumped-element circuit model for a single-dielectric
barrier discharge plasma actuator as discussed by Orlov (2006) and Orlov et
al. (2006). The concept is schematically represented in (a) and the equivalent
circuit diagram is shown in (b).
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above the surface of the dielectric. However no discussion directly pertaining
to this variation in electrode exposure height was found in the literature, sug-
gesting that experimental works looking into DBD actuator tuning through
variation of this geometric parameter should be undertaken. In addition to
the electrode size ratio (Equation 3.1) and previously discussed electrical
operation parameters, an additional geometric tuning mechanism based on
variations in electrode exposure height would be of tremendous benefit to
the development of plasma-based LFC technology.

3.4 Consolidation of literature & research objectives

The field of Dielectric Barrier Discharge flow control is a relatively recent
area of aerodynamic research. Unlike techniques such as suction that have
been researched for over 50 years, it is only in the last decade that significant
research has been undertaken into developing DBD technology for flow
control purposes. It is for this reason that the development of DBD-based
LFC has only just begun, with demonstration of successful DBD-based LFC
occurring in only the latter half of the past decade.

As discussed, DBD actuators can be successfully used to augment the
behaviour of a boundary layer. However achieving the augmentation in
such a way as to avoid destabilisation of the flow has been achieved in
only a few experimental works. Even in these experimental works, much
trial and error was required to obtain a delay in boundary layer transition.
Couple this fact with the lack of global research specifically focusing on the
development of DBD-based LFC, and it becomes clear as to why DBD-based
LFC technology is not currently being utilised in real-world flight trials.
For this reason, investigating methodologies and technology utilising DBD
actuators is warranted, justified and recommended. This is the fundamental
reason for undertaking the research discussed in this thesis; to provide
additional resources and information pertaining to the development and
furthering of DBD-based LFC technology, through the development and
testing of alternative LFC systems.

The developed DBD technology utilised for LFC has to date utilised
actuators with a conventional geometric arrangement. Restricting research
to these arrangements could easily result in an oversight of more beneficial
designs. Hence it was decided that novel actuator designs would be conceived,
developed and investigated as part of this research. This novel actuator was
to be such that it could provide the opportunities for performance tuning
based on changes to the geometry of the electrodes. As highlighted in the
literature review, being able to manipulate the vertical extent of the plasma
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region would provide a mechanism to control the position of the maximum
velocity of the synthetic jet. Without previous results on which to base this
tuning on, it was identified that augmentation could be achieved through
variation of the height to which the exposed electrode sits proud above the
dielectric surface. Consequently, as part of this research, these novel actuators
needed to be studied and developed in a quiescent environment before
implementation in the LFC system, and this investigation is discussed in
Chapter 5.

DBD actuators were found, from the literature, to be capable of aug-
menting the mean flow characteristics of a boundary layer so as to delay
the onset of transition. In addition, DBD devices were found to be capable
of attenuating disturbances of particular frequencies using the principle of
wave superposition. However, as discussed, the use of this principle for LFC
requires complex sensing and feedback control, which makes such systems
difficult to realise in the real-world. Hence, from the review of the literature,
it was concluded that the research described in this thesis would be focused
on LFC through mean flow augmentation only.

In the review of the literature it was noted that the development of the
LFC technology had used a significant amount of trial and error, which
is both timely and labour intensive. With the large amount of literature
regarding ways in which DBD actuators can augment flows it was possible to
identify combinations of actuator parameters that would be more favourable
for a LFC system. These include actuators operated with lower voltages and
lower frequencies. In addition it was noted that an electrode size ratio of
0.25 provided the best LFC performance for conventional style actuators, a
value as used by Grundmann and Tropea (2007a), Grundmann and Tropea
(2007b), Grundmann and Tropea (2009), and Kriegseis et al. (2009). It was
also discussed how these parameters, in addition to actuator power, could
be used to tune output of the actuator based on the response of the fluid.
The development of a tuning technique was therefore conceived as part of
this research, in which the performance of the LFC system to be developed
would be based on desired velocity characteristics. As Linear Stability Theory
was found to be applicable to flows augmented by plasma, LST was to be
used for identifying augmentation objectives. As discussed in Chapter 5,
the favourable characteristics were based on conceivable flow augmentation
possibilities arising from plasma actuators as found in published results of
low Reynolds number boundary layer augmentation.

The research objectives discussed here were conceived so as to contribute
to the fundamental development of DBD-based LFC technology. For this
reason the research was formulated so as to focus on the control of a laminar
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boundary layer formed over a flat plate in a Zero Pressure Gradient. Not only
had such research not been performed before, it would also provide the most
fundamental point of reference for the boundary layer augmentation. As
discussed in the proceeding chapters (Chapters 7, 8, & 9), novel DBD-based
LFC technologies have been developed and tested in the region of marginal
stability of a Blasius-type layer. The effectiveness of the technology has been
evaluated using similar techniques to those utilised in other published works,
namely measurement and study of the augmented boundary layer velocity
profiles and the evolution of the displacement thickness and shape factor
within the flow.
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Equation

The Orr-Sommerfeld Equation (OSE) is a fourth order eigenvalue problem
describing the growth of flow disturbances in space and time. The equa-
tion was introduced in Chapter 2 (Equation 2.23) with boundary conditions
represented by Equation 2.24 & 2.25. As discussed earlier, the OSE relates
properties of the mean boundary layer flow to the periodic behaviour of
the possible disturbances to identify those that will destabilize the flow and
subsequently to locate the onset of flow instability. Being able to solve the
OSE for this research was necessary so that strategies for improving the
stability of the studied boundary layers could be determined. No analyt-
ical solution exists for the OSE, and hence solving the equation requires
specialised mathematical techniques and/or sufficient computing power to
handle the iterative processes that are employed. As a result few software
packages are capable of such analysis and if they are available, then the lack
of detailed documentation requires that the user understands the underlying
mathematics to obtain useful results. Consequently an OSE solver was de-
veloped as part of this research to address these issues and hence allow the
hydrodynamic stability of the investigated flows to be analysed.

The purpose of solving the OSE is to determine the properties of the
velocity disturbances to which the flow is susceptible at all Reynolds numbers.
By determining these properties, namely the frequency and wavelength of
the disturbance, it is possible to construct a curve of neutral stability for the
flow and use this to discuss the stability of the flow and predict the onset of
boundary layer transition.

As mentioned, the complexity of the Orr-Sommerfeld Equation means
that specialised mathematical techniques are required in order to extract
useful information regarding the stability of a flow and its robustness to tran-
sition. Such techniques not only need to be numerically stable and precise,
but also must be able to cope with the mathematical stiffness of the equation.

53



Chapter 4 Solving the Orr-Sommerfeld Equation

As the Reynolds number of a flow analysed by the OSE increases and tends
to infinity, the upper and lower branches of the curves of neutral stability
tend to zero. This makes the equation challenging to solve within the limits
of computational precision. In the past, three types of solution technique
have been successfully used to directly solve the equation. Chronologically
the first is perturbation theory combined with heuristic techniques. These
were employed by Tollmien (1929) to provide the first approximate solutions
of the OSE for a Blasius boundary layer. With the advent of effective com-
puter technology, matrix-based finite differencing schemes were developed
and employed that could provide faster and more accurate results, as used
by Jordinson (1970), and Cebeci and Cousteix (1999). Being an eigenvalue
problem it is also possible to utilise spectral theory to solve the problem
directly, as used by Danabasoglu and Biringen (1990), and Reeh (2008). As
the OSE solver utilised in this work is a tool for investigating improvements
to flow stability brought about by DBD plasma, selection of the appropriate
technique was based on familiarity with the mathematical techniques em-
ployed in the solver. For this reason a finite differencing scheme technique
was selected and developed.

4.1 Formulating the OSE solver

The solver developed for solving the Orr-Sommerfeld Equation is based
on the numerical technique discussed by Cebeci and Cousteix (1999) and
Cebeci (1999). The technique employs Keller’s Box method to discretise the
OSE and solve for the eigenvalues of the equation numerically. Essentially a
trial and error method, for a known Reynolds number and corresponding
mean boundary layer velocity profile, the method uses educated guesses of
appropriate values for the eigenvalues of the equation. The technique then
uses these guesses in conjunction with a Newtonian step to determine the
eigenvalues at each location in the boundary layer. Beginning at the wall then
moving to the freestream and back to wall, the method checks for convergence
to the correct boundary condition at the wall. If the boundary condition is
not met, variational techniques are employed to provide an improved guess.
This iterative procedure repeats itself until the eigenvalues are determined
at the particular Reynolds number. The technique is then repeated at all
Reynolds numbers of interest until the curve of neutral stability is sufficiently
complete.

Three key components feature in the OSE solver. The first is the discretiza-
tion of the OSE and the establishment of the Finite Differencing Scheme
(FDS). The second is the implementation of the FDS, and the final component
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is iteration of the FDS until a solution is found. Only successful development
and implementation of all three components allows the OSE to be solved
accurately.

4.1.1 Keller’s Box Method

Keller’s Box Method (KBM) is an implicit finite differencing scheme devel-
oped for solving the thin shear-layer equations (with boundary conditions)
that apply to a wide variety of flow problems (Keller 1978, Cebeci and
Cousteix 1999). Two strong points of the KBM are that it is unconditionally
stable and it retains second-order accuracy, even when the mesh is non-
uniform (Cebeci and Cousteix 1999). Given the previous application of this
method for solving boundary layer equations and the OSE, it was deemed
most appropriate to utilise the KBM and implement it in solving the OSE for
the research present.

To understand the formulation of the KBM, it is convenient to consider
the application of the method to the solution of a simple Partial Differential
Equation (PDE) and its respective boundary conditions (Equation 4.1 & 4.2).
The KBM is implemented such that the PDE is first reduced to an equivalent
system of two first-order equations (Equation 4.3 & 4.5). The computational
region of the PDE is next discretised into arbitrary rectangles (Figure 4.1) with
(N + 1)× (J + 1) points. The values at some of these points are provided by
the boundary conditions of the original problem, which can be expressed in
finite differencing notation as Equation 4.5. These values are then used to de-
rive estimates for the unknown points using a centred differencing approach,
taking estimates at the midpoints of the finite differencing rectangles.

∂U
∂x

=
∂2U
∂y2 ≡ U′′ (4.1)

y = 0, U = a; y = L, U = b. (4.2)

U′ = G (4.3)

G′ =
∂U
∂x

(4.4)

U0 = a, UJ = b (4.5)

The KBM technique relies on the recognition that the value at the mid-
point of the differencing rectangle in the x and y directions (as defined in
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Figure 4.1: Discretisation of the computational region for solution via the box
method (adapted from Bradshaw et al. 1981).
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Figure 4.1) can be expressed as Equation 4.6 & 4.7 respectively. In addition the
derivative of the quantity in the y direction can be approximated as Equation
4.8. Recognising this allows the first order equations of the PDE (Equation
4.3 & 4.5) to be expressed as two difference equations (Equation 4.9 & 4.10),
which subsequently allow the estimates of the PDE to be found at all points
of the computational region.
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The difference equations derived are linear and as such the system of
equations formed for all points of the computational region can be expressed
in matrix-vector form (Equation 4.11). In expanded matrix form (Equation
4.12), the right-hand sides of the difference equations are replaced by (r1)j &
(r2)j (defined in Equation 4.13 & 4.14) and the term Rn−1

j−1/2 is also introduced
(as defined in Equation 4.15).

A
−→−→
δ =

−→−→r (4.11)⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

U0 G0 Uj Gj UJ GJ{
1 0

−1 − h0
2

} {
0 0

1 − h0
2

}
0{

− hj−1
kn −1

0 0

} {
− hj−1

kn 1

−1 − hj−1
2

} {
0 0

1 − hj−1
2

}

0

→

{
− hJ−1

kn −1

0 0

} {
− hJ−1

kn 1

1 0

}

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
U0

G0

)
(

Uj

Gj

)
(

UJ

GJ

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
(r1)0

(r2)0

)
(

(r1)j

(r2)j

)
(

(r1)J

(r2)J

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4.12)

(r1)0 = a, (r1)j = hj−1Rn−1
j−1/2, (1 ≤ j ≤ J) (4.13)

(r2)j = 0, (0 ≤ j ≤ J − 1) (r2)J = b (4.14)

Rn−1
j−1/2 =

(
G′)n−1

j−1/2 −
2
kn Un−1

j−1/2 (4.15)

The matrix vector representation of the system of first order equations
(Equation 4.11) can be expressed in a compact expanded fashion that allows
for greater ease when developing a computer-based solution routine (Equa-
tion 4.16, 4.17, & 4.18). For the PDE under consideration the A0, Aj, AJ , Bj &
Cj terms are 2 × 2 matrices (defined in Equation 4.19, 4.20, 4.21, 4.22, & 4.23),

and the
−→
δ j & −→r j terms are 2 × 1 vectors (defined in Equation 4.24 & 4.25).

A =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

A0 C0

B1 A1 C1

. . .

. .

Bj Aj Cj

. . .

BJ−1 AJ−1 CJ−1

BJ AJ

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(4.16)

−→−→
δ =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−→
δ 0−→
δ 1

.

.−→
δ j

.−→
δ J−1−→
δ J

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(4.17)

58



4.1 Formulating the OSE solver

−→−→r =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−→r 0
−→r 1

.

.
−→r j

.
−→r J−1−→r J

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(4.18)

A0 ≡
∣∣∣∣∣ 1 0

−1 −h0
2

∣∣∣∣∣ (4.19)

Aj ≡
∣∣∣∣∣

−hj−1
kn 1

−1 −hj
2

∣∣∣∣∣ , 1 ≤ j ≤ J − 1 (4.20)

AJ =

∣∣∣∣∣
−hJ
kn 1

1 0

∣∣∣∣∣ (4.21)

Bj =

∣∣∣∣∣
−hj−1

kn −1

0 0

∣∣∣∣∣ , 1 ≤ j ≤ J (4.22)

Cj =

∣∣∣∣∣ 0 0

1 −hj
2

∣∣∣∣∣ , 0 ≤ j ≤ J − 1 (4.23)

−→
δ j =

[
Uj

Gj

]
(4.24)

−→r j =

[
(r1)j

(r2)j

]
(4.25)

To solve the matrix-vector equation, determine
−→
δ j and hence solve the

original PDE, a block elimination method is utilised, as discussed by Brad-
shaw et al. (1981), and Cebeci and Cousteix (1999). This method employs
two sweeps through the computational domain. The first sweep is to solve a
number of recursion equations (Equation 4.26, 4.27, 4.28, 4.29, & 4.30) with
new variables Γj, ω̃j , & Δj. The second sweep then determines estimates for−→
δ j using two more recursion formulae (Equation 4.31 & 4.32).

Δ0 = A0 (4.26)
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Γj
j−1 = Bj, j = 1, 2, ..., J (4.27)

Δj = Aj − ΓjCj−1, j = 1, 2, ..., J (4.28)

ω̃0 = r̃0 (4.29)

ω̃j = r̃j − Γjω̃j−1, 1 ≤ j ≤ J (4.30)

ΔJ
−→
δ J =

−→ω J (4.31)

Δj
−→
δ j =

−→ω j − Cj
−→
δ j+1, j = J − 1, J − 2, ..., 0 (4.32)

Solution of the recursion formulae ultimately leads to estimates of the
solution to the original PDE (Equation 4.1 & 4.2), and since the technique is
general in nature, it can readily be used to find the eigenvalues of the OSE.

4.1.2 Implementation of the KBM to the OSE

To implement the KBM to determine the eigenvalues of the OSE, the PDE
needs to be manipulated into an appropriate form. The form suggested by
Cebeci and Cousteix (1999) is a non-dimensional, homogeneous type, and to
arrive at it, a number of steps are required.

The first step suggested by Cebeci and Cousteix (1999) is to define new
non-dimensional length and velocity variables (Equation 4.33, 4.34, & 4.36)
along with three additional variables that are formed from the terms in the
original OSE, ξ1, ξ2, & ξ3 (Equation 4.37, 4.38, & 4.39 respectively). The result
of this step is the development of non-dimensional forms of the disturbance
amplitude, wavenumber and frequency (Equation 4.40, 4.41, & 4.42), a mod-
ified version of Reynolds number (Equation 4.36), and the re-formulation
of the OSE into a non-dimensional, homogeneous equation (Equation 4.43).
Note that the � superscripts have been dropped from Equation 4.43 for clarity
and from this point onwards in the discussion and formulation of the OSE
solver all terms discussed will be non-dimensional unless otherwise stated.
In addition the superscript ′ represents differentiation with respect to the
dimensionless form of y, (which is η).

x� =
x√

νx
ue

=
x
L

(4.33)
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y� =
y
L
= η (4.34)

u� =
u
ue

(4.35)

Re� =
ueL

ν
(4.36)

ξ2
1 = (α�)2 (4.37)

ξ2
2 = ξ2

1 + iRe� (α�u� − ω�) (4.38)

ξ3 = iRe�α� (u�)′′ (4.39)

φ� =
φ

L
(4.40)

α� =
2πL
λx

(4.41)

ω� =
ωL
ue

(4.42)

φiv − ξ2
1φ′′ − ξ2

2
(
φ′′ − ξ2

1φ
)
+ ξ3φ = 0 (4.43)

Having written the OSE in a non-dimensional, homogeneous format, it
is next reduced to an equivalent system of first-order differential equations
(Equation 4.50, 4.51, 4.52 & 4.62) with corresponding boundary conditions
(Equation 4.57 & 4.3).

φ′ = f (4.44)

f ′ = s + ξ2
1φ (4.45)

s′ = g (4.46)

g′ = ξ2
2s − ξ3φ. (4.47)

y = 0, φ = 0, f = 0 (4.48)
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y = δ, g + ξ2s = 0, s +
(

ξ1 + ξ2|y=δ

)
f + ξ1

(
ξ1 + ξ2|y=δ

)
= 0. (4.49)

The system of first order differential equations is then discretised into
a mesh of J + 1 points, with y = 0 represented by y0 and y = δ

L by yJ .
The values of the quantities ( f , s, g, φ) at each point are approximated as(

fj, sj, gj, φj
)

and to these the central differencing scheme of the KBM is
applied (Equation 4.50, 4.51, 4.52, & 4.53). For convenience a number of
additional variables are introduced and these are defined in Equation 4.54,
4.55, 4.56, 4.57, & 4.58.

φj − φj−1 − c3
(

f j + f j+1
)
= (r1)j = 0 (4.50)

f j − f j−1 − c3
(
sj + sj+1

)− c1
(
φj + φj−1

)
= (r3)j−1 = 0 (4.51)

sj − sj−1 − c3
(

gj + sj+1
)
= (r2)j = 0 (4.52)

gj − gj−1 − c4
(
sj + sj+1

)− c2
(
φj + φj−1

)
= (r3)j−1 = 0. (4.53)

c3 =
hj−1

2
(4.54)

c1 = ξ2
1c3 (4.55)

c2 = − (ξ3)j−1/2 c3 (4.56)

c4 =
(
ξ2

2
)

j−1/2 c3 (4.57)

hj−1 = yj − yj−1 (4.58)

At the limits of the computational domain (j = 0 and j = J), the conditions
for the FDS are obtained from the original boundary conditions of the OSE
and rewritten as Equation 4.59, 4.60, 4.61, & 4.62. Again, for convenience,
new variables are defined and expressed in Equation 4.63, 4.64, & 4.65.

φ0 = (r1)0 = 0 (4.59)
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f0 = (r2)0 = 0 (4.60)

f J + c̃3sJ + c̃1φJ = (r3)J = 0 (4.61)

gJ + c̃4sJ = (r4)J = 0 (4.62)

c̃3 =
1

ξ1 + ξ2
(4.63)

c̃1 = ξ1 (4.64)

c̃4 = ξ2 (4.65)

The system of difference equations derived for the OSE is homogeneous
and hence has trivial solutions f j = sj = gj = φj = 0 for all j. This creates a
problem when trying to solve for the eigenvalues of the OSE, particularly
when using matrix methods such as the block elimination method employed
in this research. Overcoming this is achieved by setting one of the boundary
conditions to be non-zero and then iterating until a non-trivial solution is
found that satisfies the original value of the modified boundary condition.
In the context of the present work the boundary condition φ′

0 = f0 = 0 is
replaced by φ′′

0 = s0 = 1 and an iterative scheme is used to find f0 (α, ω, Re) =
0, i.e. the original value of the boundary condition.

Application of the KBM results in an equivalent matrix-vector representa-
tion of the dimensionless, homogeneous OSE (Equation 4.126, 4.127, & 4.128).
As the equivalent first order system of the OSE contains four equations,
the Aj, Bj & Cj terms of the matrix-vector format represent 4 × 4 matrices

(defined in Equation 4.69, 4.70, 4.71, 4.72, & 4.73), and the
−→
δ j & −→r j terms

represent 4 × 1 vectors (defined in Equation 4.74 & 4.75).

A =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

A0 C0

B1 A1 C1

. . .

. .

Bj Aj Cj

. . .

BJ−1 AJ−1 CJ−1

BJ AJ

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(4.66)
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−→−→
δ =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−→
δ 0−→
δ 1

.

.−→
δ j

.−→
δ J−1−→
δ J

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(4.67)

−→−→r =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−→r 0
−→r 1

.

.
−→r j

.
−→r J−1−→r J

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(4.68)

A0 ≡

∣∣∣∣∣∣∣∣∣∣

1 0 0 0

0 1 0 0

(c1)1 (c3)1 1 0

(c2)1 (c4)1 0 1

∣∣∣∣∣∣∣∣∣∣
(4.69)

Aj ≡

∣∣∣∣∣∣∣∣∣∣∣

1 0 − (c3)j 0

0 1 0 − (c3)j

(c1)j+1 (c3)j+1 1 0

(c2)j+1 (c4)j+1 0 1

∣∣∣∣∣∣∣∣∣∣∣
, 1 ≤ j ≤ J − 1 (4.70)

AJ =

∣∣∣∣∣∣∣∣∣∣

1 0 − (c3)J 0

0 1 0 − (c3)J

(c̃1) (c̃3) 1 0

0 (c̃4) 0 1

∣∣∣∣∣∣∣∣∣∣
(4.71)

Bj =

∣∣∣∣∣∣∣∣∣∣

−1 0 − (c3)j 0

0 −1 0 − (c3)j

0 0 0 0

0 0 0 0

∣∣∣∣∣∣∣∣∣∣
, 1 ≤ j ≤ J (4.72)
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Cj =

∣∣∣∣∣∣∣∣∣∣

0 0 0 0

0 0 0 0

(c1)j+1 (c3)j+1 −1 0

(c2)j+1 (c4)j+1 0 −1

∣∣∣∣∣∣∣∣∣∣
, 0 ≤ j ≤ J − 1 (4.73)

−→
δ j =

⎡
⎢⎢⎢⎢⎣

φj

sj

f j

gj

⎤
⎥⎥⎥⎥⎦ (4.74)

−→r j =

⎡
⎢⎢⎢⎢⎢⎣

(r1)j

(r2)j

(r3)j

(r4)j

⎤
⎥⎥⎥⎥⎥⎦ (4.75)

Having discretised the OSE and established an equivalent matrix vec-
tor form of the equation, what remains is calculation of the eigenvalues of
the equation. The solution of the two-dimensional OSE is dependent on
the disturbance wavenumber and frequency, as well as the local Reynolds
number of the flow. As both wavenumber and frequency are complex, there
are essentially five eigenvalues that need to be determined. Solving for five
unknown eigenvalues is challenging, but consideration of the physics of the
problem simplifies the analysis. Disturbances may grow in both space and
time, but generally the source of the disturbance, particularly in laboratory
conditions, is controlled and fixed. This consequently means that the dis-
turbance, as it propagates downstream, will grow or decay only in space,
as was the case for in the experiments of Schubauer and Skramstad (1950).
Thus it is convenient to solve the OSE using what is referred to as Spatial
Amplification Theory (Cebeci and Cousteix 1999), as it provides solutions that
can be verified experimentally.

In Spatial Amplification Theory, the growth rate of the frequency is zero
(i.e. ωi = 0), and hence only four unknown eigenvalues need to be considered
and solved. This is still a challenging task to undertake, so it is convenient to
identify what information is sought from the OSE before beginning any nu-
merical analyses. For the purpose of the research presented in this document,
it is of interest to know at what chordwise location disturbances within the
boundary layer will begin to grow when the boundary layer is augmented
by DBD plasma. This involves determining the Reynolds numbers at which
the spatial amplification rates (αi) of a spectrum of disturbances are equal to

65



Chapter 4 Solving the Orr-Sommerfeld Equation

zero. By finding these Reynolds numbers it is possible to construct a curve
of neutral stability for various boundary layer flow cases manipulated by a
LFC system. Consequently, to construct the curves of neutral stability, the
wavenumbers and frequencies of disturbances with zero spatial amplifica-
tion rate need to be determined at each Reynolds number of interest. Thus
the matrix equation can be solved by selecting a Reynolds number, setting
the spatial amplification rate to zero, and finding only the two unknown
eigenvalues, αr & ωr.

To find the two remaining eigenvalues, the original boundary condition
of the OSE needs to be met (Equation 4.76). Meeting this original boundary
condition essentially involves solving a system of two equations with two
unknowns (αr & ωr) and these can be solved by using an iterative scheme
based on Newton’s Method. For a fixed value of Reynolds number and zero
spatial amplification rate, initial guesses of αr & ω are made. The matrix-
vector equation is then solved using the block elimination method and if the
initial boundary condition (Equation 4.76) is satisfied, then the eigenvalues
will have been found and these can then be used as the guesses at the next
Reynolds number of interest. If the eigenvalue guesses are not correct, then
the iterative scheme is used to provide a better guess. If αν

r & ωνare the νth

iterates, then the (ν + 1)th iterates can be found using Equation 4.77 & 4.78.

f0 (α, ω, Re) = 0 (4.76)

αν+1
r = αν

r + δαν
r (4.77)

ων+1 = ων + δων (4.78)

Determination of appropriate incremental changes to the iterates (δαν
r

& δων) is achieved by linearly expanding αν
r & ων about f0. Dropping the

subscript 0, introducing a new variable Δ0 (Equation 4.79), and taking f ν+1
r =

f ν+1
i = 0, the incremental changes can be found (Equation 4.80 & 4.81).

Δ0 =

(
∂ fr

∂αr

)ν ( ∂ fi

∂ω

)ν

−
(

∂ fi

∂αr

)ν (∂ fr

∂ω

)ν

(4.79)

δαν
r =

1
Δ0

[
f ν
i

(
∂ fr

∂ω

)ν

− f ν
r

(
∂ fi

∂ω

)ν]
(4.80)

δων =
1

Δ0

[
f ν
r

(
∂ fi

∂αr

)ν

− f ν
i

(
∂ fr

∂αr

)ν]
(4.81)
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The derivatives of fr& fi can be found by differentiating the matrix vector
representation of the OSE (Equation 4.126, 4.127, & 4.128). This leads to
two variational equations (4.82 & 4.83) and two further systems of linear
equations, both with the same coefficient matrix A as determined for the
OSE.

A

⎛
⎝∂

−→−→
δ

∂αr

⎞
⎠

ν

= −
(

∂A
∂αr

)ν −→−→
δ ν =

−→−→r (4.82)

A

⎛
⎝∂

−→−→
δ

∂ω

⎞
⎠

ν

= −
(

∂A
∂ω

)ν −→−→
δ ν =

−→−→r (4.83)

The vectors on the right-hand side of the variational equations differ from
that of the OSE, and also differ for each case. The elements of the vectors −→r j

when applied to the case of variation in αr,are given by Equation 4.84, 4.85,
4.86, 4.87, & 4.88.

(r1)j = (r1)j = 0 (4.84)

(r3)j−1 = 2
(

∂c1

∂αr

)
φj−1/2 (4.85)

(r4)j−1 = 2
(

∂c4

∂αr

)
sj−1/2 + 2

(
∂c2

∂αr

)
φj−1/2 (4.86)

(r3)J = −
(

∂c̃3

∂αr

)
J

sJ −
(

∂c̃1

∂αr

)
J

φJ (4.87)

(r4)J = −
(

∂c̃4

∂αr

)
J

sJ (4.88)

For the case of variation in ω the elements of the vectors −→r j are given by
Equation 4.89, 4.90, 4.91, 4.92, & 4.93.

(r1)j = (r1)j = 0 (4.89)

(r3)j−1 = 0 (4.90)

(r4)j−1 = 2
(

∂c4

∂ω

)
sj−1/2 (4.91)

(r3)J = −
(

∂c̃3

∂ω

)
J

sJ (4.92)

67



Chapter 4 Solving the Orr-Sommerfeld Equation

(r4)J = −
(

∂c̃4

∂ω

)
J

sJ (4.93)

Using the techniques outlined thus far in this chapter it is possible to find
the eigenvalues of the OSE at a given Reynolds number and for a particular
spatial amplification rate. Once the eigenvalues at one particular Reynolds
number are found, the eigenvalues at a nearby Reynolds number can be
found efficiently by using the previously calculated eigenvalues as the initial
guess. According to Cebeci and Cousteix (1999) this technique works well
when the derivative ∂αr

∂Re is small, and this can be ensured by using a very fine
discretisation of the flow field in the chordwise (x) direction.

4.2 OSE validation - Curve of neutral stability of the

Blasius flow

The numerical method formulated to solve the OSE was realised through the
development of a computer routine written in the MatlabTM scripting lan-
guage. The resulting computer application (based on the technique described
by Cebeci 1999) capable of solving the OSE required validation before it could
be used to investigate the affects on hydrodynamic stability brought about by
DBD plasma flow augmentation. The validation procedure involved using the
discussed technique to calculate the eigenvalues for a flow with known and
published solutions to the OSE. The most appropriate flow for the validation
purpose was the Blasius boundary layer that was introduced in Chapter
2. To reiterate the fundamental characteristics of such a flow, the Blasius
boundary layer describes the behaviour of fluid within a laminar boundary
layer developed over a flat plate in a Zero Pressure Gradient (ZPG). Not
only is this the most fundamental external flow for which an experimentally
verified, analytical description exists, it is also the most fundamental external
flow historically studied in hydrodynamic stability analyses (Tollmien 1929,
Schlichting 1933, Schlichting 1955, Cebeci and Cousteix 1999, Drazin 2002).
Hence validation of the OSE solver was performed through calculation of the
eigenvalues for Blasius flow.

Although published results for the Blasius boundary layer exist (see
Schlichting 1955), it was deemed necessary, for two reasons, to develop a
method to solve the equations as part of this research. The first was the
increased solution fidelity available through a developed solution strategy.
The second was the ability to assist in handling and passing data directly to
the OSE solver through a correctly designed computer routine that shared
common variables with those required for the OSE solver.
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4.2.1 Implementation of the box method to solve the Blasius flow

equations

The numerical technique developed was used to solve the Falkner-Skan
representation of the Blasius boundary layer (see Chapter 2, Equation 2.16,
with boundary conditions described by Equation 2.17 & 2.18 ). The procedure
for solving this equation using the KBM is similar to that previously discussed
for the OSE solver, and is commenced by first rewriting the Falkner-Skan
Equation as an equivalent system of two, first-order Differential Equations
(DEs, Equation 4.94 & 4.95), in terms of new variables u (x, η) & v (x, η).

f ′ = u (x, η) =
u
ue

(4.94)

u′ = v (x, η) =
1
ue

du
dη

(4.95)

When solving the Falkner-Skan Equation for Blasius flow using a finite
differencing scheme, it is just as convenient to derive a solution to the
Falkner-Skan Equation (and its boundary conditions), which includes the
terms associated with Reynolds shear stress (expressed in terms of the new
variables u (x, η), and v (x, η), Equation 4.96, 4.97, & 4.98). Then, to solve for
Blasius flow, all that is required is that the parameters b and m be set to unity
and zero respectively.

(
b f ′′

)′
+

m + 1
2

f f ′′ + m
[
1 − (

f ′
)2
]
= x

(
f ′

∂ f ′

∂x
− f ′′

∂ f
∂x

)
(4.96)

η = 0, f = fw (x) , f ′ = 0 (4.97)

η = ηe, f ′ = 1 (4.98)

The next step in the formulation of the solution scheme is to rewrite
the DEs as centred finite differencing approximations using the meshing
technique of the KBM (Equation 4.99 & 4.100). Following this step, new
variables are introduced (Equation 4.101, 4.102, 4.103, 4.104, & 4.105) and
then the PDE expression of the Falkner-Skan Equation (Equation 4.96) is
approximated by a centred differencing scheme, centred at the centre of
the rectangular elements of the computational region (Equation 4.106, with
modified boundary conditions given by Equation 4.107 & 4.108). In the
reformulation of the Falkner-Skan equation, the terms L & R have been
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introduced for convenience, and these represent the left and right sides of
the original PDE respectively.

f n
j − f n

j−1

hj
=

un
j + un

j−1

2
v ≡ un

j−1/2 (4.99)

un
j − un

j−1

hj
=

vn
j + vn

j−1

2
v ≡ vn

j−1/2 (4.100)

an =
xn−1/2

kn
(4.101)

a1 =
mn + 1

2
+ an (4.102)

a2 = mn + an (4.103)

Rn−1
j−1/2 = −Ln−1

j−1/2 + an
[
( f v)n−1

j−1/2 −
(
u2)n−1

j−1/2

]
− mn (4.104)

Ln−1
j−1/2 =

{(
1
hj

) (
bjvj − bj−1vj−1

)
+ m+1

2 ( f v)j−1/2 + ...
}n−1

{
. . . m

[
1 − (

u2)
j−1/2

]}n−1
(4.105)(

1
hj

) (
bn1

j vn
j − bn

j−1vn
j−1

)
+ a1 ( f v)n

j−1/2 − a2
(
u2)n

j−1/2

+ an
(

vn−1
j−1/2 f n

j−1/2 − f n−1
j−1/2vn

j−1/2

)
= Rn−1

j−1/2 (4.106)

f n
0 = fw, un

0 , (4.107)

un
J = 1 (4.108)

Having formulated the finite differencing scheme, and re-written the
boundary layer equations in terms of this scheme, an iterative technique is
required to calculate the properties of the boundary layer. Given the boundary
conditions of the equation, along with a systematic approach to solving the
problem, it can be assumed that f n−1

j , un−1
j , & vn−1

j will be known at each
location in the η direction. This means that the FDS approximated PDE of
the boundary layer equations forms a system of 3 (J + 1) equations with an
equal number of unknown quantities. Newton’s Method can then be utilised
to solve this system by introducing the following iterates, f (ν)j , u(ν)

j , & v(ν)j .
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The initial guesses for the iterates (ν = 0) can be known for all locations
within the computational domain by using the value of the three variables at
the previous x-station, in conjunction with the boundary conditions of the
governing equation. Subsequent iterates are then obtained from Newton’s
Method and can be represented by the following three equations, Equation
4.109, 4.110, & 4.111.

f (ν+1)
j = f (ν)j + δ f (ν)j (4.109)

u(ν+1)
j = u(ν)

j + δu(ν)
j (4.110)

v(ν+1)
j = v(ν)j + δv(ν)j (4.111)

Substituting the iterates into the boundary layer PDE and dropping the
quadratic terms, along with the introduction of nine new variables (Equation
4.112, 4.113, 4.114, 4.115, 4.116, 4.117, 4.118, 4.119, & 4.120), results in an
equivalent system of linear equations (Equation 4.121, 4.122, & 4.123) with
boundary conditions (Equation 4.124) that can be expressed in a matrix vector
form (Equation 4.125).

(s1)j =

(
1
hj

)
b(ν)j +

a1

2
f (ν)j − an

2
f n−1
j−1/2 (4.112)

(s2)j = −
(

1
hj

)
b(ν)j−1 +

a1

2
f (ν)j−1 −

an

2
f n−1
j−1/2 (4.113)

(s3)j =
a1

2
v(ν)j +

an

2
vn−1

j−1/2 (4.114)

(s4)j =
a1

2
v(ν)j−1 +

an

2
vn−1

j−1/2 (4.115)

(s5)j = −a2u(ν)
j (4.116)

(s6)j = −a2u(ν)
j−1 (4.117)

(r1)j = f (ν)j−1 − f (ν)j + hjuν
j−1/2 (4.118)

(r3)j−1 = u(ν)
j−1 − u(ν)

j + hjvν
j−1/2 (4.119)
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(r2)j1 = Rn−1
j−1/2 −

[(
1
hj

) (
b(ν)j v(ν)j − b(ν)j−1v(ν)j−1

)]
+
[

a1 ( f v)(ν)j−1/2 − a2
(
u2)(ν)

j−1/2

]

+
[

an
(

vn−1
j−1/2 f (ν)j−1/2 − f n−1

j−1/2v(ν)j−1/2
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(4.120)

δ fj − δ f j−1 −
hj

2
(
δuj + δuj−1

)
= (r1)j (4.121)

δuj − δuj−1 −
hj

2
(
δvj + δvj−1

)
= (r3)j−1 (4.122)

(s1)j δvj + (s2)j δvj−1 + (s3)j δ fj + (s4)j δ f j−1 + (s5)j δuj + (s6)j δuj−1 = (r2)j
(4.123)

δ f0 = 0, δu0 = 0, δuJ = 0 (4.124)

A
−→−→
δ =

−→−→r (4.125)

Again, the matrix vector representation of the system of first order equa-
tions (4.125) can be expressed in a compact expanded fashion that allows for
greater ease when developing a computer-based solution routine (Equation
4.126, 4.127, & 4.128). The A0, Aj, AJ , Bj & Cj terms are 3 × 3 matrices (de-

fined in Equation 4.129, 4.130, 4.131, 4.132, & 4.133 respectively), and the
−→
δ j

& −→r j terms are 3 × 1 vectors (defined by Equation 4.134 & 4.135).

A =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

A0 C0

B1 A1 C1

. . .

. .

Bj Aj Cj

. . .

BJ−1 AJ−1 CJ−1

BJ AJ

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(4.126)
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−→−→
δ =
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δ 1

.

.−→
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.−→
δ J−1−→
δ J
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(4.127)

−→−→r =
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.

.
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A0 ≡

∣∣∣∣∣∣∣
1 0 0

0 1 0

0 −1 −h1/2

∣∣∣∣∣∣∣ (4.129)

Aj ≡

∣∣∣∣∣∣∣∣
1 −hj/2 0

(s3)j (s5)j (s1)j

0 −1 −h1/2

∣∣∣∣∣∣∣∣
, 1 ≤ j ≤ J − 1 (4.130)

AJ =

∣∣∣∣∣∣∣∣
1 −hJ/2 0

(s3)J (s5)J (s1)J

0 1 0

∣∣∣∣∣∣∣∣
(4.131)

Bj =

∣∣∣∣∣∣∣∣
−1 −hj/2 0

(s4)j (s6)j (s2)j

0 0 0

∣∣∣∣∣∣∣∣
, 1 ≤ j ≤ J (4.132)

Cj =

∣∣∣∣∣∣∣
0 0 0

0 0 0

0 1 −hj+1/2

∣∣∣∣∣∣∣ , 0 ≤ j ≤ J − 1 (4.133)
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−→
δ j =

⎡
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δ f j

δuj

δvj

⎤
⎥⎦ , 0 ≤ j ≤ J (4.134)

−→r j =

⎡
⎢⎢⎣

(r1)j

(r2)j

(r3)j

⎤
⎥⎥⎦ , 0 ≤ j ≤ J (4.135)

The same block elimination method used to solve the OSE is subsequently
employed to solve the matrix equation, and from this the characteristics of
the Blasius boundary layer can be determined.

4.2.2 Validation of the solution of the Blasius flow

The usefulness of the Falkner-Skan equation for analysing boundary layer
flows is that it is an ordinary differential equation in terms of the non-
dimensional variable η. By definition this can only occur if η is independent of
the boundary layer development length x, which is the case when considering
Blasius flow (Cebeci and Cousteix 1999). Consequently, physical concepts
typically associated with computational fluid mechanics, such as Reynolds
number, have no direct impact on the solution of the Falkner-Skan equation.
However, these terms can be related to the solution of the Falkner-Skan
equation (if necessary) by considering the original transformations used
to derive the equation. Since the purpose of this section is to validate the
solution of the Falkner-Skan equation only, conversion of the results to
physical concepts, such as Reynolds number, are not presented.

The solution of the Falkner-Skan equation for Blasius flow has unique
characteristics which help to simplify the numerical solution. These charac-
teristics provided an efficient means to check the validity of the numerical
technique developed to solve the Falkner-Skan equation, and hence also
the validity of the OSE solver, with simple computational grid designs. The
Blasius boundary layer, by definition, is formed on a flat plate in the absence
of a pressure gradient. Thus the edge velocity is constant along the entire
development length of the layer, and equal to the freestream velocity. Hence,
u (x, ηe) = u (ηe) = u∞ for all streamwise positions, hence making the solu-
tion essentially invariant with respect to streamwise position. Consequently,
a regular, rectangular grid in terms of η and ReL was used to discretise the
computational domain and solve the boundary layer equations. One hundred
grid points were used in the η-direction. The grid spacing in the η-direction
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was recommended by Cebeci (1999) to be set at 0.2, however, given the avail-
able computing resource this value was decreased to 0.1. The grid spacing
on the ReL-axis was not as critical due to the independence of the solution
with respect to streamwise location. However, for completeness, the details
of the ReL grid used are thus: 60 data points with a spacing of 37.1425, with
the values at these points subsequently manipulated by the solver so as to
generate a grid distribution in terms of non-dimensional length x� (as per
Equation 4.33).

To solve the Falkner-Skan equation for Blasius flow, an initial guess for
the velocity distribution ( f ′) at the first streamwise station was required. This
initial guess was derived by assuming that the velocity distribution at the first
streamwise location approximates a third-order polynomial (Equation 4.136)
as recommended by Cebeci (1999). Using the original boundary conditions
of the flow (Equations 4.97 & 4.98), Equation 4.136 can be solved to obtain a
finite-differencing approximation for the initial estimates of f ′ = u, f , and
v (Equations 4.137, 4.138, & 4.139 respectively), and these approximations
were those used to initiate the solution for Blasius flow (using the technique
described by Cebeci 1999).

f ′ = a + bη + cη3 (4.136)

uj =
3
2

ηj

ηe
− 1

2

(
ηj

ηe

)3

(4.137)

f j =
ηe

4

(
ηj

ηe

)2
[

3 − 1
2

(
ηj

ηe

)2
]

(4.138)

vj =
3
2

1
ηe

[
1 −

(
ηj

ηe

)2
]

(4.139)

Solution convergence was checked by investigating the value of the
incremental iterate for v beyond the edge of the boundary layer (in the η-
direction). As the solution of the Blasius boundary layer is well known, it
was understood that the edge of the boundary layer (as calculated by the
routine) should correspond to η = ηe ∼ 5.3 Hence, beyond this location, it
was known that v should be constant and equal to 0. Thus, by investigating
the value of δvη=8.0, the degree of convergence could be ascertained. For the
analyses performed using the solver described in this section, the system of
equations was deemed to have converged when the value of δvη=8.0 was less
than 1.0E − 04, as recommended by Cebeci (1999). If convergence was not
achieved after 5 iterations, then revision of the solution inputs was called for.
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Having implemented the Keller Box Method to solve the boundary layer
equations for Blasius flow, the solution protocol was verified against the
published results of Schlichting (1955). The value of the non-dimensional
stream function ( f (η)) at various values of η (Table 4.1), along with cor-
responding values of the first derivative (Table 4.2) and second derivative
(Table 4.3) of the function were compared with the published data. For all
values compared, the difference between the two sets of data (Equation 4.140)
were found to be less than 0.20%, hence validating the accuracy of the results
obtained throughout this research using the KBM finite differencing scheme.

err(Data) =
abs(DataPublished − DataCalculated)

DataPublished
× 100% (4.140)

In addition to the calculation of the non-dimensional stream function
and its derivatives, the numerical solver developed as part of this research
was also used to calculate the shape factor for Blasius flow. The shape factor
value was found to be 2.59, which again is consistent with published data
(Schlichting 1955, White 1974, Cebeci and Cousteix 1999, Drazin 2002). For
validation completeness, the plot of f ′ versus η was also constructed (Figure
4.2) and was found to exhibit the traits of the Blasius Layer, including a value
of η at the boundary layer edge of 5.3, which again agrees with published

Table 4.1: Comparison of calculated values of f with published data from
Schlichting (1955).

η fPublished fCalculated err( f )[%]

0.0 0.0000 0.0000 0.00
0.8 0.1061 0.1061 0.00
1.6 0.4203 0.4202 0.02
2.4 0.9223 0.9220 0.03
3.2 1.5691 1.5686 0.03
4.0 2.3058 2.3051 0.03
4.8 3.0853 3.0846 0.02
5.6 3.8803 3.8795 0.02
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Table 4.2: Comparison of calculated values of f ′with published data from
Schlichting (1955).

η f ′Published f ′Calculated err( f ′)[%]

0.0 0.0000 0.0000 0.00
0.8 0.2647 0.2647 0.00
1.6 0.5168 0.5166 0.04
2.4 0.7281 0.7288 0.10
3.2 0.8761 0.8759 0.02
4.0 0.9555 0.9554 0.01
4.8 0.9878 0.9878 0.00
5.6 0.9975 0.9975 0.00

Table 4.3: Comparison of calculated values of f ′′with published data from
Schlichting (1955).

η f ′′Published f ′′Calculated err( f ′′)[%]

0.0 0.3321 0.3320 0.03
0.8 0.3274 0.3273 0.03
1.6 0.2967 0.2966 0.03
2.4 0.2281 0.2281 0.00
3.2 0.1391 0.1392 0.07
4.0 0.0642 0.0643 0.16
4.8 0.0219 0.0219 0.00
5.6 0.0054 0.0054 0.00

data (Schlichting 1955, White 1974, Cebeci and Cousteix 1999, Drazin 2002).
Consequently it was concluded that a successful routine for solving the
boundary layer equations had been developed, and hence the output could
be used to calculate the stability characteristics of the Blasius boundary layer
for validation of the OSE solver.

4.2.3 Solution of the OSE for Blasius flow

To validate the OSE solver, curves of neutral stability were constructed for the
Blasius boundary layer. As discussed above, a numerical scheme was used to
obtain the characteristics of the Blasius flow required to undertake a Linear
Stability Analysis on the boundary layer. The validation was performed by
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Figure 4.2: Dimensionless velocity profile plot of the Blasius Layer as calcu-
lated using the KBM.

calculating the curves of neutral stability of the flow, corresponding to zero
spatial amplification rate (αi = 0).

The solution methodology, as described in Section 4.1.2, was based on an
initial guess of the two unknown eigenvalues (αr & ωr), solving the recursion
formulae of the routine, and checking the differences between the calculated
eigenvalues and the original guess. For the analyses performed using the
solver described in this section, the system of equations were deemed to
have converged when the incremental changes to the iterates of αr & ω

(Equations 4.80 & 4.81) were less than 1.0E − 04, as per the recommendations
of Cebeci (1999). If convergence was not achieved after 10 iterations, then
an improved guess was called by the routine. A limit was also placed on
the variable Δ0 (Equation 4.79) to eliminate singularities in the calculation
of the incremental changes to the iterates. A minimum value of 1.0E − 06
was placed on this variable as per the recommendations of Cebeci (1999),
with further calculations ceasing at the respective Reynolds number if this
condition was not met.

Both the curve for the wavenumber (Figure 4.3) and frequency (Figure
4.4) were computed, using a ReL step of 27, and η step of 0.1 (with points
extending from the wall to the edge of the boundary layer). This step size
was sufficient to obtain curves exhibiting the characteristics of published
curve data (Schlichting 1955, Cebeci and Cousteix 1999).
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Figure 4.3: Curve of neutral stability (wavenumber) for Blasius Flow
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Figure 4.4: Curve of neutral stability (frequency) for Blasius Flow
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A closer comparison of the wavenumber curve with data points published
by Cebeci and Cousteix (1999) show excellent agreement (Figure 4.5). The
slight discrepancies between points arises from the way in which the pub-
lished data were obtained by measuring points from the curves published by
Cebeci and Cousteix (1999). The important outcome from this comparison is
that the predicted critical Reynolds number for the flow, ReLcrit calculated by
the solver is 300 (equivalent to Reδ�crit

= 520), again consistent with the results
of Cebeci and Cousteix (1999). Consequently, it can be concluded that the
developed OSE solver is accurate and capable of finding the eigenvalues of
the OSE for external flows such as those that were studied in this research.

500 750 1000

0.05

0.15

0.25 ◦ Published Data

ReL

α
r

Figure 4.5: Validation of OSE solver with published results from Cebeci and
Cousteix (1999).
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4.3 Summary

In this chapter the methodology used to develop a solver for the Orr-
Sommerfeld Equation (OSE) has been discussed. The lack of analytical so-
lutions for the OSE has led to the use of a finite differencing scheme based
on the Keller Box Method to rewrite the OSE as an equivalent system of
linear equations, which can be solved numerically to find the hydrodynamic
stability characteristics of boundary layer flows.

The solver developed as part of this research is based on the mathematical
methodologies of Cebeci and Cousteix (1999). This solver has been verified
using the characteristics of a Blasius boundary layer and has shown excellent
agreement with published results. Consequently the OSE solver is capable
of providing useful information regarding the hydrodynamic stability of
external flows, which allows it to be subsequently used to investigate the
stability of plasma-augmented flows and hence determine strategies and
objectives for the DBD-based Laminar Flow Control systems studied in this
research.
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Plasma-based Laminar Flow

Control System

Controlling the stability of a laminar boundary layer, as discussed in Chapter
2, is a challenging task due to the complicated physical phenomena needed
to be controlled. Knowing the way in which a Laminar Flow Control actuator
can augment a flow is hugely beneficial to designing such systems, but as
discussed in Chapter 3, predicting the behaviour of DBD devices is chal-
lenging, due to the numerous parameters dictating their performance. In
addition, the difficulties associated with measuring the flow induced about a
plasma actuator further complicates the design of a DBD-based LFC system.
It is for these reasons that there has been limited success in the development
of DBD-based LFC systems to date. Therefore, to address these issues in
this research, prior to undertaking experimental investigations involving
the augmentation of a laminar flat plate boundary layer with DBD plasma,
preliminary experimental and numerical work was undertaken. The aim of
this preliminary work was to identify suitable actuators to be incorporated
into the DBD-based LFC system to be used for the Blasius layer experiments
and to also determine the performance objectives that this LFC system would
strive to meet.

The review of the literature (Chapter 3) suggested that a novel actuator
design with the capability to vary the height to which the exposed electrode
sits proud above the dielectric surface may allow for improved control over
the induced jetting profile and maximum jetting velocity. If such control could
be attained, it was postulated that it would be an ideal tuning parameter for
DBD-based LFC systems. The first section of this chapter contains the results
of an undertaken experimental investigation looking at the performance of
the novel actuator design that was conceived during the research, as it is
operated in quiescent conditions. The results discussed here are essentially a
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reformulation of those published by Gibson et al. (2009a), and these results
led to a decision being made as to what actuator design to be used for the
subsequent boundary layer experiments.

The second section of this chapter discusses numerical investigations
undertaken to assist in specifying the velocity augmentation objectives of
the DBD-based LFC system. Using a number of published experimental and
theoretical velocity profiles, the Orr-Sommerfeld Equation solver developed
as part of this research (discussed in Chapter 4) was used to calculate curves
of neutral stability for augmented Blasius boundary layer flows. From these
numerical analyses, desired augmentation effects were determined for the
DBD-based LFC system to be developed. The intention was to use these
desired augmentation effects as a benchmark to tune the DBD system against
during the subsequent experimental investigations that were undertaken as
part of this research (see Chapter 7, 8, & 9).

5.1 Orthogonal actuator performance in quiescent air

During the literature review (Chapter 3), the performance of the plasma
actuator was discussed in terms of the electric field developed between
the electrodes of the device. This discussion was based on the simplified
linear analysis described by Shyy et al. (2002), as well as the electric field
description given by Orlov (2006) and Orlov et al. (2006). From this discussion
it was identified that attaining control over the profile of the synthetic jet
through geometry variations would be beneficial to the development of a
DBD-based LFC system because of the simple system tuning such control
would provide. As discussed in the literature review, it was decided to achieve
this variation during this research by augmenting the wall-normal extent of
the plasma region through variations in actuator geometry. However, prior to
this research, no studies had specifically attempted to achieve this objective
and hence this parametric study was formulated.

To vary the vertical extent of the plasma region the formulated parametric
study sought to investigate what effect the extent to which the exposed
electrode sat proud above the dielectric surface (exposure height, yexp) had
on the jetting performance of a DBD actuator. In order to achieve the de-
sired variation in exposure height, actuators with electrodes arranged in an
orthogonal arrangement were designed and utilised. Prior to this research, ex-
periments involving orthogonal actuators had not been conducted and hence
this parametric study marked the first investigations into novel, orthogonally
arranged actuators.
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Throughout the investigation, a number of geometrically similar orthogo-
nal actuators were tested and operated at the same electrical conditions. The
only variation between the actuators was the value of the electrode exposure
height (yexp). By measuring the induced jetting profile, the effectiveness of
these devices as LFC devices were able to be investigated, and compared
with more conventional actuator configurations with parallel electrodes.

5.1.1 Parametric investigation set up

The parametric investigation had two aims. The first was to assess the capa-
bility of orthogonal actuators as flow control devices, and for this reason the
performance of each orthogonal actuator was compared with a more con-
ventional design incorporating parallel electrodes. The second objective was
to examine whether the jetting could be controlled by varying the exposure
height of the orthogonal actuators. Therefore, the orthogonal actuators tested
differed in the value of electrode exposure height.

5.1.1.1 Actuator design

Being a parametric investigation (focused on the variation of the yexp parame-
ter only), all actuators tested were manufactured of the same materials, with
the same geometry and same electrical operating conditions. The orthog-
onal actuators were manufactured from a 500mm × 500mm × 25mm block
of acrylic, from which a 20mm wide groove was milled. The exposed elec-
trode was placed on the leading surface of the block, and the encapsulated
electrode was placed in the groove, such that the critical dimensions per-
taining to the operation of the actuator were achieved (Figure 5.1). The wall
formed by the leading surface was found to be most effective in preventing
detrimental arcing between the two electrodes, which would have otherwise
destroyed the actuator and prevented useful plasma from being formed.
During the investigation the exposed electrode exposure height, yexp was
varied in 0.5mm increments from −1.0mm to 2.0mm. A summary of the other
critical dimensions of the actuators used is as follows:

• electrode material: tinned copper,

• electrode thickness: telec = 0.1mm,

• electrode chordwise length: L = 12.5mm,

• electrode spanwise length: b = 100mm,

• dielectric thickness: dv = 2mm ,
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• encapsulated electrode buried in KaptonTM,

• horizontal gap between the electrodes dh = 2.5mm (selected as an
appropriate average value based on the results of Forte et al. 2007).

The parallel actuator used as a comparison for the orthogonal actuators
(Figure 5.2) had similar critical dimensions, with some minor modifications
to account for the unique design of the actuator. For ease of manufacture, the
parallel actuator was manufactured from a 200mm × 60mm × 2mm block of
acrylic, with the exposed electrode buried in KaptonTM to prevent possible
arcing between the electrodes. This actuator represented a typical DBD
actuator, and was found to have similar performance to devices used in other
studies (as discussed in Section 5.1.2).

The electrodes of each actuator were connected to an ElectroFluids Sys-
tems Mini-Puls 2 proprietary plasma generator system. For all investigations,
a sinusoidal input to the electrodes, with a fixed applied frequency of 13kHz
and fixed applied voltage of 16kVpp, was used. These parameters were chosen
as they were found to produce uniform discharges for all actuators tested,
whilst also being similar to the electrical inputs used in other published
works (Enloe et al. 2004a, Van Dyken et al. 2004, Enloe et al. 2004b, Enloe
et al. 2003).

The voltage was checked for each actuator by connecting a PicoScope
5203 PC-based oscilloscope to the output of the MiniPuls2 via the 1 : 1000
voltage divider integrated into the plasma generator system.

5.1.1.2 Velocity measurements

Time-averaged dynamic pressure measurements for each actuator were ob-
tained 5mm downstream of the trailing edge of the encapsulated electrode,
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Figure 5.1: Critical dimensions of the orthogonal actuators used in the para-
metric investigation.
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Figure 5.2: Critical dimensions of the parallel actuator used in the parametric
investigation.

using a total pressure tube with an internal diameter of 1.2mm (and an ex-
ternal diameter of 1.65mm) connected to an MKS 398 differential Baratron
with a frequency response of 40Hz, and pressure range of 0 to 1Torr. The
momentum comparison undertaken in this study was modified to minimise
the effect of absolute uncertainties in the measurements. Since the Baratron
provided a linear response to pressure, it was decided in the interest of
minimising uncertainties, that comparisons between the performance of each
actuator would be based on the amount of chordwise momentum flux im-
parted on the air per unit span length (Equation 5.1), which was derived
from measurements of the downstream dynamic pressure obtained from
the baratron (q) and the maximum measured value of the dynamic pressure
throughout the investigations (qmax).

−̇→
Mx

b
=
∫ H

0
ρU2dy = 2

∫ H

0
qdy = 2qmax

∫ H

0

(
q

2qmax

)
dy (5.1)

A total of 120000 measurements, made at a sampling frequency of 4000Hz,
were taken at 1.0mm height increments above the surface of each actuator.
The measurements were made to a height of y = H = 10.825mm, which
corresponded to a value at which no actuators produced a discernible change
in the measured pressure. It is acknowledged that the sampling rate selected
for the pressure tube measurements was far greater than the frequency
response of the Baratron itself. However, since the increased number of
samples did not cause a noticeable increase in computation time during post-
processing, such a high sampling was considered not to have a detrimental
effect on the research.
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5.1.2 Investigation results

5.1.2.1 Plasma development

The first results obtained from the parametric investigation were qualitative
in nature, based on comparisons between the plasma formed by the parallel
actuator and an orthogonal actuator with an electrode exposure value of
0.0mm. It was found that an orthogonal actuator was capable of producing
a synthetic jet effect and hence the first objective of the investigation had
been achieved. Comparisons between the plasma volume produced by an
orthogonal-type actuator and the more conventional parallel-type showed
that the orientation and vertical arrangement of the exposed electrode has
a significant effect on the performance of the device. The plasma volume
produced by the parallel-type (Figure 5.3a) was found to be denser, and less
filamentary than that produced by the orthogonal device (Figure 5.3b). In
addition, the vertical extent of the plasma region developed by the parallel
actuator was observed to be less than that for the orthogonal-type.

The more filamentary plasma associated with the orthogonal actuator
has been attributed to a denser electrostatic field being present within the
vicinity of the electrodes, as compared with a parallel device, due to the
relative proximity of the two electrodes. Since yexp = 0 for this actuator,
the strongest regions of the electric field were contained exclusively along
the surface of the dielectric with less free space than that for the parallel
device. The observed consequence of this was more micro-discharges along
the surface, and hence a more filamentary plasma. In terms of the jetting
characteristics of the actuators, the results suggested that the transferred
chordwise momentum was distributed over a smaller height for the parallel

ujet

(a) Parallel actuator

ujet

(b) Orthogonal actuator, (yexp = 0)

Figure 5.3: Plasma produced in quiescent air. Images were taken directly
above the respective encapsulated electrodes. Net induced wall-jet velocity
ujet is parallel to the page and directed from page bottom to page top.
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actuator and that the orthogonal device produced a fuller jetting profile
potentially more suited for use in an LFC system. It is postulated that the
increased vertical extent of the induced jet for the orthogonal actuator is
caused by a stronger pseudo-cathode effect along the dielectric surface,
arising from the stronger electrostatic field, as discussed by Kogelschatz
et al. (1997), and Enloe et al. (2004b). The nature of the electrostatic field
produced by the actuator dictates that the ejection of electrons from the
exposed electrode is most likely to occur along the chordwise direction.
The strong electrostatic field allows particles to accumulate on the dielectric
surface sooner during the first discharge half-cycle, forcing subsequently-
developed plasma particles to travel in longer, less direct trajectories. Hence,
for an orthogonal actuator, the charged particles are required to travel a
greater vertical distance, thus increasing the vertical extent of the generated
plasma region (Figure 5.4).

With reference to the electric field, it is hypothesized that the the strong
electric field strength at the surface of the actuator creates a more uniform
distribution of charge at the surface, which then forc

The observations obtained from the study of the developed plasma were
supported by the pressure measurements made downstream of each actuator.
The plotting of dynamic pressure at various heights above the dielectric
surface (Figure 5.5) revealed that the pressure profiles for the orthogonal ac-
tuators were fuller than that for the parallel device, with a shallower velocity

Particle

Pseudo-cathode at surface forces
plasma particles to follow curved
trajectories

Path Lines

(a) Parallel actuator

Stronger pseudo-cathode at

Particle
Path Lines

surface forces plasma particles
to follow less direct trajectories

(b) Orthogonal actuator, (yexp = 0)

Figure 5.4: Suggested plasma particle paths for parallel and orthogonal
actuators. It is hypothesised that a stronger electrostatic field produced by
the orthogonal actuator creates a more effective pseudo-cathode that forces
plasma particles to travel in longer, less direct trajectories.
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gradient and hence diminished shear stress close to the wall. In addition,
a relationship was found to exist between exposure height and the profile
fullness, with the fullest distribution being observed for the case correspond-
ing to yexp = −0.5mm. The fullness of the profiles was seen to diminish as
the value of yexp departed from −0.5mm, and it was noticed that for posi-
tive values of yexp, the value of the pressure at the measurement location
downstream of the actuator was zero for all vertical positions measured. Fur-
thermore, it was observed that the position of maximal jetting velocity (umax)
varied between the actuators, and hence was dependent on the value of the
exposure height. In addition, it was noticed that for 0.5mm ≤ yexp ≤ 2.0mm,
the chordwise extent of the plasma region was significantly reduced, with
the plasma confined to a region very near the exposed edge of the uncov-
ered electrode. This effect was attributed to a drastic change in the electric
field arrangement for positive values of yexp, which caused a containment
of the developed plasma, which thus prevented the plasma region from
extending far along in the chordwise direction, which would have allowed
for discernible pressure measurements to have been obtained.

5.1.2.2 Velocity measurements

The maximum induced chordwise velocity (umax) for each actuator was
calculated to assist in placing the results in context with other published
studies. This measure also allowed the experimental method to be validated
against similar investigations. Although no values of maximum induced
chordwise velocity were found in the literature for the same set of electrical
and geometric parameters utilised in this work, Forte et al. (2007) reported a
maximum induced jetting velocity of approximately 4.75m/s for a parallel-
type actuator with the following parameters (that were found to be the most
similar to those used in the present study).

For the parallel actuator studied in this parametric study, a maximum
velocity of 3.30m/s was measured. Although less than the value obtained
by Forte et al. (2007), it is of similar magnitude, and as discussed in Forte
et al. (2007) the difference can be attributed to the higher applied voltage
used by Forte et al. (2007). Hence the result of maximal measured induced
velocity for the conventional actuator supported the accuracy and validity of
the experimental measurements obtained from this parametric study.
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Figure 5.5: Dynamic pressure plots obtained from the parametric investiga-
tion. (Cubic-spline interpolation used between data points for clarity).
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Table 5.1: Comparison of actuator parameters used in the parametric study
and the work of Forte et al. (2007).

Parameter Parametric Study Study of
Forte et al. (2007)

Electrode material Tinned copper Aluminium
Electrode thickness 0.1mm 0.1mm
Electrode chordwise length 12.5mm 12.5mm
Electrode spanwise length 100mm 200mm
Dielectric material Acrylic Acrylic
Dielectric thickness (vertical
direction)

2mm 2mm

Dielectric thickness (horizon-
tal direction)

0mm 2.5mm

Applied voltage 16kVpp 20kVpp

Applied frequency 13kHz 13kHz

Forte et al. (2007) demonstrated in their work the existence of an optimum
chordwise gap for developing maximal induced chordwise velocity. For an
applied voltage of 20kVpp and applied frequency of 700Hz, a given actuator
produced a quadratic relationship between the induced maximum chordwise
velocity and chordwise separation distance (dh) with a maximum velocity
value occurring for a separation of 5.0mm. The results of the conducted ex-
perimental study discussed here also revealed a similar relationship existing
between the maximum induced chordwise velocity and the extent to which
the exposed electrode lay above the actuator surface, (Figure 5.6). For an
orthogonal actuator, the highest maximum induced velocity (umax = 1.75m/s)
was found for an exposure height of −0.5mm, which also corresponded with
the value of yexp that produced the fullest pressure profile.

Another intersting result from the study pertains to the maximum induced
jetting velocity produced the conventional actuator. The results show that for a
fixed set of electrical and geometric parameters, the parallel actuator produces
approximately twice the maximum velocity of the optimum orthogonal
device. This suggests that parallel actuators can provide a greater velocity
increase in the chordwise (x) direction, albeit with an increased velocity
gradient, and hence fluid shearing at the wall.
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Figure 5.6: Maximum chordwise velocity results for tested actuators

5.1.2.3 Momentum analysis

The momentum analysis was conducted using data of normalised pressure
plotted against vertical position. Cubic-spline fitting was used between the
data values obtained experimentally, to generate continuous velocity pro-
files, which were then numerically integrated using Simpson’s Rule to yield
the magnitude of chordwise (x-direction) momentum per unit span length
imparted by each actuator.

The results of the momentum analysis revealed a dependence of actuator-
induced momentum on yexp similar to the maximum induced chordwise
velocity (Figure 5.7). Even though the orthogonal actuators were effective
over a larger wall-normal distance, the parallel device still produced approxi-
mately twice the momentum as the optimum orthogonal device. In addition,
the momentum was imparted closer to the wall.

5.1.3 Conclusions of the parametric investigation

The jetting characteristics of a single DBD plasma actuator were found to be
affected by the arrangement and geometry of the electrodes used to generate
the plasma. For a given operating voltage and frequency, this investigation
found that an orthogonal actuator produces a plasma region that is more
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Figure 5.7: Chordwise momentum results for studied actuators

filamentary and more voluminous than that produced by a parallel device.
These observations have been attributed to an increased density in the electric
field and an increase in the distance normal to the actuator surface that the
charged particles of the plasma discharge are required to travel.

The study also revealed that the momentum and velocity produced
by an orthogonal actuator is affected by the value to which the exposed
electrode of the device lies above the surface of the dielectric (yexp). Through
variation of this parameter in a number of orthogonal actuators, analysis
of obtained pressure measurements show that an optimum value of yexp

exists, corresponding to the greatest actuator-induced chordwise maximal
velocity and actuator-imparted chordwise momentum (per unit span length)
in quiescent surroundings. More important however, was the discovery of an
alternative means of augmenting the jetting distribution of a DBD actuator,
through variations of the yexp value. Orthogonal actuators produced more
voluminous plasma regions with peak velocity values further away from the
actuator surface compared with the more conventional parallel-type. This
value could also be altered through changes to yexp. This result is significant
to DBD-based LFC as it demonstrates another mechanism through which the
synthetic jetting effect can be altered. Thus varying yexp, so as to change the
position and value of the maximum jetting velocity, provides a mechanism
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through which a DBD-based LFC system can be tuned so as to maximise
the performance of the system without satisfying the general criteria for
instability.

A final point of interest surrounding orthogonal actuators is the lower
maximum jetting velocities associated with such devices. The lower maxi-
mum jetting velocities of orthogonal devices (as compared with parallel-type
actuators) suggests that orthogonal actuators will be less likely to introduce
large inflections in the velocity profile of a boundary layer, and hence suggest
that such actuators will be well suited for use in a LFC system.

5.2 Solving the OSE for LFC design guidelines

The parametric study revealed that orthogonal actuators produce fuller
velocity profiles, with diminished fluid shearing close to the wall, as well as
a mechanism through which the magnitude and position of the maximum
jetting velocity can be controlled. For these reasons it was suggested that
orthogonal actuators would be favourable Laminar Flow Control devices. This
suggestion, however, is limited in its usefulness, as the effect of the actuator
on the boundary layer cannot be assessed through a simple parametric study
in quiescent conditions. In the absence of a suitable analytical description
of the flow field around a DBD actuator that could be utilised the simulate
the effect of the orthogonal actuators on a flat plate boundary layer in a
ZPG in a timely fashion, it was decided to use Linear Stability Theory to
identify favourable velocity augmentation characteristics for improving the
stability of an approximately equivalent Blasius flow. From the resulting
Linear Stability Analyses, it was then possible to identify what the velocity
characteristics of the augmented boundary layer should look like, and thus
provide a benchmark flow response that the actuators in the DBD LFC system
can be tuned to achieve.

Using the Orr-Sommerfeld Equation solver developed as part of this
research, (as discussed in Chapter 4) the effect of idealised Laminar Flow
Control was investigated by determining the curves of neutral stability for
modified Blasius boundary layers. The idealised flow augmentation from the
LFC, represented by modified boundary layer velocity profiles, was derived
through application of approximated analytical functions to published results
of DBD-augmented boundary layer flows, as well as the case for the Blasius
flow exposed to uniform wall suction. With the assistance of suitable assump-
tions pertaining to the development of these augmented boundary layers,
these velocity profiles were used to obtain the critical Reynolds number for
different velocity profile augmentations, and thus provide insight into how
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the operation of the orthogonal actuators to be used in the subsequent exper-
imental investigations should be tuned so as to provide favourable benefits
to the stability of the Blasius layer.

5.2.1 Stability analyses of augmented boundary layers

Four stability analyses were conducted to provide insights into how the
orthogonal actuators should augment the Blasius layer to improve hydrody-
namic stability. As these were conducted prior to experimental results being
available from this research, the first three utilising velocity profiles derived
from published experiments. These velocity profiles were sourced from the
work of Newcamp (2005), who published results for a boundary layer aug-
mented by a single actuator operated at different applied power levels. These
results consequently allowed three stability analyses to be conducted on a
boundary layer augmented by three different DBD flow control systems.

The fourth analysis investigated a widely studied and fundamental LFC
scenario. In this analysis the stability characteristics of a boundary layer
exposed to uniform wall suction were determined for comparison, and
further system benchmarking suggestions.

On completion of all four analyses, the improvement in the critical
Reynolds number for the varied flow strategies was able to be determined.
The improvements were expressed as a ratio between the controlled criti-
cal Reynolds number and the original critical Reynolds number of the flow

(
RecritControl
RecritBlasius

), and from this ratio, recommendations were made in regard to how
the orthogonal actuators used in the subsequent experimental investigations
of this research were to augment the boundary layer flow.

5.2.1.1 Controlled boundary layer based on published DBD results

Newcamp (2005) published measurements of a boundary layer augmented by
conventional parallel actuators operated at three different power levels. These
experiments were conducted at a chordwise Reynolds number of 40000, and
they were most detailed in terms of measurement resolution available to the
research at the time of the preliminary work. In addition to being obtained
at a Reynolds number beneath the critical value of Blasius flow, the results
showed how variations in an electrical parameter alters the velocity profile
augmentation observed in the boundary layer; of relevance to the scope of
the research.

What was observed from the results of Newcamp (2005) was that for
all power levels, the boundary layer, as compared with the Blasius layer at
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the equivalent position, became thinner, with increased local velocity values
close to the wall. In addition, the shape of the velocity profile was found
to be dependent on the power level at which the actuator was operated.
Using these results, it was concluded that DBD actuators have the potential
to significantly thin a boundary layer, augment the velocity profile, and that
this augmentation was a function of the electrical operation of the plasma
actuator, which suggested a mechanism through which a DBD LFC system
could be tuned and henced galvanised the discussion in Section 3.3.

Closer inspection of the velocity profiles showed that the plasma actuators
introduced prominent inflections in the flow (Figure 5.8, 5.9, & 5.10), which
were having a local destabilising effect on the boundary layer. However, this
was not considered to be of great concern in the context of the numerical
investigations that were undertaken. As discussed in Section 3.3 various
electrical parameters are capable of tuning the induced jetting profile and
maximum induced jetting velocity. Naturally, if these parameters are not
tuned correctly, inflections in the velocity profiles will occur, and thus this
is the likely reason for the inflections in the results of Newcamp (2005).
Using the data of Newcamp (2005) as an indication of how a DBD actuator
may augment a boundary layer flow, and coupling this with the knowledge
of how an actuator can be tuned (Section 3.3), it was hypothesised that a
DBD actuator could augment a boundary layer in such a way so as to show
characteristics of the results of Newcamp (2005), albeit in a stable fashion.
Consequently the data of Newcamp (2005) were used as a guide to conceive
and generate a family of velocity profiles that could potentially could be
obtained through the use of DBD actuators.

Using the same non-dimensional length (y� = η = y
L = y

√
ue
νx ) and

velocity (u� = u (η) = u
ue

) variables as used in the Falkner-Skan Equation, a
family of velocity profiles described by Equation 5.2 (with second derivative
defined by Equation 5.3), were found to roughly approximate the gross
characteristics of the DBD-augmented flows of Newcamp (2005). Through
approximation of the results of Newcamp (2005) it was assumed that the
value of η at the edge of the boundary layer (ηe) was the same as that of
Blasius flow (approximately 5.3).

u (η) =
1 − a(−kη)

1 − a(−kηe)
(5.2)
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Figure 5.8: Result of analytical curve fitting between assumed DBD-
augmented flow and the results of Newcamp (2005) for an actuator operated
at P = 15W. Error bars show differences between the experimental data and
approximated curve fit.

u′′ (η) =
−k2a(−kη)ln2 (a)

1 − a(−kηe)
(5.3)

The selection of the variables a and k was made by simultaneously at-
tempting to minimise the Normalised-Root-Mean-square-Deviations between
the fitted velocity profile and the measured experimental data (Equation 5.4)
and the error between the measured and fitted momentum thickness values
(Equation 5.5). The momentum thickness values for the experimental results
were obtained through integration of the published data using Simpson’s
rule. The values of the variables for each velocity profile can be found in
Table 5.2.

NRMSD =

[
n
∑

i=1
=( u/U∞|measured− u/U∞| f it)

2
]1/2

n
u (ηe)− u (0)

(5.4)

err (θ) =
abs(θmeasured − θ f it)

θmeasured
× 100% (5.5)
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Curve Fit ◦ Data Blasius
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Figure 5.9: Result of analytical curve fitting between assumed DBD-
augmented flow and the results of Newcamp (2005) for an actuator operated
at P = 20W. Error bars show differences between the experimental data and
approximated curve fit.

Table 5.2: Curve fitting coefficients used to approximate the DBD-augmented
velocity profiles.

Actuator Power [W] a k NMRSD[%] err (θ) [%]

15 1.90 1.60 19.6 16.3
20 1.48 2.83 22.6 22.9
25 2.00 1.68 13.4 13.5
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Figure 5.10: Result of analytical curve fitting between assumed DBD-
augmented flow and the results of Newcamp (2005) for an actuator operated
at P = 25W. Error bars show differences between the experimental data and
approximated curve fit.

Even after attempting to approximate the data with as much accuracy as
possible, it is conceded that the results of the curve fitting (Figure 5.8, Figure
5.9, and Figure 5.10) are poor for all actuators. With the exception of the data
points between η = 2 and η = ηe, the quality of fit is very poor. However,
this attempt at fitting a family of profiles to the data of Newcamp (2005) is
not a wasted exercise. To reiterate, the purpose of the curve fitting was to
identify feasible boundary layer velocity profiles that can be produced using
DBD actuators, and as is subsequently discussed in Section 8.2, experimental
results pertaining to this research will reveal an actuator that could augment
a boundary layer to produce a velocity profile with a very good level of fit
to the conceived family of functions. Moreover, the LSAs performed on the
velocity profiles described here provide necessary information to identify the
eigenvalues obtained in Section 8.2.

The subsequent Linear Stability Analyses conducted on the assumed
velocity profiles assumed that the DBD plasma was formed by a sufficient
number of actuators so as to produce similar velocity profiles (defined by
Equation 5.2) throughout the entire layer. The resulting spatial and temporal
curves of neutral stability (Figures 5.11 & 5.12 respectively) showed that the
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assumed DBD-augmented velocity profiles have a significant effect on the sta-
bility of the flow. These were created using regular rectangular computational
grids, (10000 points in the Rex-direction with spacing of 5.0E + 05, 100 points
in the η-direction with spacing of 0.54 )The critical Reynolds number for
the augmented flows is seen to be related to the individual velocity profiles,
themselves related to the electrical operation of the DBD device. Based on the
assumptions of the investigation, the lowest power actuator (P = 15W) was
found to attain the highest critical Reynolds number, 46 times greater than
that of the base Blasius flow (Table 5.3). Hence any DBD-based LFC system
that can produce boundary layer characteristics described by the velocity
profiles studied here would have significant benefits to flow stability, with
the best being characteristics associated with the low power actuator.

A point worth mentioning about the results for the idealised DBD-
augmented flows is that the boundary layers in the presence of such flow
control become susceptible to smaller wavelength (higher wavenumber) and
higher frequency disturbances, as compared with Blasius flow. In the real-
world, preventing such disturbances from entering the layer may prove very
challenging. This is because of the small physical dimensions required by
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Figure 5.11: Curves of neutral stability (wavenumber) for the assumed DBD-
controlled boundary layers.
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Figure 5.12: Curves of neutral stability (frequency) for the assumed DBD-
controlled boundary layers.

Table 5.3: Comparison of critical Reynolds number for different, idealised
controlled flows.

Actuator Power [W] ReLcrit

RecritControl
RecritBlasius

Blasius 300 1
15 13800 46
20 13200 44
25 12800 42.5

such sources for these disturbances, meaning that numerous small protuber-
ances on the surface could readily destabilise the flow within the boundary
layer.

5.2.1.2 Boundary layer controlled with uniform suction

The final Linear Stability Analysis conducted was that for the boundary
layer augmented by uniform wall suction. As described in Chapter 2, the
velocity profile of the boundary layer with uniform suction is described by an
exponential function (Equation 2.32). The velocity profile can be simplified
by recognising that the displacement thickness of the boundary layer with
uniform suction asymptotes to a constant value (Equation 5.6). For the
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purpose of investigating the hydrodynamic stability of a flow augmented by
uniform wall suction it is sufficient to assume that this displacement thickness
is constant throughout the entire length of the layer. This consequently allows
the velocity profile to be redefined in terms of the displacement thickness
(Equation 5.7), as discussed by Schlichting (1955), Cebeci and Cousteix (1999)
and Drazin (2002).

δ� =
ν

−v0
(5.6)

u (y) = ue

[
1 − exp

(−y
δ�

)]
(5.7)

When calculating the curves of neutral stability for a flow with the
asymptotic suction profile it is more appropriate to normalise lengths by
the displacement thickness of the boundary layer, as the similarity variable
used to describe Blasius flow does not adequately describe the characteristics
of such a flow. Hence, to calculate the curves of neutral stability for a flow
with the asymptotic suction profile, the OSE solver was modified such that
the Reynolds number, wavenumber and frequency normalised against the
boundary layer displacement thickness.

To validate the capability of the OSE solver to handle differing normalised
variables, the spatial (Figure 5.13) and temporal (Figure 5.14) curves of neutral
stability for Blasius flow based on displacement thickness were calculated. A
regular rectangular computational domain was used with 100 points in the
non-dimensional height direction (0.1 grid spacing) and 2000 points in the
Reynolds number direction (156.7 spacing for 0 ≤ Reδ∗ < 4900, 495.6 spacing
for 4900 < Reδ∗ ≤ 500000). The curves agree well with those published by
Schlichting (1955), Reeh (2008), and the critical Reynolds number based on
displacement thickness (Reδ�crit

) was determined to be 520, which again agreed
with published data Schlichting (1955), Cebeci and Cousteix (1999), and Reeh
(2008).

Using the OSE solver, the spatial (Figure 5.15) and temporal (Figure
5.16) curves of neutral stability for the boundary layer with the asymptotic
suction profile were calculated. As for the Blasius calculations, a rectangular
computational domain was used with 1000 points in the non-dimensional
height direction (0.06 grid spacing) and 2000 points in the Reynolds number
direction (3.5 spacing for 46500 ≤ Reδ∗ < 50000, 450 spacing for 50000 <

Reδ∗ ≤ 500000). In addition to the loci circumscribing a smaller number of
unstable eigenvalues with reduced magnitudes, the critical Reynolds number
was found to be approximately 47000. The results, which agree with those
published by Reeh (2008), imply that the limit of stability for the flow with
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Figure 5.13: Curve of neutral stability based on displacement thickness
(wavenumber) for Blasius flow.
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Figure 5.14: Curve of neutral stability based on displacement thickness
(frequency) for Blasius flow.

104



5.2 Solving the OSE for LFC design guidelines

uniform wall suction is almost 90 times that of the base Blasius flow (Table
5.4). In addition, the flow with uniform wall suction becomes susceptible to
larger wavelength, lower frequency disturbances that potentially could be
easily prevented from entering the layer, given the large dimensions of the
sources required to produce them.

5.2.2 Conclusions of the Linear Stability Analyses

Based on the results of the stability analysis for the boundary layer with
the asymptotic suction profile it was suggested that the DBD-based LFC
system incorporating the orthogonal actuators should attempt to augment
a boundary layer so as to mimic the behaviour of the asymptotic suction
profile. Of the four idealised, augmented boundary layer flows for which
Linear Stability Analyses were conducted during this research, the boundary
layer with an asymptotic suction profile achieved the best improvement to
the limit of stability. The stability of a boundary layer with an asymptotic
suction profile is significantly greater than that of Blasius flow, with the
critical Reynolds number associated with it being approximately two orders
of magnitude greater than that for Blasius flow. Also, such a profile is
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Figure 5.15: Curve of neutral stability based on displacement thickness
(wavenumber) for uniform suction.
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Figure 5.16: Curve of neutral stability based on displacement thickness
(frequency) for uniform suction.

Table 5.4: Comparison of critical Reynolds number between Blasius flow and
a boundary layer with uniform suction.

Actuator Power [W] Reδ�crit

RecritControl
RecritBlasius

Blasius 520 1
Uniform Suction 47000 90

susceptible to longer wavelength, lower frequency disturbances, which in the
real-world are potentially easier to detect and control in the boundary layer
because of the large dimensions of the sources required to generate them.

Consequently, during the experimental development of a DBD-based
LFC system as part of this research, it was decided that the DBD-based LFC
would be tuned so as to attempt to augment the boundary layer in a fashion
mimicking uniform wall suction. This meant that the system would attempt
to cause the velocity profile of the flow to attain the exponential profile
defined by Equation 5.7, as well as a constant shape factor of 2 throughout
the controlled region.

Tuning of the actuator was to be made such that the measured velocity
profiles and shape factor values attained the correct values, using the knowl-
edge of tuning techniques derived from the literature review and orthogonal
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actuator parametric study. Using this tuning, it was anticipated that a DBD-
based system would be able to emulate a system involving suction in a much
simpler fashion, without the need to remove fluid from the boundary layer
with complicated and high power pumping devices.

5.3 Summary & conclusions

An objective of this research was to identify novel Dielectric Barrier Discharge
actuator configurations with the potential to provide favourable benefits to the
stability of a Blasius boundary layer. As discussed in this chapter, orthogonal
actuators were identified as satisfying this objective.

Orthogonal actuators are defined as those having the exposed electrode
placed at a right angle to the encapsulated electrode. Prior to this research,
no work into the development of orthogonal actuators had been undertaken.
Through an experimental, parametric investigation it was found that orthog-
onal actuators produce less ‘aggressive’ jetting profiles, that are fuller, with
less fluid shearing close to the wall. In addition the magnitude and position
of the maximum jetting velocity of the actuator can be controlled through
variation of the height to which the exposed electrode sits proud above the
surface of the device. For these reasons, orthogonal actuators were identified
and recommended for implementation into a LFC system when trying to
improve the stability of a flat plate boundary layer in a ZPG.

In addition to recognising the gross differences between orthogonal and
conventional (parallel) DBD actuators, the parametric study highlighted some
interesting jetting characteristics of orthogonal devices. In particular it was
found that no discernible jetting effect can be developed with a value of yexp

greater than 0mm, and that the most forceful orthogonal actuator was the
one that had a yexp value of −0.5mm.

As a final note on the results of the parametric investigation, it was
found that both the force and maximum jetting velocity of an equivalent,
conventional parallel actuator were significantly greater than the most force-
ful orthogonal device. However, these two performance attributes may be
detrimental to the performance of the device in a LFC system due to the
thinness of the induced jet, and the high fluid shearing developed near the
wall as a result of the jet. Hence, the orthogonal actuators studied in this
chapter were still recommended for the subsequently developed DBD-based
LFC system.

To assist in the development of a DBD-based LFC system using orthogonal
actuators, Linear Stability Analyses were performed on a number of idealised
and assumed velocity profiles. The profiles used were derived from published

107



Chapter 5 Tuning Guidelines for the Plasma-based Laminar Flow
Control System

experimental results for DBD-augmented boundary layer flows as well as
boundary layer theory. Although the assumed velocity profiles were not
perfect fits to the data, the assumptions captured the gross characteristics
of the augmentation, and allowed for trends to be identified as to how a
DBD actuator may augment a boundary layer flow in a stable fashion. Of
the three DBD-augmented flows studied, the one associated with a lower
power actuator produced the most favourable results. However, stability
improvements associated with the assumed velocity profiles were found to
be smaller than those that can be attained through the use of uniform wall
suction. For this reason it was concluded that the DBD-based LFC system
that was to be developed during this research was to aim to emulate the
performance of a suction-based LFC system.

In summary, the discussion presented in this chapter led to two signifi-
cant outcomes and specifications for the DBD-based LFC system that was
developed as a part of this research. The results suggested that orthogonal ac-
tuators were to be used and tuned in an attempt to emulate the performance
of uniform suction. The results of the development of such an LFC system
are presented in the proceeding chapters.
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The performance of the novel, orthogonal actuators as LFC devices has
been assessed experimentally using the KC Wind Tunnel facility at The
University of Adelaide, Australia. All experiments were conducted on a rig
specially developed for this project, the so-called Flat Plate Rig (FPR). The FPR
was used in conjunction with numerous measurement devices to assess the
effectiveness of the orthogonal actuator in augmenting a laminar boundary
layer and improving its hydrodynamic stability.

Throughout the research project a number of flow conditions and actuator
configurations were tested. However, many parameters pertaining to the rig,
as well as experimental procedures were consistent for all experimental
investigations. This chapter discusses the similar conditions under which all
experimental investigations were conducted, as well as detailing the features
of the instrumentation used.

6.1 Wind tunnel

The experimental investigations undertaken in this work were conducted in
the KC Wind Tunnel at the University of Adelaide (Figure 6.1). The KC Wind
Tunnel is a closed-return-type tunnel with a removable test section. Into this
test section was placed the FPR developed to undertake the experiments
associated with this project.

The working cross-section of the KC Wind Tunnel is 0.5m × 0.5m with a
test section length of 2.5m. The FPR (Figure 6.2) was designed to optimise
the use of this test section, achieving this by utilising the full length available
and mounting directly to the outlet of the contraction, (which has ratio of
6 : 1).

The KC Wind Tunnel can be operated at speeds of up to 30m/s with a low
level of turbulence. During the experimental investigations the turbulence
intensity of the wind tunnel was measured using a single-wire hot wire
probe (technical details of its operation are subsequently discussed in Section
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Figure 6.1: The KC Wind Tunnel at the University of Adelaide.

Figure 6.2: Flat Plate Rig (FPR) as installed in the KC Wind Tunnel.

4 of this chapter). The turbulence intensity, as measured by the probe, was
found to range between 0.8% and 0.4% of the freestream velocity for flow
speeds between 2m/s and 14m/s (Figure 6.3a). Assuming isotropic turbulence
conditions within the tunnel, then the turbulence intensity in the x-direction,
(chordwise and parallel to the plate, defined more formally in Figure 6.8)
reduces to an approximate value between 0.6% and 0.3% (Figure 6.3b).

Although the freestream turbulence level of the KC wind tunnel is quite
low at less than 0.6% for the freestream velocities of interest, it is around 10
times higher than what has been traditionally used for LFC investigations
(Schubauer and Skramstad 1950, Wang and Gaster 2005, Watmuff 2006,
Grundmann and Tropea 2007b, Grundmann and Tropea 2007a, Grundmann
and Tropea 2009). However, unlike previous studies where the focus has
been to acquire actual transition locations and disturbance amplification
rates, the intent of the research for which the KC Wind Tunnel was being
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(b) Isotropic x-direction turbulence intensity.

Figure 6.3: Turbulence intensity measurements for the KC Wind Tunnel.

used was different. Instead of attempting to ascertain actual disturbance
growth and transition location brought about by the inception of freestream
turbulence (through the process of receptivity; see Section 2.2), the research
was focused upon the mechanisms through which the mean velocity profiles
of the boundary layer could be augmented in such a way so as to delay the
development of instabilities in the flow. The only requirement for this was
that the turbulence level be less than 1% so as to prevent bypass transition
from occurring freely and rapidly in the layer (Brandt et al. 2004), thus
preventing any study of a laminar boundary layer. As mentioned, this was
not the case, and laminar boundary layers were developed readily in the
KC Wind Tunnel throughout this work (see Section 6.5). Consequently, the
objectives of the research were able to be achieved in KC Wind Tunnel, as any
improvement (or detriment) to the stability of the studied boundary layers
would be discernible via comparison of instability development for all of the
studied augmented boundary layers.

The working cross-section of the KC Wind Tunnel is 0.5m × 0.5m with a
test section length of 2.5m. The FPR (Figure 6.2) was designed to optimise
the use of this test section, achieving this by utilising the full length available
and mounting directly to the outlet of the contraction, (which has ratio of
6 : 1).
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Although the freestream turbulence level of the KC wind tunnel is quite
low at less than 0.6% for the freestream velocities of interest, it is around 10
times higher than what has been traditionally used for LFC investigations
(Schubauer and Skramstad 1950, Wang and Gaster 2005, Watmuff 2006,
Grundmann and Tropea 2007b, Grundmann and Tropea 2007a, Grundmann
and Tropea 2009). However, unlike previous studies where the focus has
been to acquire actual transition locations and disturbance amplification
rates, the intent of the research for which the KC Wind Tunnel was being
used was different. Instead of attempting to ascertain actual disturbance
growth and transition location brought about by the inception of freestream
turbulence (through the process of receptivity; see Section 2.2), the research
was investigating mechanisms through which the mean velocity profiles of
the boundary layer could be augmented in such a way so as to delay the
development of instabilities in the flow. The only requirement for this was
that the turbulence level be less than 1% so as to prevent bypass transition
from occurring freely and rapidly in the layer (Brandt et al. 2004), thus
preventing any study of a laminar boundary layer. As mentioned, this was
not the case, and laminar boundary layers were developed readily in the
KC Wind Tunnel throughout this work (se Section 6.5). Consequently, the
objectives of the research were able to be achieved in the comparatively noisy
KC Wind Tunnel, as any improvement (or detriment) to the stability of the
studied boundary layers would be discernible via comparison of instability
development for all of the studied augmented boundary layers.

6.2 Flat Plate Rig (FPR)

To achieve the desired boundary layer characteristics in the investigations,
special consideration was required in the design of the flat plate. These
included a definable origin for the boundary layer, control of the pressure
gradient over the plate, the capability for DBD devices to be inserted into the
rig at desired locations, as well as provisions for measurement instruments
to be inserted. The result was the development of the Flat Plate Rig (FPR),
which was used for all experimental boundary layer investigations pertaining
to this research (Figure 6.2).

A flat plate boundary layer with an identifiable location of the origin
cannot be achieved simply by placing a flat plate into a flow. The finite
thickness and blunt leading edge of the flat plate lead to bluff body separation
effects that distort the origin of the formed boundary layer (Narasimha and
Prasad 1994). To address this issue, two techniques are widely employed. The
first is the use of a knife-edged leading edge as employed on the rigs used in
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a number of LFC investigations (Thomas 1983, Grundmann and Tropea 2007a,
Grundmann and Tropea 2007b, Grundmann and Tropea 2009). This ensures
that the flat plate is infinitesimally thin at the leading edge, minimising
any flow separation. However, such a leading edge cannot guarantee the
absence of separation and is intolerant of small angles of the impinging
flow. It also challenging to manufacture an infinitesimally thin leading edge.
An alternative is the use of a super-elliptical leading edge as discussed by
Narasimha and Prasad (1994) and as used throughout this research project.
Narasimha and Prasad (1994) suggest that a super-ellipse with an index of 3
(Equation 6.1) produces a leading edge of minimal development length for a
given thickness, without undesirable flow separation at the leading edge. In
this equation (Equation 6.1) xLE & yLE represent the Cartesian coordinates of
the leading edge, b the minor radius of the ellipse, and a the major radius
of the ellipse. Not only does such a leading edge satisfy the no-separation
criterion with some tolerance of minor flow misalignment, but the symmetry
of the leading edge allows for a robust method for locating the stagnation
point, through measurement of the pressure differential eitherside of the
centreline. Since the leading edge is curved, some discrepancy between the
virtual origin of the Blasius Layer and the origin of the real layer will exist,
but this was deemed to have only a minor impact on the quality of the results.

(
(a − xLE)

a

)3

+
(yLE

b

)3
=

(
(6b − xLE)

6b

)3

+
(yLE

b

)3
= 1 (6.1)

The leading edge (Figure 6.4) was designed and manufactured from 6061
aluminium with a nominal major radius of 114mm. Two 0.5mm diameter
pressure tappings drilled on adjacent sides of the centreline, 80mm down-
stream of the leading edge, were incorporated into design for location of
the stagnation point. The outer diameter of these tappings was increased
to 1/8′′ via the use of brass tubing, before being connected to an MKS 398
differential Baratron 0 to 1Torr pressure transducer via 1/8′′ internal diameter
silicone tubing. By equating the static pressure at both tapping locations,
the location of the stagnation point at the tip of the leading edge could be
assured. Positioning of the stagnation point on the tip of the leading edge
could subsequently be achieved by varying the angle of the trailing edge
circulation flap of the FPR.

The FPR (Figure 6.5) was designed with a nominal cross-section of
500mm × 300mm, 2000mm in length and manufactured from medium den-
sity fibreboard. The rig was designed with removable panels that allow the
addition of plasma actuators at desired locations. To control the location of
the stagnation point and eliminate any developed circulation over the FPR a
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Figure 6.4: Dimensions (in mm) of leading edge of experimental flat plate.

downstream circulation flap was incorporated into the design. The length of
the flap was selected to be 12.5% of the chord length of the flat plate (250mm)
consistent with the dimensions used in a similar experiment (Thomas 1983).
Through the use of a screw thread, the flap could be raised and lowered as
appropriate to balance the flow and pressure eitherside of the super-elliptical
leading edge.
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Figure 6.5: Side view of the FPR showing significant dimensions (in mm) of
rig.

The flat plate section of the rig was encapsulated in an acrylic enclosure.
The walls of this enclosure were fixed at the leading edge only, allowing the
sides to move laterally downstream of the contraction of the wind tunnel.
Attached to these walls were threaded rods located at three equidistant
positions. Through appropriate winding of the rods, the cross-sectional area
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and hence static pressure along the length of the rig could be adjusted,
allowing for fine control of the pressure gradient over the rig (Figure 6.6).
Four 0.5mm diameter pressure tappings spaced 750mm apart were positioned
in the roof of the enclosure (Figure 6.5) and used to measure the pressure
gradient along the FPR. Throughout the investigations the gradient along the
rig was measured to be approximately 0Pa/m as required, ranging between
−0.50Pa/m and 0.02Pa/m (Figure 6.7).
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Figure 6.6: End view of FPR showing method of pressure gradient adjustment
(dimensions in mm).
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Figure 6.7: Pressure gradient over length of FPR.
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The FPR was designed to allow experimental investigations to be made
in the region of the boundary layer containing the location of the critical
Reynolds number of the flow (approximately 110000 based on chord length).
For a nominal freestream velocity of 5m/s), this meant that the boundary
layer investigations were made between chordwise positions of x = 243mm
to x = 323mm, (as defined in Figure 6.8).

y

x

x = 243mm

Measurement
Region

x = 323mm

Figure 6.8: Formal definition of the origin pertaining to the experimental
investigations and region (shaded grey) over which measurements were
made (dimensions in mm). The origin is defined as the point parallel to the
leading edge and surface of the flat plate.

6.3 Plasma actuators

The purpose of the experimental investigations involving boundary layer
flow was to assess the response of the fluid to the presence of orthogonal
actuators. To minimise the variations in parameters for the investigations, the
geometry and materials of the devices were fixed. These parameters were
derived from experience obtained during the preliminary experiments in
quiescent air, which were discussed in Chapter 5, with slight modifications to
dimensions so as to form plasma over the entire spanwise length of the FPR
test section and hence restrict the plasma augmentation to a two-dimensional
boundary layer. Although according to Kriegseis et al. (2009) a ratio of
electrode width to length of 0.25 produces favourable benefits to boundary
layer stability, the fact that this ratio was applicable to conventional (parallel)
actuators meant that this ratio was not applied to the actuators used in this
research. Instead, precedence was given to establishing two-dimensional
flow conditions and uniformity of plasma production over the entire span of
the test section. In addition, the height to which the exposed electrodes sat
proud above the dielectric surface (yexp) was selected to be 0mm. Although
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the most voluminous actuator, which produced the greatest force for a given
set of parameters, was found to correspond with a yexp value of −0.5mm (as
discussed in Chapter 5), 0mm was selected for its ease of manufacture. In
addition the fundamental nature of the work allowed a somewhat arbitrary
selection of the yexp value. Consequently the geometric parameters of the
actuators utilised for all investigations were as follows:

• electrode material: tinned Copper,

• electrode thickness: telec = 0.1mm,

• electrode chordwise length: L = 12.5mm,

• exposed electrode spanwise length: bexposed = 500mm,

• encapsulated electrode spanwise length: bencapsulated = 700mm,

• height to which exposed electrode sat proud above dielectric: yexp =

0mm,

• dielectric material: acrylic,

• dielectric thickness: 3mm (in both the horizontal, dh, and vertical, dv,
directions).

Energy for the actuators was supplied by an ElectroFluidSystems Mini-
Puls 2 proprietary plasma generator system. This device is capable of pro-
ducing a high voltage sinusoidal output with frequencies between 5kHz and
30kHz. The actuators studied in this investigation were found to be highly
sensitive to the applied frequency. Very poor plasma formation was observed
for applied frequencies above 13kHz and below 10kHz, with qualitatively best
plasma formation occurring for an applied frequency of 12kHz, as observed
during preliminary tests. This observation is consistent with the suggestion
of Orlov (2006) of the existence of an optimal applied frequency value for
an actuator (see Section 3.3). For the actuators described here, the optimal
applied frequency value existed within a (relatively) narrow band of 3kHz.
Since it was not the objective of this research to fully optimise the applied
frequency for the actuators used, but rather to tune the actuators so as to
improve the stability characteristics of a flat plate boundary layer flow, the
applied frequency was set at a constant value for all experiments. Hence, for
all investigations, a pure sinusoidal input with an applied frequency, fapp, of
12kHz was used. Not only did this result in useful plasma formation, which
was observed to influence the flow, but the electrical parameters were found
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to be similar to those used in other works (Enloe et al. 2003, Enloe et al.
2004a, Enloe et al. 2004b, Van Dyken et al. 2004, Gibson et al. 2009a). With
this arrangement the voltage across the actuator electrodes, Vapp was varied
between 18kVpp and 24.2kVpp.

The actuators were manufactured from two machined pieces of acrylic.
The dimensions of the devices (Figure 6.9) were such that they could be
easily integrated into the FPR through replacement of one of the removable
panels in the rig with the actuator. Beginning with a block of acrylic with
dimensions of 800mm × 125mm × 25mm, a 60mm wide slot was machined
along the spanwise length of the actuator so as to leave a 3mm material
thickness along the leading and top surfaces. On the leading surface of this
piece of acrylic was placed the exposed electrode. Into the machined slot
a second piece of acrylic of size 800mm × 60mm × 10mm, was placed. This
second piece of acrylic had attached to its top surface the second electrode,
which when positioned inside the slot became encapsulated. A brass bolt (M8)
threaded through the second piece provided a connection to the encapsulated
electrode.

6.4 Experimental anemometry

Measuring the dynamic conditions within a boundary layer is challenging,
particularly since dramatic changes to the mean flow occur within very small
spatial regions. Because of these spatial constraints, hot wire anemometry is
often employed. However, attempting to utilise hot wire anemometry in and

M8 bolt

60

10 25
3

120

30

Electrodes

Figure 6.9: Schematic of orthogonal actuators used throughout research. Elec-
trodes are shaded in purple, electrical connection bolt is in gold (dimensions
in mm).
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around the region of a plasma actuator presents many problems.
First and foremost, hot-wire anemometry faces the challenge of arcing

occurring between the probe and the plasma. As discussed by Johnson
and Scott (2001) & Wilkinson (2003), arcing quickly destroys probes placed
too close to the plasma. Consequently, Johnson and Scott (2001) could not
investigate any region closer than 3.5mm (lateral separation) from the plasma,
and at least 1.0mm above the dielectric. In addition, for reliability Wilkinson
(2003) also used pressure tube anemometry to substantiate their results.

Electrical interactions between the charged plasma and the hot-wire probe
can also introduce measurement uncertainties. As discussed by Wilkinson
(2003) significant measurement errors occur when the probes are near the
direct vicinity of the plasma, with glow discharge developing on the probes
and interfering with the electrical signal of the probe. Electrical isolation
of the probe can help minimise this, but there is no guarantee (Wilkinson
2003). A solution is to use a specially developed constant-current anemometer
system featuring an electrical control unit that places a small differential
voltage across the body of the probe, which decouples the electrical-grounds
of the wire and the probe (Huang 2005). However, these systems are not
widely available (Huang 2005 developed their own), and are a complex
derivative of current hot-wire technology. Moreover, the additional circuitry
does not guarantee probe accuracy and reliability, as evident by Huang (2005)
who also used pressure tube anemometry to galvanise their results.

Whilst work has been published on DBD-based LFC, which includes hot-
wire anemometry measurements, there have been substantial limitations on
the region of investigation. Highlighting this is the work of Grundmann and
Tropea (2007b). The hot-wire anemometry results published by the authors
were obtained at least 90mm downstream of the DBD-actuators. Whilst this
eliminated the risk of damage to the probes, it also meant a large shadow
region existed in the measurement data.

The review of the literature suggests that hot-wire techniques are not
the most suitable for investigating plasma-augmented flows where high
frequency measurements are not required. As changes to the mean behaviour
of flows was the focus of the undertaken research, small-scale total pressure
tubes were instead selected for investigating the studied boundary layers.
Whilst it is widely known that pressure tubes suffer from proximity effects
close to surfaces, this is not a unique trait, but one that is also shared with
hot-wire probes (Hultgren and Ashpis 2003). Moreover, there exists a long
history of research into pressure tube calibration focused on minimising this
effect (and others) as discussed in Section 6.4.2.1. Hence, pressure tubes were
a very suitable instrument for measuring the velocity profiles pertaining to

119



Chapter 6 Experimental Apparatus

this research. In addition, the use of pressure tubes allowed measurements to
be obtained close to the plasma actuator, well inside the distances described
in the literature (e.g. Grundmann and Tropea 2007b). As described in Section
6.6.2), pressure tubes allowed velocity data to be obtained 20mm downstream
of the actuator (beginning at the trailing edge of the encapsulated electrode);
data that (as described in the literature) would otherwise have been difficult
to reliably obtain using a hot-wire probe.

In addition to the pressure tubes, hot wire anemometry still found use in
the experimental work. The high frequency response required to measure
turbulence intensity meant that hot-wire probes were used to characterise
the turbulence intensity of the KC Wind Tunnel.

To ensure adequate precision and accuracy when using the anemometry
equipment, specialised considerations had to be made with regard to the
way data was measured and processed. Although both the hot wire and
pressure tube anemometry systems converted fluid velocity data to voltage
measurements, each system required differing and specialised manipulation
of measurement data.

6.4.1 Hot-wire anemometry

Constant Temperature hot wire anemometry (CTA) was utilised during this
project to obtain turbulence information relating to mean flow of the KC
Wind Tunnel. CTA technology is widely understood and available, featuring
excellent spatial and temporal resolution (Perry 1982, Bruun 1995). For these
reasons, CTA was ideal for assessing the turbulence of the freestream.

The CTA system used was an TSI Inc. IFA 100 Constant Temperature
Anemometry system, which, like all CTA systems, makes use of heat transfer
principles from a small, heated hot wire probe. Placement of the probe into
a fluid flow brings about a transfer of heat from the probe to the fluid, the
magnitude of which is dependent upon the velocity of the flow crossing
it. By using an electronic feedback circuit, the CTA system maintains the
temperature of the probe by modulating the current through the sensor.
The output of the circuit is calibrated against known flow speeds. Hence by
measuring the change in output voltage of the CTA circuit it is possible to
monitor and deduce the speed of the fluid flow at a particular instance.

As is the case for all CTA systems, the feedback electronics for the TSI
Inc. IFA 100 is based on a Wheatstone bridge, of which the hot wire probe
forms a resistive element, Rw (Figure 6.11). The variable resistive element,
Rb is selected with consideration to the intended operating resistance of
the probe, ROp. During operation, the feedback circuit balances the bridge
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Figure 6.10: TSI Inc. IFA 100 CTA system as used throughout this project.

voltages, Ea and Eb by varying the feedback current, I0. By measuring the
voltage difference brought about by the feedback current, E0, it is possible to
obtain a measurement for the instantaneous velocity of the fluid crossing the
probe.

To improve the performance of the CTA circuit, a gain amplifier (with a
gain value of K) is used to enhance the system sensitivity in conjunction with
a current-boosting amplifier (I). The use of the amplifier introduces a small
offset voltage (Eqi) that contributes to the output of the circuit (Equation 6.2)
and needs to be considered in the setup of the bridge. In a proprietary circuit
such as the TSI Inc. IFA 100 the effects of the offset voltage are mitigated
by following the recommended setup procedures for the system (Operating
Manual for TSI IFA-100 Constant-Temperature Anemometer 2000).

E0 = K
(
Ei + Eqi

)
(6.2)

The actual voltage output of the CTA bridge is related to the values
of the resistive elements and the feedback current (Equation 6.3). Whilst
two of these resistive elements have a fixed resistance value, the nominal
resistance of the probe (Rw) and the balance resistance (Rb) vary with the
selected probe and its intended operating temperature. During this research,
the probe resistance was nominated by selecting an appropriate overheat
ratio, OHR (Equation 6.4), for the sensors. The probes used in this work were
commercially sourced TSI Inc. 1210 − T1.5 units, manufactured of platinum-
coated tungsten, with a diameter of 3.8μm. As recommended by TSI Inc.
(Operating Manual for TSI IFA-100 Constant-Temperature Anemometer 2000), an
OHR value of 1.8 was used for these probes, and the cold resistance (Rcold) of
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I0

E0

IK

Eqi
Rb

I2I1

Rw

Ra Rc
A

B

C

D

Figure 6.11: Electronic schematic of CTA bridge. The hot wire probe lies
between points C & D.

the sensors was obtained by measuring their resistances at room temperature.

Ei =
−I0(RwRc − RaRb)

Rw + Ra + Rb + Rc
(6.3)

OHR =
ROp

RCold
=

Rw

RCold
(6.4)

Optimisation of the frequency response of the CTA circuit is dependent
upon the characteristics of individual hot wire probes. According to Frey-
muth (1977) a convenient way to optimise the circuit for a given probe is to
measure the response of the CTA circuit to a square wave input superim-
posed upon the offset voltage (Eqi). Freymuth (1977) suggests that optimum
temporal behaviour is achieved when the voltage response (V) of the circuit
to the square wave demonstrates an undershoot of approximately 15% of
the amplitude of the signal, h (Figure 6.12). To achieve this suitable adjust-
ments to the offset voltage and balance inductance of the variable resistive
element (Rb) are made until the response of the bridge images that of the
ideal response.

Using the recommended set up procedures of the TSI Inc. IFA 100, opti-
mum probe frequency response was easily realised during the experimental
investigations. The process involved setting the bridge offset voltage (Eqi) to
the recommended value for the probe (as according to Operating Manual for
TSI IFA-100 Constant-Temperature Anemometer 2000), before superimposing
the square wave signal. Measuring the output using a Tektronix TDS1000B
Oscilloscope, the balance inductance was slowly varied until the output of
the bridge suitably represented that of the ideal response.

122



6.4 Experimental anemometry

V

h 0.97h

0.15h
τw

t

Figure 6.12: Ideal frequency response of the CTA hot wire probe.

6.4.1.1 Velocity calibration of probes

Velocity calibration of the hot wire probes was performed using an in-situ
technique. A Pitot-static probe was placed in the freestream of the FPR test
section and used to first measure the mean velocity of the flow. Once the
mean velocity measurements were obtained, the hot-wire probe was placed in
the same location, and the CTA circuit output voltage measured and recorded.
Repeating this process for a number of velocities resulted in the construction
of a calibration look-up table. Cubic spline interpolation between the points
of the table subsequently provided the means for converting experimental
flow measurements into fluid velocities.

6.4.2 Pressure tube anemometry

Pressure tubes were used throughout the experimental work to measure and
record total pressure values within the studied boundary layers. The use of
these tubes provided a robust velocimetry method that gave adequate spatial
and temporal resolution, whilst being cost effective. The operational principle
of the tubes is fundamentally simple, making use of Bernoulli’s equation as
applied to the flow along a streamline (Equation 6.5). A streamline enters
the tube and is stagnated, upon which the static pressure caused by the
stagnation is resolved by a pressure transducer. By subtracting the ambient

123



Chapter 6 Experimental Apparatus

static pressure of the flow from the pressure measurement, and noting that
insignificant changes in height occur along the stagnating streamline, then a
measure of the dynamic pressure is obtained. From the dynamic pressure
measurement, a straightforward calculation yields the local value of the fluid
velocity (Equation 6.6).

PTot = P + 1/2ρu2 + gz = constant (6.5)

u =

√
2 (PTot − P)

ρ
(6.6)

The tubes utilised in this experimental work were manufactured to present
as small as possible cross-sectional area when positioned in the flow. Given
the small dimensions of the boundary layer thicknesses that were to be
investigated (of the order of 5mm), utilising small tubes was paramount to
ensure suitable spatial resolution. The tubes were consequently manufactured
from 25G × 1′′ medical-grade stainless steel tubing, the type employed in
hypodermic needles. The outside diameter (OD) of the tube was 500μm, with
a corresponding internal value of 250μm. To provide suitable access to the
boundary layer, and connectivity to the pressure sensing device, the small
diameter tubes were attached to a length of 1/8′′ OD brass tubing, which
was itself attached to the pressure sensor by means of 1/8′′ internal diameter
silicone tubing. To eliminate buffeting of the brass tubing by the flow, a
second length of brass tubing was soldered to the downstream side of the
pressure tube to provide additional support (Figure 6.13).

An MKS 398 differential Baratron pressure transducer was used to mea-
sure the pressure obtained from the total pressure tubes. The baratron, which
featured a frequency response of 40Hz, was calibrated with a sensitivity of
10V/Torr over a range spanning from 0V to 10V. The pressure tubes were con-
nected to the total pressure side of the baratron, and the static pressure side
was connected to the pressure tapping immediately above the investigation
region.

6.4.2.1 Pressure tube calibration

Robust as they are, pressure tubes do suffer from a number of calibration
issues. These issues arise as a result of two fluid phenomena. The first is the
deflection of the fluid streamlines around the tube due to its presence. The
second arises from viscosity, which creates errors in pressure tubes of small
diameters. Since the work carried out in this research utilised tubes of small
diameters, both of these phenomena needed to be taken into account.
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Figure 6.13: Schematic design of total pressure tubes employed in this work
(dimensions in mm).

The presence of the pressure tube within a sheared flow brings about a
displacement error. The displacement error arises due to the flow obstruction
that the tube creates, which causes the fluid streamlines to deflect around the
tube (Figure 6.14). The result is that the fluid is displaced towards the regions
of greater shear, meaning that the pressure measurement recorded at a partic-
ular location is incorrect. A convenient way to consider the phenomenon is to
think of the measurement suffering from an apparent shift in probe position.
This form of correction, known as the displacement correction (McKeon et al.
2003), has been discussed by many authors and is accounted for by chang-
ing the relative position of the probe measurement by a value dependent
on the outer diameter of the pressure tube, d (Equation 6.7). The apparent
shift in probe position, ε, typically attains a value between 0.08 < ε < 0.16
(MacMillan 1954, MacMillan 1957, Patel 1965, Tavoularis and Szymczak 1989,
McKeon et al. 2003).

Δy
d

= ε (6.7)
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u(y)

Δy

Figure 6.14: Error due to displacement. The walls of the tube are shown in
grey.

For the purpose of this investigation, the displacement correction was
made using the recommendations of MacMillan (1957) and the so-called
MacMillan correction. According to McKeon et al. (2003), the Macmillan cor-
rection is the most widely used and benefits from suitable accuracy and
straightforward implementation. For this theory, the apparent shift in probe
position, ε, is assumed to be a constant value of 0.15.

The flows studied as part of the experimental work also suffered from an
additional mechanism that displaces the streamlines. When a probe is placed
near to a wall, the pressure tube resembles a forward facing step. The result
is that the streamlines of the flow are displaced away from the wall and over
the tube by a distance of δw (Fig 6.15) and an error in the measured velocity
is obtained. The error due to the wall was discussed by MacMillan (1957)
and the author suggested when the ratio y/d < 2 , a correction for the wall
should be used (Equation 6.8) in conjunction with that already given by the
displacement correction (Equation 6.7).

δw

Figure 6.15: Error due to the presence of the wall. The walls of the tube are
shown in grey.
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Δu
umeasured

= 0.015exp
[
−3.5

(y
d
− 0.5

)]
(6.8)

The final correction applied to the measured data was that associated
with viscous effects within the tube. According to Zagarola and Smits (1998)
fluid viscosity has an effect on the measured pressure coefficient for Reynolds
numbers based on the pressure tube diameter, Red, between 30 and 1000 (as
described by Equation 6.9). Since Red was less than 200 for the investigations
undertaken, this correction was implemented, and was done so through the
expansion of Equation 6.9 to find the polynomial relationship between the
measured velocity value, umeasured, and the corrected value, ucorrected (Equation
6.10). For each measurement value, Equation 6.10 was solved using the
polynomial root-finding algorithms of MatlabTM.

CP = 1 +
10

Re1.5
d

(6.9)

(
d
ν

)1.5

u3.5
corrected + 10u2

corrected − u2
measured

(
d
ν

)1.5

u1.5
corrected = 0 (6.10)

For the cases without plasma, some measurements near the wall had a
value of Red less than 30, with the smallest value being 10. However, given
the lack of information pertaining to viscous corrections for small pressure
tubes, and the scope of this investigation focusing on the overall response of
the boundary layer, it was assumed that the viscous correction (Equation 6.9)
was applicable to all measurements made.

The corrections were implemented in a sequential fashion as per the
recommendations of McKeon et al. (2003). The first correction made on
each measurement value was that for viscous effects, followed by streamline
displacement, and then finally the influence of the wall (where applicable).

6.4.2.2 Spatial positioning of pressure tubes

Accurate positioning of the pressure tubes was of paramount importance
given the dependency of flow stability indicators on velocity gradients. In-
accurate positioning can lead to poor curvature in derived velocity profiles,
hence suggesting apparent instabilities in the results that are nothing more
than an artefact of poor measurement. Every effort was made to measure
pressure tube position as accurately as possible with the equipment available.

Positioning of the pressure tube was achieved via the use of a MitotoyoTM

manual height gauge (spatial resolution: ±5μm), manually aligned to position
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guides on the enclosure of the FPR. The pressure tubes themselves were
clamped to the height gauge, and were fed down between slots in the
enclosure, cut parallel to the centreline of the FPR.

The position guides were installed parallel to the centre-line of the FPR.
The arrangement was such that the pressure tubes were always located
parallel to the centreline of the FPR, (i.e. in a fixed spanwise position), and
collinear when at the surface of the FPR, when the height gauge was butted
against the position guide. Datum markings and mm graduations on the
position guide (referenced from the leading edge of the FPR) were used to
locate and measure the position of the ends of the pressure tubes in the
x-direction.

Limit stops in the design of the clamp ensured that the pressure tubes
were always clamped to the height gauge in the same vertical position relative
to the reference frame of the height gauge. A steel square was used to align
the pressure tubes, parallel to the height gauge base, such that the tube ends
were perpendicular to the freestream velocity.

Location of the pressure tubes in the y-direction was achieved by careful
visual positioning of the tube to the FPR surface, and inspection of witness
marks in the surface of the FPR. When setting up the equipment, the tubes
were lowered to the surface until just touching, raised and then lowered
further until the tubes were observed/witnessed to just touch. The measured
positions at these touch conditions then became the reference datums for the
wall, from which all subsequent, respective measurements were made.

The thoroughness implemented in positioning the pressure tubes ensured
that any artefacts in the measured data arising from errors in positioning
were minimised as best as possible within the limitations of the equipment.
A further discussion of the effect of potential positioning errors is presented
in Section 6.4.2.3.

6.4.2.3 Uncertainty in pressure tube measurements

Every effort was made to minimise error in the experimental velocity mea-
surements. However, both systematic and random errors occurred. In this
section an analysis of the sources of error is presented.

The Baratron used to obtain the pressure measurements represents a
source of systematic error. The inherent limitations of the instrument meant
that a systematic, absolute error of 0.08% of the measured pressure value
affected all measurements.

A prevalent source of error in the measurements was pressure tube mis-
alignment. Although every effort was made to minimise spatial positioning
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errors of the tube (see Section 6.4.2.2), some uncertainty did exist. How-
ever, according to Chue (1975), a misalignment of less than 10◦ for a tube
of dimensions similar to those used for the experiments produces an er-
ror in the measured pressure of less than 1%. It has been ascertained that,
through the use of squares (i.e. simple alignment tools), this alignment con-
dition was never breached. Thus, an absolute error in pressure due to probe
misalignment was taken as being 1% for each measurement.

The inherent accuracy of the Baratron and the probe misalignment error
were taken as as constant absolute instrument errors affecting all measure-
ments. By finding the square root of the sum of the squares of theses two
errors (Equation 6.11), an estimate in the absolute error in pressure of the
instrument was calculated as being 1.00%.

errabsinstrument =

√√√√ N

∑
i=1

Err2
i (6.11)

Due to the absolute error of the height gauge used to position the pressure
tube, error exists in the measured data due to the velocity gradients in the
boundary layer. Quantification of this error has been made by considering
the absolute error in the height gauge. Since the resolution of the height
gauge is known (±5μm), the relative error in velocity associated with tube
displacement can be estimated by considering the local velocity gradient
at a measurement location, and calculating the error in velocity arising
from a positioning error equal to the absolute error in the height gauge
(Equation 6.12). For example, the maximum determined velocity gradient
at any measurement location was found to be the value at y = 0.25mm for
the case of a single actuator operated at Vapp = 24.2kVpp, with mild suction
(see Figure 8.1). At this location, the normalised local velocity gradient(

∂(u/Uin f ty)
∂y

)
was found to be 18211/m, which accounted for an absolute error

in velocity due to tube displacement (local velocity gradient) of 1.21%.

errrelspatial =
5μm ∂u

∂y

∣∣∣
y

u
(6.12)

Scatter was present in all of the measurements taken throughout the ex-
perimental program, and this scatter constitutes another source of error. Like
the error due to tube displacement, the scatter is best described in terms of a
relative error. Consistent with best practice, the scatter in the measurement
data is shown on the graphed measurement results as ±2σ (where σ is the
standard deviation in the measurement data). Although the scatter varied
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between measurement data (the result of random errors that are difficult to
quantify, for example movement of people in the laboratory), it was found
to be generally consistent, with an approximate value of ±0.03U∞. Thus, as
a sidenote, the relative velocity error due to scatter can be approximated
as 3% of the freestream velocity for all measurements (Equation 6.13). For
the example discussed above (an actuator operated at Vapp = 24.2kVpp, with
mild suction; see Figure 8.1), the actual scatter was found to be 2.24% of the
freestream velocity, hence meaning that the absolute error in velocity due to
scatter was 2.96%.

errrelscatter =
2σu

u
≈ 0.03U∞

u
(6.13)

The analysis discussed in this section allows the errors in the measured
data to be quantified. By considering the four sources of absolute and relative
errors highlighted, the total error for any velocity measurement (err (u)) can
be estimated by finding the square root of the sum of the squares of all the
errors (Equation 6.14). Using the example already analysed in this discussion,
the error to be found in a typical measurement is umeasured = u ± 3.25%,
(actual values u = 3.98± 0.130m/s, with a calculated instrument velocity error
of 0.499%). It is, however, reiterated that the error for each measurement
is not necessarily constant, but dependent upon the local velocity, velocity
gradient and scatter for that measurement; information that can be discerned
from the graphed results.

err (u) =

√√√√ 4

∑
i=1

Err2
i (6.14)

The error analysis shows that the greatest source of error is scatter in
the data. Thus, a first order estimate of the error for any measurement can
be quickly ascertained simply by studying the scatter in the graphed value,
which, as mentioned, is shown as ±2 standard deviations.

6.4.3 Data acquisition

The anemometry measurements from both the hot-wire and pressure tube
anemometry techniques were recorded digitally throughout the research.
Using a National Instruments PCI-6229 A/D card, voltage outputs from both
the IFA 100 CTA system and MKS 398 differential Baratron were logged, and
then retrieved for appropriate post-processing.

The sampling rates and sampling times differed between the two anemom-
etry techniques. The values of sampling rate and record time for the CTA
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measurements were 10kHz and 10s respectively (based on the recommenda-
tions of Bruun 1995). These values were found to be sufficient for measure-
ment of the turbulence intensity of the wind tunnel. For the pressure tube
anemometry, the sampling rate used was 4000Hz. The sampling time was
derived from a convergence study, conducted at two measurement points,
one inside the layer (Table 6.1) and one just beyond the edge (Table 6.2).
Mean velocity data were found to converge to within 0.5% after 3 seconds at
both locations. An explanation for this short required sampling time is the
manual positioning of the pressure tubes. The manual positioning took in
excess of 10 seconds per data point, hence allowing the flow sufficient time
to stabilise between measurement points (as supported in the results of the
convergence study). Consequently, to allow boundary layer investigations to
be performed in a timely manner, a record time of 3s was used for pressure
tube measurements. It is acknowledged that the sampling rate selected for
the pressure tube measurements was far greater than the frequency response
of the Baratron itself. However, since the increased number of samples did
not cause a noticeable increase in computation time during post-processing,
such a high sampling rate was considered not to have a detrimental effect on
the results.

The electrical parameter measurements for the experiments were obtained
through the use of the internal voltage scope of the Mini-Puls 2 plasma
generator. The internal scope is a voltage divider with a nominal ratio
of 1 : 1000, which allowed a measurement of the voltage applied to the

Table 6.1: Results of pressure measurement convergence study for measure-
ments inside boundary layer (x = 120mm, y = 0.700mm).

Sample Time [s] u [m/s] Difference to pre-
vious record time

1 3.84 N/A
2 3.92 2.1%
3 3.94 0.5%
4 3.94 0.0%
5 3.92 0.3%
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Table 6.2: Results of pressure measurement convergence study for measure-
ments just beyond boundary layer edge (x = 120mm, y = 5.725mm).

Sample Time [s] u [m/s] Difference to pre-
vious record time

1 6.94 N/A
2 6.95 2.7E − 02%
3 6.95 0.7E − 02%
4 6.95 0.3E − 02%
5 6.94 1.2E − 02%

electrodes to be obtained. The scope was connected to a PicoScope 5203
PC-based oscilloscope. The oscilloscope had a sample rate of 1GS/s, and a
maximum record length of 0.128s, with 8 − bit resolution and a bandwidth
of 250MHz. Such a high sampling rate was necessary to resolve features of
the plasma discharge, such as the filamentary micro discharges that have
lifespans of the order of 100ns (Corke et al. 2010).

6.4.4 Presentation of anemometry results

For investigations pertaining to the research discussed in this thesis, the
anemometry results have been processed and presented as x-station-specific
velocity profiles. These velocity profile plots have been constructed using
cubic splines fitted between the measured data. Using these cubic splines, it
was possible to estimate the value of the derivative of velocity with respect
to wall-normal direction

(
∂u
∂y

)
and this data, in conjunction with the velocity

profiles, has been used to determine the effect of the plasma-based LFC
system on the studied flows, by studying the characteristics of the local
maxima and minima in this profile.

In addition, when discussing the results for the plasma augmented flows,
contours of the entire flow field (for each investigation) have been plotted
using the total pressure measurements.

The spacing between points on the velocity contours was determined
by the position at which pressure measurements were obtained. Hence, the
spacing in the x and y directions of the contour plots is Δx = 10mm and
Δy ∼ 0.5mm respectively. (Note that due to slight changes in spacing resulting
from application of the displacement correction, the spacing in the y direction
on the contour plots is only approximately constant. In addition, Δx = 40mm
between x = 263mm and x = 303mm for the double actuator results (Chapter
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9) due to an inability to obtain measurements at x = 273mm, x = 283mm and
x = 293mm when two actuators were operating).

The velocity contours have been constructed using 20 equally spaced
levels corresponding to different values of normalised local boundary layer
chordwise velocity, beginning at u/U∞=0. The resolution between levels is 0.05
units, and linear interpolation has been used between the measured velocity
data to obtain the contour level values.

6.5 Performance of the FPR

Prior to commencing experimental investigations involving DBD actuators,
the ability of the FPR to produce a boundary layer mimicking a Blasius flow
was investigated. The preliminary experiments involved operating the wind
tunnel at the intended freestream speed of the LFC investigations (approxi-
mately 5 ± 0.6m/s) and mapping the boundary layer in the region of interest.
For this project the region corresponded to that where the Reynolds number
of the layer becomes critical, which based on chord length is approximately
110000. Consequently the boundary layer was mapped from x = 243mm
to x = 313mm (Figure 6.16), for a freestream velocity of U∞ = 5.62m/s,
and Reynolds number per unit length of Rex

x = 3700001/m for all x except
x = 263mm. Note that for x = 263mm, drift in the wind tunnel motor speed
resulted in slightly different (but still satisfactory) values of freestream veloc-
ity and Reynolds number per unit length 5.32m/s and 3500001/m respectively).

The measured boundary layer profiles showed good agreement with
Blasius flow (Figure 6.16) and laminar behaviour as demonstrated by the con-
tour plot of the measurements (Figure 6.17). There are some small inflections
present in the profiles, as evident by the local maxima/minima in the plots
of ∂u

∂y , but these are seen to attenuate slightly downstream, suggesting that
the flow is both laminar and stable. The Normalised-Root-Mean-Square De-
viations (NRMSD) between the measured velocity profiles and Blasius theory
(Equation 6.15) were less than or equal to 7.50% for all x-locations studied
(Table 6.3) and the errors in shape factor between the Blasius profile and the
measurements (defined by Equation 6.16) were found to be satisfactorily low
(Table 6.4). It was thus concluded that the FPR was successful at producing a
flat plate boundary layer that exhibited Blasius-type characteristics, and that
the experiments using DBD actuators to augment the stability of the flow
would provide meaningful insights into DBD-based LFC design.
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Figure 6.16: Velocity profile measurements obtained from the FPR, U∞ =
5.62m/s, Rex

x = 3700001/m for all x except x = 263mm. For x = 263mm,
U∞ = 5.32m/s, Rex

x = 3500001/m. Derivative information for measured data
only.
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Figure 6.17: Contour plot of measurements obtained from the FPR, U∞ =
5.62m/s, Rex

x = 3700001/m for all x except x = 263mm. For x = 263mm,
U∞ = 5.32m/s, Rex

x = 3500001/m.

NRMSD =

[
n
∑

i=1
=( u/U∞|measured− u/U∞|Blasius)

2
]1/2

n
u (δ)− u (0)

(6.15)

err (H) =
abs(HBlasius − Hmeasured)

HBlasius
× 100% (6.16)

6.6 Experimental investigations involving DBD

The experimental investigations involving the FPR were focused on mapping
and measuring the response of a flat plate boundary layer with a zero
pressure gradient to a variety of actuator configurations, positioned near to
the location of the Critical Reynolds number for the flow. In this chapter,
details of the experimental set up used in all have been presented. Specific
details for particular investigations are discussed in the relevant chapters
where results are presented.
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Table 6.3: Normalised-Root-mean-square-Deviations between measurements
from FPR and Blasius theory.

x[mm] NRMSD[%]

243 7.47%
253 5.91%
263 7.50%
273 6.09%
283 4.06%
293 3.99%
303 2.83%
313 2.50%

Table 6.4: Shape factor values obtained from FPR.

x[mm] H err(H)[%]

243 2.7921 7.80%
253 2.6594 2.68%
263 2.5037 3.33%
273 2.6253 1.36%
283 2.5401 1.93%
293 2.5947 0.18%
303 2.4368 5.92%
313 2.4224 6.47%

6.6.1 Preliminary experiments

Preliminary investigations incorporating a single DBD actuator were under-
taken for the purpose of identifying particular experimental issues associated
with the rig that would need to be taken into consideration for the subsequent
detailed LFC studies. The results of these investigations revealed a number
of such issues. The first of these pertained to the formation of plasma on the
large acrylic actuators used for the boundary layer investigations. When the
exposed electrode was sandwiched between the acrylic and FPR, no plasma
was observed to form. The lack of surrounding air seemingly choked the
actuator, and inhibited it from producing any discernible wall-jetting effect. It
was found to be necessary to separate the actuator by a distance of 5mm from
the trailing edge of the upstream flat plate section, in order to create a wall
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jetting effect that augmented the boundary layer. Seemingly, the volume of
air that could surround the electrode in the gap was necessary for producing
useful plasma.

The second phenomenon associated with the large actuators in the FPR
was that in quiescent air, even the actuators separated by a gap from the FPR
did not produce a jetting effect that could be measured at the trailing edge
of the encapsulated electrode. However, as the experimental results testify
when a boundary layer was present, a plasma jetting effect was formed that
had a profound effect. Moreover the effect was found to be dependent on the
applied voltage of the DBD device. The reason for the inconsistencies lay in
the dimensions of the actuators used in the boundary layer investigations. As
these were over five times the size than the actuators studied in the quiescent-
air parametric study (Chapter 5), the energy of the plasma generator was
dispersed over a greater area, and thus it would be expected that a reduction
in the quiescent-air jetting effect would occur. However, as mentioned, the
large plasma actuators were observed to significantly augment the boundary
layer of the FPR, and since the development of the DBD-based LFC technology
is based on the augmentation capabilities of the system, it was not deemed
necessary to measure the quiescent-air performance of the various large
actuators tested. Instead, emphasis was placed on measuring the response of
the FPR boundary layer to the various actuator configurations, and relating
these back to the parameters of the actuators.

The consequence of the two phenomena discussed here is that two in-
teresting configurations could be tested for each actuator. The first was a
sealed case, where the bottom and spanwise ends of the gap were sealed to
prevent a strong suction effect from dominating the control of the boundary
layer (Figure 6.18). The second case was one with the plasma working in
conjunction with a mild suction force. By opening the ends of the gap in
the spanwise direction (150mm away from the ends of the electrode), the
boundary layer could be exposed to the pressure difference between the test
section and the ambient environment. This pressure difference amounted
to a mild suction effect of 4Pa, and allowed the transfer of fluid from the
boundary layer (Figure 6.19). It was anticipated that through the use of the
plasma actuator with the mild suction (Figure 6.20) the effect of the suction
could be enhanced, and thus potentially create a LFC system of great benefit.
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Figure 6.18: Schematic arrangement of plasma actuator and corresponding
fluid flow for the case without mild suction. The plasma is shown in purple
(dimensions in mm).

6.6.2 Focused investigations

Based on the observations during the preliminary investigations, three fo-
cused studies were performed as part of this research. In all three studies,
configurations with and without the mild suction effect were tested. The
first investigation looked at the response of the laminar boundary layer to
the presence of a single orthogonal DBD actuator. Little consideration was
given to the operation of the actuator in this study, with the plasma generator
operated in the middle of its operational range so as to produce plasma that
noticeably augmented the boundary layer. Refinement of the operation of the
single actuator was the focus of the second investigation. A parametric study
examining the effect of actuator applied voltage was performed, leading
to investigations regarding the response of the layer to the seemingly most
beneficial and most adverse actuator operations. The final study sought to
maximise the effect of the single actuator by using a second actuator placed
downstream of the first. Again, the response of the layer to the most beneficial
and most adverse actuator operation were measured.

In line with the scope of the research, all investigations were restricted
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Figure 6.19: Schematic of the establishment of the mild suction effect used in
conjunction with the DBD actuators. The plasma is shown in purple.

to two dimensions only. This meant that measurements of the boundary
layer were taken along the centreline of the FPR. The upstream actuator
used for each investigation was positioned such that its trailing edge was
243mm downstream of the leading edge in the x direction. This placed the
trailing edge of the actuator at a chordwise Reynolds number (Rex) of 80000,
which allowed the plasma to augment the flow near to its critical Reynolds
number value, through a Reynolds number range (based on chord length)
from 80000 to 120000. The response of the boundary layer near to the critical
Reynolds number was measured by recording the velocity profile at a number
of stations downstream of the actuator. Each station was nominally spaced
a distance of 10mm apart and for all investigations, measurements were
obtained to a position of x = 313mm. For some configurations it was possible
to obtain measurements up to x = 323mm through slight modifications of
the rig, and this is noted in the relevant chapters.

At each chordwise station, velocity measurements were recorded at a
number of locations normal to the surface (also referred to as the wall) of
the FPR. Beginning at the surface (y = 0), measurements were taken at a
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Figure 6.20: Schematic arrangement of plasma actuator and corresponding
fluid flow for the case with mild suction. The plasma is shown in purple
(dimensions in mm).

pitch of 500μm, concluding at y = 8mm, which was in the freestream for all
chordwise stations. This pitch value, equivalent to the OD of the pressure
tube, provided an efficient way to capture the velocity characteristics of the
boundary layer (the intention was that fluid at all heights within the layer
would have been sensed by the probe), whilst minimising the position error
to a value of 0.01% (see Section 6.4.2.2).

6.6.3 Comments on the effect of the presence of the actuator slot

Laminar boundary layers are highly sensitive to the presence of surface
steps, both forward-facing and backward-facing. Therefore it is pertinent
to consider the underlying effect of the actuator slot on the stability of the
boundary layer flows investigated.

When the cavity is sealed (i.e. the no-suction case), the slot in the surface
represents a dimensionally significant perturbation to the flow. Although
the leading and trailing edges of the slot are essentially co-planar, local
separation of the flow within the slot region means that the two edges
represent backward-facing and forward-facing steps respectively. Wang and
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Gaster (2005) showed that the transition point of a boundary layer can be
brought upstream through the use of forward-facing and backward-facing
steps. Using hot-wire anemometry, Wang and Gaster (2005) showed that the
transition point of a flat plate boundary layer moves forward with increasing
step height (for both forward-facing and backward-facing), independent of
freestream velocity. However, since such transition was not observed in any
of the focused investigations conducted, the experimental results indicate
that the slot was not perturbing the flow in a fashion generally associated
with surface steps.

Although not a surface step, the localised flow separation created by
the slot cavity means that it will produce both acoustic and shear resonant
frequencies (East 1966). Using the data in (East 1966), the first modes of
each can be approximated by Equations 6.17 & 6.18 respectively, for a cavity
that has a length, d = 25mm, and a depth, d = 5mm, placed in the nominal
freestream velocity for the experiments of U∞ = 5.5m/s, with an assumed
local speed of sound, a = 344m/s. Using these equations, a value of 13kHz for
the first acoustic mode, and 600Hz for the first shear mode can be determined.
Converting these to non-dimensional circular frequency yields 370.0 for the
acoustic mode, and 17.1 for the shear mode, both far too large to cause
transitionin the boundary layer at the location of the cavity. Consequently,
it is suggested that the cavity (for the no-suction case) has very little direct
influence on the stability of the boundary layer, and that the driving force of
the flow augmentation is the DBD actuators.

f d
a

= 0.2 (6.17)

f b
U∞

= 0.5 (6.18)

When the cavity is opened (i.e. the mild suction case), the cavity becomes
a suction slot. This slot acts to draw boundary layer fluid from near the wall,
resulting in an increased stability of the flow. In this case, the mild suction
produced by the slot forms a component of the LFC system, in line with such
systems discussed in the literature (see Joslin 1998). On a systems level, the
direct influence of the cavity, good or bad, is not as important as the ultimate
effectiveness of the LFC system. Thus, the ultimate effect of the slot on the
studied boundary layers is discussed in the chapters pertaining to the results
of the focused investigations (Chapters 7, 8, & 9).
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6.6.4 Comments on the value and certainty of single plane

measurements

The history of boundary layer investigations reveals that the first step in
developing new boundary layer control techniques is to restrict studies to
two dimensions. The research discussed here is of the same category; new
research in an emerging field of Laminar Flow Control. Hence the focused
flat plate boundary layer investigations performed as part of this research
were restricted to measurements on a single plane, consistent with other,
typical work in the field of both Laminar Flow Control (eg Wang and Gaster
2005) and DBD-based LFC (eg Grundmann and Tropea 2009). As per the
methodologies in the literature, the plane of measurement was along the
spanwise-centreline of the flow. In addition the measurement region was
approximately 40 boundary layer thicknesses away from the ceiling of the
cavity, and approximately 100 boundary layer thicknesses away from the
sidewalls, hence minimising the wall-proximity effects of the FPR enclosure.
Consequently, through the use of such a large experimental enclosure, and
by following the techniques described in the literature, measures were im-
plemented to minimise any spanwise variation in the developed boundary
layers, which proved to be effective, based on the performance of the FPR
(see Section 6.5).

By extension, spanwise variation in the developed boundary layers for
the purely plasma-augmented flows was also kept to a minimum. However,
with the introduction of the mild suction effect, it is expected that increased
spanwise variation developed. It can be deduced from the literature that the
suction velocity along the cavity would not have been uniform (Humphrey
and Whitelaw 1977, Sotiropoulos and Patel 1992). However, assuming that
the flow was symmetrical through the cavity (a good assumption considering
the symmetry of the FPR), then the cavity can be treated as two, mirrored,
right-angled ducts, of variable cross-section. Through these ducts, fluid is
removed from the boundary layer (under the mild pressure difference),
resulting in the augmented boundary layer, albeit with spanwise variations
resulting from introduced streamwise vorticity. However, since the cavity
is (approximately) symmetrical, this vorticity would have been mirrored
either side of the measurement plane, hence producing a small, symmetrical
variation between the centreline and the side walls. Thus the experimental
data provide a good indication of the effectiveness of the DBD-based LFC
system with suction; results that form an excellent basis from which future
work can be undertaken (see Section 10.2).
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6.6.5 Calculation of boundary layer parameters

Calculation of the displacement and momentum thickness values for all
investigations was achieved through numerical integration. The technique
used cubic spline integration, that fitted cubic splines between data points
and then integrated the resultant piecewise polynomials.

6.7 Summary

In this chapter the experimental equipment developed and utilised for the
research has been introduced and discussed. The resulting rig that was
developed, the Flat Plate Rig (FPR), aimed to achieve flow characteristics
mimicking those of the Blasius boundary layer. Through careful design, the
FPR was developed such that the pressure gradient over the test section could
be controlled, and this resulted in suitable flow conditions for the research
program.

In addition to introducing the experimental equipment, the chapter also
discussed the procedures and methodologies employed in the experimental
investigations. This discussion highlighted the operation and positioning of
the orthogonal DBD actuators and the region of experimental investigation.
As mentioned, the results of the focused experimental investigations to which
these details pertain are the presented in the following chapters.
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7 Response of the Laminar Layer

to a Single Orthogonal Actuator

In quiescent air, orthogonal DBD actuators were observed to produce wall
jetting characteristics potentially suitable for a Laminar Flow Control of a
flat plate boundary layer in a Zero Pressure Gradient. To determine just
how effective these actuators would be, the response of a Blasius boundary
layer to the actuators needed to be observed. The experimental investigation
discussed in this chapter was formulated to investigate this response, and
determine whether or not the developed DBD-based LFC would produce an
effect similar to that of an LFC system utilising uniform wall suction.

The investigation used a single orthogonal actuator positioned in accor-
dance with the experimental set up discussed in Chapter 6 and results were
obtained for cases with and without subtle suction. Due to the preliminary
nature of this investigation the plasma generator was driven in the middle of
its operating range, which corresponded to an applied voltage of 22.2kVpp.

The results discussed in this chapter are those presented in Gibson et al.
(2012). The results show the evolution of the augmented boundary layer
velocity profile downstream of the actuator. From these results, informa-
tion regarding the effect of the actuator on the stability of the flow was
gleaned, which led to recommendations for subsequent, refined experimental
investigations.

7.1 Flow response to a single orthogonal actuator

Prior to the use of the plasma, the response of the boundary layer to only the
mild suction effect was investigated. The measured velocity profiles (Figure
7.1) showed that the mild suction effect was capable of augmenting the
velocity profile, but with some degree of destabilisation. The velocity profiles
showed similarities along the length of the investigation region, but inflections
in the profiles were immediately introduced in the upstream locations by
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Actuator

the presence of the slot. However, these instabilities were observed to damp
downstream until x = 293mm, accompanied by a reduction in the shear at
the wall. Beyond x = 293mm some additional instability growth was seen in
the measurements, possibly arising from some downstream disruption to the
flow, rather than as a result of the slot.

Under the presence of the mild suction effect the layer was also observed
to become thinner over the entire investigation region, but this effect did abate
downstream of the suction slot, as evidenced by the increasing similarity
between the controlled and uncontrolled boundary layer profiles in the
downstream locations.

The velocity contours for the boundary layer exposed to the mild suc-
tion (Figure 7.2) showed that the development of the boundary layer was
fairly regular. The contours showed approximately monotonic growth of the
boundary layer, with reduced thickness over the length of the investigation
region, which ultimately suggested that the mild suction slot was having a
favourable effect on the stability of the flow.

When the plasma actuator was switched on, the stable flow control pro-
vided by the mild suction effect was seen to disappear (Figure 7.3). Whilst
the layer became thinner with the plasma, the flow became less stable, with
significant increases in shear at the wall, and instabilities that became am-
plified downstream of the actuator. At a distance of 30mm downstream of
the actuator, a very noticeable inflection in the velocity profile was observed,
and this instability arising from this inflection was not seen to attenuate
downstream, but rather slightly grow and become accompanied by addi-
tional instabilities, higher up in the boundayr layer (as was observed in the
gowth of local maxima/minima in the plot of ∂u

∂y ). In addition, the boundary
layer became thicker, which meant that all observations from the velocity
measurements were consistent with reduced hydrodynamic stability.

The destabilisation of the flow was noticeable in the contour plot of
the boundary layer velocity (Figure 7.4). The increased thinning brought
about by the plasma was seen to be limited to only 30mm downstream of
the actuator. Beyond this location, rapid thickening was noticed. Thus, the
velocity measurements suggested that the orthogonal actuator operated at
an applied voltage of 22.2kVpp had an adverse affect on the stability of the
laminar boundary layer.

Removal of the mild suction effect was seen to produce an even greater
adverse affect on the stability of the boundary layer (Figure 7.5). In the ab-
sence of the mild suction effect, the velocity profile was observed to become
unsteady immediately downstream of the actuator at x = 243mm, as was
evident by the significant and large inflection introduced into the velocity
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Figure 7.1: Velocity profiles for the boundary layer exposed to the mild
suction only, U∞ = 4.88m/s, Rex

x = 3400001/m. Derivative data for controlled
case only. ‘No Control’ case from FPR test shown for indicative reference
only.
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Figure 7.2: Velocity contours for the boundary layer exposed to the mild
suction only, U∞ = 4.88m/s, Rex

x = 3400001/m.

profile. As such, the layer was satisfying the general criterion of instability (as
discussed in Chapter 2). Although the inflection was accompanied by some
initial thinning, (down to approximately 75% of the thickness of the original
layer at x = 253mm), this thinning was seen to be negated rather quickly,
only 20mm further downstream. Furthermore, beyond x = 263mm, the veloc-
ity profiles were observed to become increasingly unstable in nature, with
additional instabilities entering the upper regions of the boundary layer and
becoming amplified (as was observed in the gowth of local maxima/minima
in the plot of ∂u

∂y ).

A large amount of flow irregularity was observed in the velocity contours
for the case without suction (Figure 7.6). Without the suction effect, the
layer was seen to become thicker, and in the most downstream locations the
thickness exceeded that for the base flow as detailed in Chapter 6. Thus the
velocity contours indicated that the plasma actuator was adversely affecting
the stability of the flow, with the case without suction proving to be the most
adverse.

To assess the influence of the orthogonal plasma actuators on the flow in
more detail, it was useful to study the evolution of both the displacement
thickness and shape factor of the flow with and without control. As discussed
in Chapter 2, fluctuations in the displacement thickness indicate instabilities
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Figure 7.3: Velocity profiles with suction, Vapp = 22.2kVpp, U∞ = 4.86m/s,
Rex

x = 3400001/m. Derivative data for controlled case only. ‘No Control’ case
from FPR test shown for indicative reference only.
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Figure 7.4: Velocity contours with suction, Vapp = 22.2kVpp, U∞ = 4.86m/s,
Rex

x = 3400001/m.

and destabilisation in the flow, meaning that the value of the shape factor
was able to be used to classify the type of flow (i.e. laminar or turbulent).

The evolution of the displacement thickness for both the case with mild
suction (Figure 7.7) and without (Figure 7.8) indicated some unsteadiness
being introduced to the flow by means of the plasma actuator. Whilst the
plasma with and without the suction was seen to be capable of reducing the
displacement thickness below that achieved by just the suction alone, the
fluctuations suggested that the thinning was done in an destabilising fashion,
creating instabilities that developed and propagated in space. In addition,
the measurements for the case without plasma did not show a monotonic
increase in the value, suggesting that even with the mild suction effect only,
some destabilising of the flow and instability introduction may also have
been occurring.

Study of the shape factor evolution graphs with suction (Figure 7.9) and
without (Figure 7.10) supported the observations gleaned from the analysis of
the velocity and displacement thickness data. Without the plasma, the shape
factor was reduced to a value close to the desirable value of 2 over the entire
length, as discussed in Section 5.2.2. This suggested that the mild suction was
providing some benefit to the stability of the flow, without the layer becoming
turbulent. Conversely the experimental results revealed that the orthogonal
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Figure 7.5: Velocity profiles without suction, Vapp = 22.2kVpp, U∞ = 4.86m/s,
Rex

x = 3400001/m. Derivative data for controlled case only. ‘No Control’ case
from FPR test shown for indicative reference only.
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Figure 7.6: Velocity contours without suction, Vapp = 22.2kVpp, U∞ = 4.86m/s,
Rex

x = 3400001/m.
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Figure 7.7: Evolution of displacement thickness for control with mild suction.
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Figure 7.8: Evolution of displacement thickness for control without suction.

plasma actuator significantly reduced the value over the entire region of
interest for both the case with suction and the case without. Without the
combined use of suction, the shape factor remained consistent over the entire
length at approximately 1.6, suggesting that turbulent flow was present. This
result supported the previous conclusions that the plasma actuator operated
by itself adversely affected the stability of the flow. When used in conjunction
with the mild suction, the evolution of the shape factor of the flow suggested
that there could be some potential to use a DBD-based LFC system like that
studied. Immediately downstream of the actuator the value reduced to 1.6
before it increased towards a value of 2 between x = 253mm and x = 273mm.
This peak was of interest, as the value was consistent with positive stability
improvement results observed in other published investigations for DBD-
based LFC (Grundmann and Tropea 2007a, Grundmann and Tropea 2007b,
Grundmann and Tropea 2009) and corresponded with the desired value for
the DBD-based LFC system under development in this work. However, at
x = 283mm, a sharp drop in the value was observed, which suggested that
the flow was becoming unstable beyond this location. Consequently the use
of the actuator combined with the mild suction effect appeared to be capable
of improving stability slightly for a very short distance downstream.

Overall the results of the experimental investigation suggested that
orthogonally-arranged DBD actuators of the design discussed had an adverse
impact on the stability of the flow when operated with an applied voltage of
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Figure 7.9: Evolution of shape factor for control with mild suction.
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Figure 7.10: Evolution of shape factor for control without suction.
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7.1 Flow response to a single orthogonal actuator

22.2kVpp. Whilst the devices clearly thin the layer initially by approximately
25%, the rapid redistribution of momentum within the layer seemingly pro-
moted conditions of instability that led to a rapid thickening of the layer
further downstream of the device and, subsequently, transition into more
chaotic, turbulent flow behaviour. Such phenomena suggest that these de-
vices would be more useful for promoting boundary layer transition rather
than delaying it, like other published observations noted for the conventional
parallel actuator arrangements (Johnson and Scott 2001, Porter et al. 2007).

The dramatic thinning of the boundary layer that was able to be realised
through the use of orthogonal actuators is, however, of significant interest.
With no moving parts, the orthogonal actuators essentially acted as solid state
suction devices, and thus with further development could provide for an
improved suction-based LFC system. As observed in this work, the thinning
of the boundary layer brought about by the actuator ultimately resulted in a
detrimental effect on flow stability, but by encouraging a small amount of
suction around the actuator, the dramatic thinning was able to be achieved
in a stable fashion for some distance downstream of the device.

The difficulty with which successful transition delay is achieved with
DBD devices is evident in the lack of published positive results. It is therefore
unreasonable to expect orthogonally arranged DBD actuators to achieve this
without considerable, concentrated work on the design and implementation
of such devices. Thus, it is reasonable to ask; what actuator designs, if any
should be studied and developed? In this work, an orthogonal actuator was
implemented because of the seemingly favourable jetting characteristics for
LFC produced by such a device. As noted, this hypothesis was not strictly
supported, with the most favourable benefits to boundary layer control
observed for the case where a small suction force was applied to the actuator.
The resultant improvements with the suction effect suggest that the DBD
actuator would benefit from producing a jetting profile characteristic of the
combined plasma and suction system studied in this work. In addition to
providing potential, favourable improvements to hydrodynamic stability, the
dramatic boundary layer thinning able to be achieved with such an actuator
could find use in other areas of flow control. Unlike the results obtained
with conventional actuators by Grundmann and Tropea (2007a), Grundmann
and Tropea (2007b) and Grundmann and Tropea (2009) where the thinning
effect was barely noticeable nor discussed, orthogonal actuators may prove
to be very useful in inhibiting flow separation due to the fact that the layer is
thinned and the magnitude of the velocity near the wall is increased, an effect
that can be exploited for delaying separation (Chang 1976). Consequently
orthogonal actuators may become more versatile and ultimately more useful
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flow control devices.

7.2 Summary & conclusions

The investigation discussed in this chapter attempted to assess the effects of
orthogonally-arranged DBD actuators on the hydrodynamic stability of a flat
plate boundary layer in a zero pressure gradient. The jetting characteristics
of an orthogonal device differ significantly from those of a conventional,
parallel actuator, most notably featuring a fuller jetting profile (Gibson et al.
2009a). The results suggest that orthogonally-arranged actuators are able
to interact with a boundary layer, significantly thin it, and ultimately affect
the stability characteristics of the flow. When operated independently, the
DBD actuator investigated was found to reduce the thickness of the layer by
approximately 25% immediately downstream of the device. However, the
dramatic redistribution of the momentum within the layer brought about by
the plasma ultimately resulted in destabilisation of the flow, suggesting that
the arrangement studied was more beneficial as a flow tripping device.

By operating the actuator in conjunction with a mild suction effect at the
wall immediately upstream of the actuator, the thinning effect of the plasma
was able to be increased. In addition, a favourable reduction in the shape
factor to a value close to 2 and maintenance of stable flow characteristics were
observed immediately downstream of the plasma for a distance of 40mm.
Further downstream, a rapid thickening of the layer was evident, suggesting
that the flow improvements able to be attained with a single actuator are
limited.

The results of the experimental work suggest that through refined actu-
ator design, Laminar Flow Control may be achievable using a combination
of conventional techniques and orthogonally arranged DBD actuators. In
Chapter 3 it was suggested that actuators operated with a comparatively
lower applied voltage may be more beneficial to LFC given the ‘less aggres-
sive’ jetting characteristics associated with such devices. Such lower applied
voltage actuators may not introduce such large inflections in the velocity
profile immediately downstream of the plasma like those observed during
this investigation. Thus, by refining the operation of the orthogonal actua-
tors, and using them in conjunction with the mild suction effect, it seems
feasible that the stability of the Blasius flow can be augmented favourably.
The investigation undertaken to test this hypothesis is the subject of the next
chapter.
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8 Refinement of Actuator

Operation for Improved Control

The operation of a single orthogonal actuator in a flat plate boundary layer
flow was observed to strongly augment the behaviour of the fluid down-
stream of the device, at Reynolds numbers near to the critical value. For
an actuator operated with an applied voltage of 22.2kVpp, significant re-
distribution of momentum within the layer was observed, combined with
noticeable thinning of the boundary layer. The consequence of this momen-
tum re-distribution was destabilisation of the flow beyond the DBD actuator,
evident by the observed inflections in the boundary layer velocity profiles
(and local maxima/minima in the derivative data), which failed to attenuate
downstream and hence resulted in a satisfaction of the general criterion for
instability. These inflections were accompanied by a rapid drop in the shape
factor of the flow to values of approximately 1.6, which suggested the onset
and presence of turbulent flow. Even with the assistance of a mild suction
effect of 4Pa at the location of the actuator, destabilisation of the flow was
observed. Thus it can be concluded that in order to harness the effects of
DBD plasma for Laminar Flow Control, refinement of the actuator operation
is required.

In the previously discussed experimental investigations, the destabilising
effect on the flow was seen to be reduced with the use of the mild suction
effect. Using this result, an improved actuator design and operation strategy
were formulated. The strategy involved measuring the augmentation in the
velocity profile of the boundary layer brought about by changes in the applied
voltage of the DBD device, used in conjunction with the mild suction. This
refinement strategy was based on the results of the literature review, which
revealed that actuators operated at lower voltages produce fuller velocity
profiles with diminished maximum jetting velocities, which potentially would
not destabilise the flow through strong momentum re-distribution. Although
the parametric study performed as part of this research also showed how
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variation of the exposed electrode exposure height could be used to control
the magnitude and position of the maximum jetting velocity, variation of the
applied voltage was easier to implement in a more timely and (as observed)
equally effective fashion. In this chapter the results of the refinement study
are presented. Firstly the parametric investigation looking at the variation
of the velocity profile with applied voltage immediately downstream of the
actuator is presented. In the later sections of the chapter, the focus of the
discussion shifts to analysis of the results pertaining to the response of the
boundary layer to the refined operation of the actuator.

8.1 Parametric investigation for operation refinement

A parametric investigation was formulated to study the effects of actuator
applied voltage on the control attained by the DBD system. The aim was to
tune the DBD system through variation of the actuator applied voltage so as
to identify what actuator applied voltage would result in the most favourable
velocity profile augmentation for LFC.

The investigation involved measuring the velocity profile of the boundary
layer immediately downstream of the trailing edge of the encapsulated
electrode of the actuator (at x = 243mm), for various applied voltage values.
The location was selected as the closest proximity to the plasma region (for
the defined investigation region, see Chapter 6) and thus the most likely spot
for instabilities to initiate. The actuator was operated at 8 different applied
voltages ranging from 0kVpp to 24.2kVpp, and the freestream velocity of the
flow was fixed at U∞ = 5.30m/s, Rex = 89000. The measured velocity profiles
(Figure 8.1) showed a strong dependence on the applied voltage.

At large applied voltages, the velocity profile was observed to bulge and
inflect close to the wall. The size of the bulge increased with the applied
voltage. In addition, at voltages above 19.0kVpp, this bulge was observed to
lead to localised boundary layer velocities exceeding the freestream value.
Even though the displacement thickness was observed to diminish as the
voltage increased (Figure 8.2) the velocity profile inflections introduced by
the high-voltages, accompanied with localised velocities within the boundary
layer exceeding the freestream value, suggest that the actuators operated at
applied voltages greater that 19.0kVpp were adversely affecting the stability of
the flow by easily satisfying the general criterion for instability. This conclu-
sion was supported by the values of the shape factor for these configurations
(Figure 8.3). With increasing applied voltage, the value of the shape factor
was seen to drop towards 1.6, which in conjunction with the large inflections
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Figure 8.1: Variation in velocity profiles at x = 243mm due to changes
in applied voltage of the DBD actuator, U∞ = 5.30m/s, Rex

x = 3400001/m.
Derivative data for controlled cases only. ‘No Control’ case from FPR test
shown for indicative reference only.
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Chapter 8 Refinement of Actuator Operation for Improved Control

in the respective velocity profiles, is indicative of transition to turbulent flow
(Grundmann and Tropea 2007a, Grundmann and Tropea 2009).

The results of this parametric investigation supported what was observed
by the mapping of the boundary layer response to the actuator operated
22.2kVpp. Most notably the results confirmed the sharp reduction in shape
factor and displacement thickness that were observed in the previously
discussed study, which led to the development of turbulent flow. Whilst op-
erating the actuator at an applied voltage of 22.2kVpp was deemed unsuitable
for improving the stability of a laminar flow, the results of this parametric
investigation revealed that a device operated at a lower voltage may provide
stability improvements.

For applied voltages of 18.0kVpp and 19.0kVpp, the inflections in the
velocity profiles were smaller than those observed for the higher voltages,
whilst there were also no instances of localised boundary layer velocities
exceeding the freestream value. Whilst inflections can be an indicator of flow
instability (as discussed in Chapter 2), it is more useful to assess the growth
of these instabilities to asess the stability characteristics of the flow. As will be
described in Section 8.2, the inflections introduced by the actuator operated
at Vapp = 19.0kVpp were seen to decay downstream of the actuator. Hence, it
is argued that lower applied voltage values are able to augment the boundary
layer in a stable fashion.

Vapp = 0kVpp Blasius ◦ Controlled

18 20 22 24

0.5

1

1.5

Vapp [kVpp]

δ
∗

[m
m
]

Figure 8.2: Effect of applied voltage on displacement thickness (with mild
suction).
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Vapp = 0kVpp ◦ Controlled

Blasius Asymptoic Suction

18 20 22 24
1.6

1.8

2

2.2

2.4

2.6

Vapp [kVpp]

H

Figure 8.3: Effect of applied voltage on shape factor (with mild suction).

The shape factor of the flow augmented by the lower applied voltage ac-
tuators was found to be approximately 2 for both configurations. In addition,
the augmented velocity profiles showed excellent agreement with the asymp-
totic suction velocity profile, with the NRMSD between the measurements
and theory for the two configurations being 7.1% (Figure 8.4). As discussed
in Chapter 5, the objective of the research was to develop a DBD-based LFC
system capable of mimicking the performance of uniform wall suction. This
corresponds with a system that augments a boundary layer so as it attains a
shape factor value of 2 (see Section 5.2.2). Thus the parametric investigation
suggests that the actuators in such a system should be operated at lower
voltages, either 18.0kVpp or 19.0kVpp, to provide such a response, and hence
support the conclusions of Chapter 3, which suggested that actuators oper-
ated at comparatively lower applied voltages (for a given set of electrical and
geometric parameters) would be more beneficial to improving flow stability
than comparatively higher voltage devices.

Based on the results of the parametric investigations, the response of
the boundary layer to the low-voltage actuator needed to be studied and
compared to the results for an actuator operated with a high applied voltage.
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Figure 8.4: Comparison between asymptotic suction profile and measured
velocity profiles from low-voltage augmentation and mild suction.

Of the two low-voltage values (18.0kVpp and 19.0kVpp) that caused the layer
to attain a shape factor value of approximately 2, the subsequent mapping
study investigated the response to an applied voltage of 19.0kVpp, due to the
slightly thinner displacement thickness that its operation provided, which is
more beneficial to improving hydrodynamic stability (Schlichting 1955).

In addition to studying the response of the layer to the low-voltage
actuator operated with mild suction, a subsequent, converse study was
undertaken focusing on the response of the flow to an applied voltage of
21.4kVpp. The actuator, when operated at this voltage produced the lowest
shape factor value, which implied that this voltage produced the greatest
degree of destabilisation within the flow. Thus, by looking at the response
of the layer to this seemingly adverse actuator an investigation into a most
effective DBD-based boundary layer trip could be made. More importantly,
however, the results would provide further support for the hypothesis that
stability improvements are dependent (amongst other factors) on the applied
voltage of the actuator.
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8.2 Application of OSE solver to parametric study

results

To reinforce the experimental results of the parametric investigation, a Linear
Stability Analysis was undertaken on an idealised flow resulting from the
use of a single DBD actuator operated at an applied voltage of 19.0kVpp. The
analysis used the same methodology and approach as discussed in Section
5.2.

8.2.1 Velocity profile fit

The first stage was to describe the velocity proficle in terms of the non-
dimensional length and velocity variables η & u (η), and the velocity function
described by Equation 5.2 (with second derivative defined by Equation 5.3).
Based on the experimental results, the variables a & k were selected to mimic
the asymptotic suction profile. Consequently a was set to e1 and k set to
1.113. Moreover, from the experimental results, ηe was calculated to be 2.76,
and hence this value was used, as opposed to 5.3, which was used in the
preliminary analyses discussed in Chapter 5.

The availability of actual experimental data obtained with the intention
of use in LFC design meant that the analytical velocity profile developed for
the experimental data showed much better agreement than those used in
the preliminary analyses described in Section 5.2 (Figure 8.5). The NRMSD
was calculated to be 7.0% (as defined by Equation 5.4), comparable to the
direct asymptotic suction profile value of 7.1% (Figure 8.4b). In addition, the
fit agreed much better in the lower regions of the velocity profile close to the
wall. Consequently, greater confidence could be placed in the results of the
LSA discussed in this section.

8.2.2 LSA for experimental data

As per the analyses described in Section 5.2, the analysis using the experimen-
tal data assumed that the DBD plasma was formed by a sufficient number of
actuators so as to produce similar velocity profiles (defined by Equation 5.2)
throughout the entire layer.

The computational domain for the analysis was constructed in a regular,
rectangular grid. The discretisation in the Rex-direction was 1.59E+ 05 (found
to be necessary for a stable solution), and a spacing of 0.0278 was used in the
η direction (corresponding to 100 data points in this direction).
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Figure 8.5: Analytical velocity profile fit to experimental data for use in the
Linear Stability Analysis.

The resulting spatial and temporal curves of neutral stability (Figures 8.6
& 8.7 respectively) showed that a boundary layer flow exhibiting the assumed
velocity characteristics is significantly more stable than a Blasius flow (as is
to be expected). The critical Reynolds number ReLcrit was found to be 312000,
two orders of magnitude higher than that for Blasius Flow (ReLcrit = 300),
a result consistent with the effects of uniform suction for which the critical
Reynolds number is approximately 90 times greater than for Blasius flow
(see Section 5.2).

Similar to the hypothesised boundary layer flows described in Section
5.2, the augmented flow analysed was seen to become susceptible to slightly
smaller wavelength (higher wavenumber) and higher frequency disturbances
at the critical Reynolds number (as compared with Blasius flow). However,
given the significant improvement in critical Reynolds number achieved,
the potential location of transition onset (related to ReLcrit ) is moved so far
downstream that this drawback is mitigated.

The results of the Linear Stability Analysis presented here provide signifi-
cant support for the use of a low-voltage actuator (as defined in this research)
with mild suction. Of all the hypothesised flows studied throughout this
research, the one that can mimic the response of a flat plate boundary layer
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Figure 8.6: Curve of neutral stability (frequency) for the low-voltage actuator
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165



Chapter 8 Refinement of Actuator Operation for Improved Control

to this experimentally studied actuator is, based on the stability analyses
conducted, the most beneficial for improving the stability of a flat plate
boundary layer. Consequently, the results of the LSA presented here provide
theoretical support for experimentally investigating the response of the flat
plate boundary layer to the low-voltage actuator (with mild suction) system.

8.3 Flow response to refined actuator operation

8.3.1 Plasma control in conjunction with mild suction

The preliminary experimental investigations discussed in Chapter 7 sug-
gested that orthogonal actuators would work more favourably as LFC devices
if used in conjunction with a mild 4Pa suction effect. For this reason, the
response of the flat plate boundary layer to the refined actuator applied
voltages in conjunction with the mild suction effect was investigated first.

From the parametric study it was identified that an actuator operated
with an applied voltage of 19.0kVpp was the most feasible configuration that
would allow the boundary layer to attain the desired controlled shape factor
value of 2 (as defined in the system objectives, see Chapter 5).

When the system operated at an applied voltage of 19.0kVpp was tested,
the resultant boundary layer velocity profiles (Figure 8.8) were observed to
be favourable and supportive of the hypothesis from the applied voltage
parametric study. As evident in the plots of ∂u

∂y , the inflection introduced
immediately downstream of the actuator was seen to attenuate. Additional
inflections appear at x = 283mm but again these were observed to attenuate
further downstream. Furthermore, immediately downstream of the actuator,
the velocity profile was observed to be thinned by the presence of the plasma
and this thinning was maintained to a distance of 50mm downstream of the
actuator. These observations suggested that the low-voltage actuator was able
to improve the stability characteristics of the flow, and preserve these over
the entire investigation region.

The results for the actuator operated at 19.0kVpp suggested good potential
for actuators operated at lower applied voltages (henceforth referred to as a
low-voltage actuator) as LFC devices. The low-voltage actuator was seen to
be capable of controlling the boundary layer, augmenting its velocity profile,
without destabilising the flow in the manner observed for the case of a com-
paratively higher applied voltage of 22.2kVpp. Apparent geometric similarities
were observed to exist between the measured, augmented velocity profiles
for the low-voltage actuator system, and the velocity contours of the inves-
tigation region suggested that the low-voltage actuator was not adversely
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Figure 8.8: Velocity profiles with suction, Vapp = 19.0kVpp, U∞ = 5.31m/s,
Rex

x = 3600001/m. Derivative data for controlled case only. x = 243mm data
from parametric study. ‘No Control’ case from FPR test shown for indicative
reference only.

167



Chapter 8 Refinement of Actuator Operation for Improved Control

affecting flow stability and creating irregularities in the development of the
boundary layer (Figure 8.9).

In contrast to the favourable benefits of the low-voltage actuator, the
boundary layer was seen to become severely unstable with an applied voltage
of 21.4kVpp (Figure 8.10). Immediately downstream of the actuator, localised
regions of the boundary layer were observed to exceed the velocity of the
freestream. The instability arising from this seemingly damped initially, be-
fore amplifying at x = 283mm at the location where other instabilities were
observed to enter the upper regions of the boundary layer. Some damping
of these additional instabilities were observed to occur further downstream,
however, this damping was accompanied with an increase in the shear of the
fluid at the wall. In addition, at x = 313mm the instabilities were observed
to locally retard the boundary layer, with localised regions experiencing
velocities less than the values for the corresponding base flow. Rather than
suggesting that the flow was behaving stably, the most-downstream velocity
profile measurements indicated the onset of an increasingly turbulent bound-
ary layer structure, and this observation was supported by the observed rapid
thickening of the boundary layer downstream of x = 293mm (Figure 8.11).

The response of the boundary layer to an applied voltage of 21.4kVpp

(henceforth referred to as a high-voltage) actuator was seen to be more chaotic
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Figure 8.9: Velocity contours with suction, Vapp = 19.0kVpp, U∞ = 5.31m/s,
Rex

x = 3600001/m.
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Figure 8.10: Velocity profiles with suction. Vapp = 21.4kVpp, U∞ = 5.60m/s,
Rex

x = 3700001/m. Derivative data for controlled case only. x = 243mm data
from parametric study. ‘No Control’ case from FPR test shown for indicative
reference only.
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Figure 8.11: Velocity contours with suction, Vapp = 21.4kVpp, U∞ = 5.60m/s,
Rex

x = 3700001/m.

and spatially varying than that observed for an applied voltage of 22.2kVpp.
Thus, as predicted by the parametric study, there appears to be a most adverse
applied voltage that leads to dramatic destabilisation of the flow, and this
voltage is comparatively high.

Further support for the use of low-voltage actuators for LFC is garnered
by studying the spatial evolutions of the displacement thickness (Figure
8.12) and shape factor of the flow (Figure 8.13). The use of low-voltage
actuators reduced the displacement thickness over the entire mapped area,
and until x = 293mm the thinning was more dramatic than that experienced
by the flow when it was only exposed to the mild suction (Figure 8.12a).
More important however was that the spatial thickening of the boundary
layer with the combined plasma and suction was monotonic, and differed
dramatically to the fluctuations in displacement thickness observed for the
high-voltage device. Even though the boundary layer attained its lowest
displacement thickness values with the high-voltage actuator, the fluctuations
in the measured values suggested destabilisation of the flow occurred. Such
a fluctuation was also seen in the case with just the mild suction effect, and
this indicated that the low-voltage plasma actuator used in conjunction with
the mild suction was able to control the boundary layer without destabilising
the flow.
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Figure 8.12: Evolution of displacement thickness for configurations with mild
suction.

Investigation of the evolution of the shape factor again supports the use
of low-voltage actuators for a LFC system. Use of the high voltage actuator
was seen to cause a rapid drop in the value of the shape factor towards 1.6,
which was consistent with destabilisation of the flow. Conversely, use of
the low-voltage device caused the shape factor of the flow to attain a value
of approximately 2 (the desired value) for roughly 40mm downstream of
the device. Further downstream the values began to increase, but they did
so monotonically and without exceeding the value for Blasius flow. Until
x = 303mm the shape factor values were less than or equivalent to the values
with just suction (Figure 8.13). From these observations it was concluded that
the combined low voltage DBD and suction system can be used to augment
the behaviour of the boundary layer in a way to improve the stability of
the flow, and that this low-voltage system is the best performing of the
configurations used in conjunction with suction.
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Blasius Asymptotic Suction
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Figure 8.13: Evolution of shape factor for configurations with mild suction.

8.3.2 Plasma control without suction

The response of the boundary layer to just the plasma actuator, without the
additional suction effect, was also studied in order to obtain further results
and insights into the capabilities of the orthogonal actuator system. Although
the results of the preliminary experimental investigations suggested that
such an arrangement created greater instability in the flow, it was deemed to
be of interest to investigate whether similar destabilisation of the flow would
occur with the low-voltage actuator.

The use of the low-voltage actuator was found to again dramatically thin
the boundary layer and create fuller velocity profiles, similar to the case with
suction. However, it did this whilst introducing a slight destabilisation of
the flow (Figure 8.14). At x = 243mm an inflection in the velocity profile
was seen, in conjunction with a drop in the boundary layer thickness at this
point (Figure 8.15), and this instability was observed to grow downstream,
as seen in the growth of the maxima/minima of the ∂u

∂y plot. Although the
growth was not dramatic, it is likely that the flow was marginally stable to
the instability in the investigation region, and that ultimately the instability
would have grown further downstream, beyond the area investigated. Hence,
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8.3 Flow response to refined actuator operation

since the instability was not damped, it would be unwise to claim that the
low-voltage actuator without suction improved the stability of the flow.

Consistent with the observations for the LFC systems with suction, use of
the high-voltage actuator in the absence of suction was seen to destabilise
the boundary layer. An inflection in the velocity profile was observed at
x = 243mm, and this instability was seen to amplify downstream whilst
other instabilities were observed to enter the boundary layer (Figure 8.16).
Some damping of these additional instabilities were observed to occur further
downstream, however, this damping was accompanied with an increase in
the shear of the fluid. Along with oscillatory thinning and thickening of the
boundary layer was obvious downstream of the actuator (Figure 8.17), these
observations indicated destabilisation of the flow.

The evolution of the displacement thickness for the two cases without
suction again supported the use of low-voltage actuators. Both applied
voltages drastically thinned the boundary layer, but the boundary layer
exposed to the high-voltage actuator experienced significant oscillations in
the displacement thickness, indicative of flow destabilisation (Figure 8.18).
The evolution of the displacement thickness for the low-voltage case was not
monotonic, with a slight decrease occurring at x = 273mm. This point was
noticeable on the contour plot for this case (Figure 8.15) where there was a
sharp drop in the thickness of the layer. As previously discussed it is believed
that this sudden reduction in thickness was due to the observed instability in
the boundary layer introduced by the plasma device that was not damped.
Therefore, whilst the low voltage actuator did not destabilise the flow to the
same extent as the high-voltage device, it would be unwise to use such an
actuator without a slight suction effect.

The evolution of the shape factor of the boundary layer (Figure 8.19)
supported the conclusions from the analysis of the displacement thickness
evolution. For the high-voltage actuator, the shape factor dropped off sud-
denly and remained low, at around 1.6, suggestive of the onset of transitional
flow. The low-voltage actuator was seen to initially reduce the shape factor
below 2, but then it recovered and remained close to 2 for the entire region
under investigation. However, the instability that was present and appar-
ently undamped could not be ignored, and consequently, in this case, the
seemingly good shape factor values attained with the use of the low-voltage
actuator did not indicate improvements in the stability of the flow.
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Figure 8.14: Velocity profiles without suction, Vapp = 19.0kVpp, U∞ = 5.50m/s,
Rex

x = 3600001/m. Derivative data for controlled case only. ‘No Control’ data
from FPR test shown for indicative reference only.
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Figure 8.15: Velocity contours without suction, Vapp = 19.0kVpp, U∞ = 5.50m/s,
Rex

x = 3600001/m.

8.4 Summary & conclusions

In an attempt to achieve improvements to hydrodynamic stability using
orthogonal actuators, a parametric investigation was undertaken looking
at the response of the boundary layer, at the most immediate downstream
location from the actuator, to variations in the applied voltage of the actuator.
The velocity profile of the boundary layer was measured at x = 243mm for
various applied voltages as operated in conjunction with a mild suction effect.
Using the criteria of keeping the shape factor close to 2, it was identified that
an applied voltage of 19.0kVpp (a low-voltage actuator) produced a velocity
profile augmentation that would most favourably improve the stability of the
flow, and do so in a way that could not be achieved by mild suction alone.
This observation was supported by a Linear Stability Analysis performed on
a idealised flow exhibiting characteristics of a flow augmented by this system.
The results of the LSA showed that if such flow control can be maintained
throughout the layer, then the critical Reynolds number can potentially be
improved by teo orders of magnitude. Conversely, a voltage of 21.4kVpp (a
high-voltage actuator) was identified as the most adverse applied voltage and
the value that would produce the most detriment to the stability of the flow.

The results of the investigations that followed the parametric study sup-
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Figure 8.16: Velocity profiles without suction, Vapp = 21.4kVpp, U∞ = 5.51m/s,
Rex

x = 3700001/m. Derivative data for controlled case only. ‘No Control’ case
from FPR test shown for indicative reference only.
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Figure 8.17: Velocity contours without suction, Vapp = 21.4kVpp, U∞ = 5.51m/s,
Rex

x = 3700001/m.
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Figure 8.18: Evolution of displacement thickness for configurations without
suction.
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Blasius Asymptotic Suction
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Figure 8.19: Evolution of shape factor for configurations without suction.

ported the resulting hypothesis from the parametric investigations. Without
the mild suction effect, the flow was seen to become destabilised, and ad-
ditionally the high-voltage actuator used in conjunction with the suction
effect was seen to adversely affect the stability of the boundary layer. Con-
versely, the low-voltage device was seen to provide improvements to the flow
stability, compelling the boundary layer to attain a lower shape factor over
the entire region investigated, without destabilising the flow. Furthermore,
the shape factor of the flow attained a value close to 2 for a distance of
50mm downstream of the actuator; boundary layer control that could not be
achieved with the mild suction alone. Hence the investigation successfully
demonstrated a LFC system using orthogonal actuators that performed as
required.

Having identified that the low-voltage actuator, in conjunction with the
mild suction effect, was able to reduce the shape factor of the flow to the de-
sired value for approximately 50mm, the subsequent challenge is to maintain
the value further downstream. A dramatic drop in shape factor was observed
to occur immediately downstream of an actuator, suggesting that subsequent
downstream actuators may provide a means by which the reduced shape
factor can be maintained. The subsequent investigation focusing on the use
of multiple actuators for this purpose is discussed in the next chapter.
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9 Attempting to Maintain the

Stability Improvements

The response of the flat plate boundary layer to a single orthogonal actuator
was initially investigated during this research project and it was found that
the stability of the flow is dependent on the applied voltage of the actuator.
By using a low voltage actuator, in conjunction with a mild suction effect,
the resultant Laminar Flow Control system was found to reduce the shape
factor without destabilising the flow for a significant distance downstream
of the plasma region. This reduction in shape factor was accompanied by a
thinning of the displacement thickness of the flow, but this effect dissipated
downstream of the device, with a monotonic increase in both the displace-
ment thickness and shape factor occurring. Trying to maintain the stability
improvements was the unsolved challenge resulting from the previous inves-
tigations, and in this chapter the results at an attempt to increase the extent
of the LFC are presented.

The results of the previous investigations highlighted that significant re-
ductions in both shape factor and displacement thickness occur immediately
downstream of the actuator. Hence, by incorporating a second, subsequent,
and identical actuator downstream of the first, it was hypothesised that the
stability improvements could be maintained. The experimental investigation
formulated to test this hypothesis involved placing a second actuator 40mm
downstream of the first. This distance corresponded with the region where
the shape factor value for the case of the low voltage actuator with suction
had significantly diverged away from the desired controlled value of 2. The
actuators were manufactured from two pieces of acrylic and the design was
based on the dimensions of the device used in the single actuator investi-
gations (see Chapter 6, Figure 6.9). Hence the electrodes for each actuator
were placed in the same relative positions as used in the single actuator
investigations, and the same method of connecting the plasma generator to
the electrodes was also used. The only two differences in the design of the
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actuators pertained to the total lengths of the devices. The total chordwise
lengths of the devices were 60mm (reduced from 120mm) and the lengths of
the internal actuator components were also reduced from 60mm to 35mm, in
accordance with the actuator positioning requirements of the investigation
(Figure 9.1). As was the case for the single actuator, a 5mm gap was placed
between the trailing edge of the flat plate and the leading edge of the first
actuator, as well as between the two actuators so as to allow the actuators
enough free space to produce a useful plasma discharge.

To provide a significant database of results, which could be used to
support the conclusions of the previous single actuator studies, the double
actuator configuration was tested with and without the mild suction effect for
applied voltages of 19.0kVpp (the most favourable, low voltage) and 21.4kVpp

(the most adverse, high voltage). Again, measurements were made from
x = 243mm to x = 323mm in accordance with the procedures discussed in
Section 6.6, with the exception that measurements between x = 263mm and
x = 303mm could not be obtained due to the formation of the second plasma
region.

125
60 60

35 35

Electrodes Electrodes
Flat Plate Flat Plate

Upstream
Actuator Actuator

Downstream

5

Figure 9.1: Schematic representation of arrangement of double actuators
showing critical dimensions (in mm) differing to those of the single actuator.

180



9.1 Flow response to double actuator operation

9.1 Flow response to double actuator operation

9.1.1 Plasma control in conjunction with mild suction

The response of the boundary layer to just the mild suction effect created by
the two slots was measured first as a reference against which to gauge the
effect of the DBD plasma. The suction was observed to significantly augment
and thin the boundary layer, without the introduction of any noticeable
instabilities in the measured velocity profiles which significantly amplified
downstream of the actuators (Figure 9.2). The velocity contour plots reflected
these observations, with a significantly thinned layer maintaining its laminar
characteristics throughout the investigation region being seen (Figure 9.3).

The most obvious observation for the results involving the low voltage
actuators with suction was the introduction of a significant inflection point in
the most upstream velocity profile (Figure 9.4a). This instability however, was
seen to attenuate quickly and was not significantly noticeable beyond x =

263mm (Figure 9.4). Downstream of the second actuator, another inflection
was noticeable, but again, this was found to attenuate rapidly downstream.
Thus, the low voltage actuators were seen to successfully augment the layer
without destabilising it. In addition the augmentation was stronger in the
downstream regions than had been previously observed with the use of
only a single actuator (see Chapter 8), with increased thinning, even more
dramatic than that observed with just the double suction slot (Figure 9.5).

The response of the boundary layer to the high voltage actuators again
provided support for the use of low voltage devices. In the velocity profile
measurements (Figure 9.6), the upstream plasma actuator was seen to in-
troduce an inflection, which amplified downstream. Similarly, downstream
of the second actuator, significant amplification of velocity profile inflec-
tions was observed. Thus, these observations suggested that the high voltage
actuators were more effective at destabilising the flow.

Further support for the use of low voltage actuators was gleaned from the
velocity contours for the high voltage system (Figure 9.7). The velocity contour
measurements reflected these previously mentioned conclusions, with more
irregular growth in the boundary layer throughout the investigation region
being observed.

The evolution of the displacement thickness showed that of the three
different configurations tested, the systems operated with just the mild
suction force and the low voltage actuators had the seemingly most beneficial
effect (Figure 9.8). The value of the displacement thickness was approximately
constant for both systems (0.85mm and 0.92mm respectively) over the entire
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Figure 9.2: Velocity contours for the boundary layer exposed to the mild
suction only, U∞ = 5.39m/s, Rex

x = 3600001/m. Derivative data for controlled
case only. ‘No Control’ case from FPR test shown for indicative reference
only.

length of the investigation. Conversely, the use of the high voltage actuators
created large oscillations in the values of the displacement thickness, which
according to Howe (1981) was indicative of disturbed flow.

The evolution of the shape factor for the configurations tested again
supported the notion that high voltage actuators adversely affect the stability
of a laminar boundary layer flow (Figure 9.9). The use of the high voltage
actuators caused the boundary layer to attain an average shape factor value
of approximately 1.6 throughout the entire investigation region, suggesting
that the flow had become turbulent.

Interestingly, the evolution of the shape factor for the low voltage case, as
well as the suction only case, showed that these two configurations caused
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Figure 9.3: Velocity contours for the boundary layer exposed to the mild
suction only, U∞ = 5.39m/s, Rex

x = 3600001/m. Data linearly interpolated
between x = 263mm and x = 303mm.

the shape factor to drop below that of the desired value of 2. However,
throughout the investigation regions, the fact that the shape factor for both
cases did not drop below 1.6 as well as the lack of amplification of inflections
in the downstream velocity measurements, meant that stable laminar flow
was probably being preserved (Grundmann and Tropea 2007b, Ogata and
Fujita 2009). The system with the low voltage actuators achieved a mean
shape factor value of 1.78 compared with 1.72 for the suction-only system,
which was closer to the desired value of 2. However, the similarities in
these shape factor values, as well as the displacement thickness values,
suggested that the low voltage actuator system was having little additional
influence over the effect of the mild suction force alone. Hence, in the tested
configuration, it was somewhat superfluous to use the combined double-low-
voltage actuator/suction system.
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Figure 9.4: Velocity profiles with suction, Vapp = 19.0kVpp, U∞ = 5.38m/s,
Rex

x = 3600001/m. Derivative data for controlled case only. ‘No Control’ case
from FPR test shown for indicative reference only.

9.1.2 Plasma control without suction

Consistent with the results for the single orthogonal actuator, the use of two
orthogonal actuators without the mild suction effect was seen to destabilise
the flow. The use of two low voltage actuators was seen to introduce an
inflection into the velocity profile immediately downstream of the upstream
actuator, and inflections were still present and becoming amplified in the flow
at the most downstream measurement location, x = 323mm (Figure 9.10),
thereby satisfying the general criterion for instability. The destabilisation
of the boundary layer caused by the plasma was also seen in the velocity
contours (Figure 9.11) where irregularities in the growth of the boundary
layer thickness were noticeable.
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Figure 9.5: Velocity contours with suction, Vapp = 19.0kVpp, U∞ = 5.38m/s,
Rex

x = 3600001/m. Data linearly interpolated between x = 263mm and x =
303mm.

The high voltage actuator system similarly destabilised the flow, with
inflections being observed to grow downstream of the second actuator (Figure
9.12). Interestingly, the inflections downstream of the upstream actuator were
observed to experience some initial damping, and hence the second actuator
seemingly improved the flow between the two regions of plasma. This effect
was also observed slightly in the low voltage case, but the attenuation of the
inflections in this region was not achieved to the same degree as with the
high voltage devices. However, as was the case with the low voltage devices,
the high voltage actuators were unable to maintain the attenuation over the
whole investigation region, and instabilities were seen to infiltrate the layer
in the regions downstream of the second actuator. Hence the high voltage
system was again seen to have an adverse effect on flow stability, and the
effect was observed to be greater than that produced by the low voltage
system

The velocity contours for the high voltage actuator system show similar
traits to those for the low voltage system (Figure 9.13). Hence, no extra
conclusions were able to be drawn from study of the velocity contours for
the high voltage case.

The evolution of the displacement thickness of the boundary layer was
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Figure 9.6: Velocity profiles with suction, Vapp = 21.4kVpp, U∞ = 5.36m/s,
Rex

x = 3600001/m. Derivative data for controlled case only. ‘No Control’ case
from FPR test shown for indicative reference only.

found to be almost identical for both the low voltage and high voltage double
actuator configurations without suction (Figure 9.14). The displacement
thickness was seen to increase until x = 263mm, before experiencing a
sharp reduction through the actuators, such that at the most downstream
location the displacement thickness was lower than the value at x = 263mm.
The values were similar to those measured for the case with mild suction,
and given the fact that the velocity profiles exhibited undamped inflections
throughout the measurement region, the fluctuations in the displacement
thickness values for both cases were suggestive of flow destabilisation.

The evolution of the shape factor values for the cases without mild suction
(Figure 9.15) differed slightly to the results with suction. Both the high and
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Figure 9.7: Velocity contours with suction, Vapp = 21.4kVpp, U∞ = 5.36m/s,
Rex

x = 3600001/m. Data linearly interpolated between x = 263mm and x =
303mm.

low voltage actuators exhibited very similar evolutionary graphs, and unlike
the case with suction, the shape factor evolutions in the upstream regions
were seen to increase towards the desired value of 2. This observation was
attributed to the noted damping of instabilities in the upstream velocity
profile measurements for both configurations. However, the sharp drop in
the shape factor values beyond x = 263mm for both systems was suggestive
of flow destabilisation, and was supported by the observed inflections in the
velocity profiles for both systems.

9.2 Summary & conclusions

The experimental investigation detailed in this chapter was formulated so
as to attempt to maintain the favourable flow augmentation observed for
the single orthogonal actuators operated in conjunction with mild suction
(see Chapter 8). The investigations looked at the response of the boundary
layer to two orthogonal actuators placed in series with one another, and for
completeness, the response of the layer was also measured for the actuators
operating with and without the suction effect and at the low and high applied
voltages used in the previous experimental investigations.
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Figure 9.8: Evolution of displacement thickness for double actuator configu-
rations with mild suction.

The low voltage actuators, in conjunction with the mild suction effect,
were seen to favourably augment the flow, with instabilities becoming ef-
fectively damped downstream of the actuators and the shape factor being
reduced to a stable, laminar value. However, the effect of this combined
double actuator/suction system differed only slightly from the suction-only
system, meaning that in the current configuration, the use of the plasma
was somewhat superfluous. Hence it can be concluded from the results of
the research that a single low voltage actuator operated in conjunction with
a mild suction effect is more effective as a LFC system than a single mild
suction slot, but a combined double low voltage actuator/suction system is
no better than a simpler and less energy-consuming double mild suction slot
system.

With the exception of the low voltage system with mild suction, all other
plasma configurations tested introduced inflections in the measured velocity
profiles that remained present in the flow and became amplified at the
most downstream measurement locations. These results agreed with the
conclusions derived from the single actuator investigations, namely that high
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Figure 9.9: Evolution of shape factor for double actuator configurations with
mild suction.

voltage actuators and ones which are sealed (i.e. not operated in conjunction
with a mild suction effect) adversely affect the stability of the flow.

Even though favourable flow augmentation was not maintained without
the use of the mild suction force, there was another interesting observation
observed in the results. In the region between the two sealed actuators, the
instabilities introduced by the upstream actuator were seen to be slightly
damped by the presence of the downstream actuator. This is an interesting
and unexpected result, which suggests that the presence of a downstream
sealed actuator (i.e. one operated in the absence of the mild suction effect)
is effective at damping large instabilities that are introduced into the flow
upstream, (which in this investigation were introduced by the upstream
actuator). Although downstream of the second actuator, the flow became
unsteady again, it is feasible to suggest that the use of additional, downstream
sealed actuators could be effective at eliminating large instabilities that may
enter a flow. In addition, these additional actuators may allow for a system
that can achieve LFC even more effective than the double suction slot system,
(which was found to be the most effective system tested in this research).
Limitations in the current experimental set up prevented this hypothesis
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Figure 9.10: Velocity profiles without suction, Vapp = 19.0kVpp, U∞ = 5.43m/s,
Rex

x = 3600001/m. Derivative data for controlled case only. ‘No Control’ case
from FPR test shown for indicative reference only.

from being investigated and it is consequently recommended as a necessary
future work. Further details of this suggested work and other proposed
future investigations are discussed in the next chapter.
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Figure 9.11: Velocity contours without suction, Vapp = 19.0kVpp, U∞ = 5.43m/s,
Rex

x = 3600001/m. Data linearly interpolated between x = 263mm and x =
303mm.
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Figure 9.12: Velocity profiles without suction, Vapp = 21.4kVpp, U∞ = 5.42m/s,
Rex

x = 3600001/m. Derivative data for controlled case only. ‘No Control’ case
from FPR test shown for indicative reference only.
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Figure 9.13: Velocity contours without suction, Vapp = 21.4kVpp, U∞ = 5.42m/s,
Rex

x = 3600001/m. Data linearly interpolated between x = 263mm and x =
303mm.
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Figure 9.14: Evolution of displacement thickness for double actuator configu-
rations without suction.
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Figure 9.15: Evolution of shape factor for double actuator configurations
without suction.
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10 Conclusions & Future Work

The development of a Laminar Flow Control system employing Dielectric
Barrier Discharge plasma actuators is a complex and challenging task and
the mysteries of how to tackle the problem are only just beginning to come
to light. The aim of this research was to contribute to the knowledge of
the field by assessing changes to the hydrodynamic stability of a laminar
boundary layer brought about by the use of a novel DBD-based LFC system.
The research has included both theoretical and experimental work, focusing
on the design and performance assessment of the novel actuator designs
that constitute the plasma LFC system. This chapter summarises the major
conclusions, outcomes and achievements of the research.

The complexities of DBD-based LFC systems are such that on completion
of this research, areas of significant future work have become evident. For this
reason, the second section of this chapter highlights these areas, as identified
by the author, and discusses how they will complement and further the
research presented in this thesis.

10.1 Conclusions

The focus of this research was the development of Laminar Flow Control
technology utilising Dielectric Barrier Discharge plasma. The research as-
sessed the effectiveness of such technology by studying the augmentation
of the velocity profile of the most fundamental of boundary layer flows, one
formed over a flat plate in a Zero Pressure Gradient, brought about by novel
DBD actuators operated in a variety of configurations.

To address the significant lack of information pertaining to successful
DBD-based LFC technology, the research commenced by first identifying
novel actuator designs possessing the potential to improve the stability of
a laminar layer. In addition, a further objective of this initial work was to
find a way to control the characteristics of the induced wall jet developed by
the plasma, including the position and magnitude of the maximum velocity
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of the jet. By recognising that the height to which the exposed electrode
sits proud above the surface of an actuator (yexp) would have an affect on
the developed region of plasma, it was postulated that variation of this
height would lead to an augmentation in the volume of developed plasma
and hence allow for control over the characteristics of the induced jet. The
parametric study undertaken to investigate this hypothesis resulted in the
development and use of novel actuators with electrodes placed perpendicular
to one another. Not only were these orthogonal actuators found to be capable
of producing the wall jetting effect associated with conventional DBD devices,
they were found to do so by producing fuller induced velocity profiles,
with shallower velocity gradients at the wall, and hence less fluid shear.
Moreover, the jetting profile, magnitude and position of the maximum jetting
velocity was found to be affected by the electrode exposure height, providing
the electrode lay flush with or beneath the surface (i.e. yexp ≤ 0mm). This
result subsequently highlighted a mechanism through which the DBD-based
LFC could be tuned and it is for this reason, in conjunction with the more
voluminous jetting characteristics already discussed, that the LFC system
subsequently developed and tested as part of this research utilised these
novel orthogonal actuators.

Linear Stability Theory was utilised throughout the research to iden-
tify benchmark objectives for the DBD-based LFC system to which the real
actuators were to be tuned. This methodology was employed to hasten de-
velopment time and eliminate the need to perform time-consuming trial and
error experimentation as used by other researchers. Linear Stability Analyses
were performed on a number of idealised boundary layer flows obtained from
curve fitting analytical functions to published DBD-augmented boundary
layer data, as well as from boundary layer theory. The LSAs were conducted
using the Orr-Sommerfeld Equation solver developed as part of this research,
which itself was a major outcome of the work because of the capability it
provides for future works stemming from this research.

The outcome of the LSAs was that the developed DBD-based LFC system
was to attempt to augment the boundary layer so as it would attain charac-
teristics of a Blasius boundary layer exposed to uniform wall suction. Such
an LFC system would potentially give the boundary layer a limit of stability
almost two orders of magnitude greater than the base flow, without the need
for a complex and energy-consuming suction system.

A Flat Plate Rig was developed for the purpose of testing the novel
DBD-based LFC system developed during this research. Through the use
of movable wall panels, it was possible to achieve a near-zero pressure
gradient (ranging between −0.50Pa/m and 0.02Pa/m) over the FPR, which
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subsequently allowed the development of a boundary layer approximating a
Blasius layer. Into this boundary layer, orthogonal actuators were positioned
and the response of the layer around the critical Reynolds Number of the
flow (80000 < Rex < 120000) was measured.

In order to develop a volume of plasma from the orthogonal actuators
that could augment the boundary layer flows studied, a small reservoir of
air was required upstream of the exposed electrode. Due to the design of the
FPR, the subsequent gap in the rig that this reservoir represented allowed the
performance of the orthogonal actuators to be studied with and without a
mild suction effect. This effect was measured to be approximately 4Pa, and a
single suction slot by itself was found not to be sufficiently strong to augment
the flow so as to attain the characteristics of a boundary layer with uniform
wall suction.

Initial results of the DBD-based LFC system showed that the system had
adverse affects on the stability of the boundary layer. The first system trialled
utilised a single actuator, and this was found to destabilise the flow whether
or not the suction effect was present. However, of the two scenarios tested,
the destabilisation of the flow in the absence of the mild suction effect was
found to be more severe.

To address the initial adverse control affects achieved with the DBD-based
LFC system, tuning of the actuators was undertaken. Having recognised,
from the literature, that the variation of the operating voltage of an actuator
affects the characteristics of the induced jet, it was decided to vary the
applied voltage of the original actuator and thus tune the system. Using
this tuning technique it was found that a single actuator operated with an
applied voltage of 19.0kVpp (a low-voltage actuator), in conjunction with the
mild suction effect, could control the boundary layer in a way that mimicked
uniform wall suction for a short distance (50mm) downstream of the device.
Without the need to vary the exposed electrode exposure height, which
would have been more labour intensive, this result was a significant outcome,
providing support for the use of orthogonal actuators. This result showed
that an orthogonal actuator operated in this configuration could enhance the
mild suction effect and provide improved LFC over the single suction slot.

In addition to identifying an actuator configuration that could provide
favourable improvements to the stability of a laminar boundary layer, an
actuator operated with an applied voltage of 21.4kVpp (a high-voltage actuator)
was found to produce the most adverse effect. This confirmed a hypothesis
resulting from the literature review, that lower voltage actuators would be
more beneficial for LFC than higher voltage devices.

To maintain the stability effects for a greater downstream distance, it
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was proposed that subsequent downstream actuators would be needed.
Consequently a study was undertaken using two DBD devices placed in
series. These DBD actuators were based on the design used for the single
actuator experiments, but were only half the total length. Systems with both
high and low voltage actuators, with and without the mild suction effect, were
tested. With the exception of the low voltage system operated in conjunction
with the mild suction effect, all double-actuator configurations tested were
found to adversely affect the stability of the flow. Whilst the combined low-
voltage actuator/suction system was seen to favourably augment the flow, the
effect of this combined double-actuator/suction system differed only slightly
from the suction-only system, meaning that in the configuration tested, the
use of the plasma was somewhat superfluous. Hence it was concluded that
a single low-voltage actuator operated in conjunction with a mild suction
effect is more effective as a LFC system than a single mild suction slot,
but a combined double-actuator/suction system operated at a low voltage
(like that tested during this research) is no better than a simpler and less
energy-consuming double mild-suction slot system.

The research discussed in this thesis was undertaken with the intention of
contributing to the field of DBD-based LFC flow control. The development of
successful systems requires significant knowledge on which to base designs
and to date few results have been published on the performance of DBD-
based LFC system. Hence the results presented here provide additional
material from which knowledge can be drawn, including novel actuators and
tuning techniques to be used in the development of such LFC technology.
The research has shown that low-voltage, orthogonal actuators can be used to
enhance mild suction effects in a stable fashion, allowing the effectiveness of
a single mild-suction-slot-based LFC system to be enhanced. Although it was
found that two of these plasma actuators in the configuration tested become
somewhat superfluous when used with two mild-suction slots, through future
work it is anticipated that the use of additional actuators, correctly tuned
using the techniques discussed, will allow for a system that can achieve
LFC even more effectively than a double-suction slot system. Hence, the
additional and valuable insights this research has provided to the field of
DBD-based LFC has meant that the original intentions of the work have been
fulfilled.
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10.2 Suggested future work

The results of this research represent only the beginning of the development
of DBD-based LFC systems, particularly those incorporating orthogonal
actuators. Consequently a significant amount of potential work exists as a
result of the conclusions of this research.

The completed research was the first to utilise orthogonal actuators for
producing DBD plasma. The direct consequence of this is that there is limited
published information regarding the effects of varying different geometric
and electrical parameters on orthogonal actuator performance, as compared
to what is available for conventional, parallel-type devices. To assist in un-
derstanding the jetting characteristics of orthogonal actuators further, it is
therefore suggested that parametric studies be undertaken to investigate
the jetting characteristics of these actuators. From these investigations it is
anticipated that additional ways to augment the jetting characteristics of
the actuators will be identified. This would consequently provide additional
mechanisms (in addition to varying exposed electrode height and applied
voltage) through which a DBD-based LFC system can be tuned so as to
achieve the desired flow augmentation.

The DBD-based LFC system studied in this project was tuned according
to desired flow characteristics obtained from assumed velocity data and
Linear Stability Theory (see Chapter 5). The velocity data was obtained
from published results and boundary layer theory as no direct experimental
results for an orthogonal-actuator-based LFC system were available. With
the measurements obtained from this research it is now possible to calculate
the stability limits able to be attained using the plasma-based LFC systems
studied here. This task is no small undertaking however, and will require a
significant amount of effort. Nevertheless, the outcome of the analyses would
provide more refined estimates of the expected effects on stability arising
from the plasma, as well as details of the expected disturbance growth rates.
Both of these groups of information would subsequently provide significant
detail from which to properly assess the potential of orthogonal-actuator-
based LFC systems

The LFC system tuning performed in this work was done by varying
the applied voltage of the actuators. Since the jetting characteristics of the
orthogonal actuators were observed to be dependent on the exposed electrode
exposure height in addition to the applied voltage, it would be of significant
benefit to investigate the tuning potential of the LFC system through variation
of yexp.

The experimental investigations completed during this research were
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done around the critical Reynolds Number of a Blasius flow. As mentioned
throughout the thesis, this position represents the limit of stability of the flow
and not necessarily the point of transition of the boundary layer. Therefore
future experiments should focus on identifying the actual point of transition
in the flow and assessing the change in that position arising from the use
of the orthogonal actuators. This point could then be correlated with the
predictions from the future Linear Stability Analyses, and hence allow for
verification of the accuracy and outcomes of these future numerical works.

Given the large distances over which transition may occur in Blasius flow,
it might be necessary to promote transition in the future experiments. This
could be achieved by exposing the layer to an adverse pressure gradient,
so as to encourage the amplification of transition-inducing instabilities. Al-
ternatively, the freestream flow speed could be increased so as to hasten
the development of the boundary layer and its transition from laminar to
turbulence. Investigating the performance of the system at different flow
speeds would also be very beneficial, since the thickness of the layer would
change, and it would be of interest to know how the tune of the LFC system
would need to be modified so as to cope with this.

In identifying the point of transition, measurement of the disturbance
growth rates between the base flow and control flow would provide signifi-
cant details to verify the stability analyses with. In addition, this information
could also be used in conjunction with a modified form of the developed
OSE solver to predict the location of transition resulting form the plasma
control using the en methodology as discussed in Chapter 2. Obtaining this
data would require the use of anemometry equipment with a high frequency
response, ideally hot-wire anemometry. As discussed in Chapter 6, hot-wire
anemometry faces many challenges when implementing it in the vicinity of
a plasma-augmented flow. Hence a significant amount of work would be
required in developing the experimental apparatus to acquire this data, and
this is suggested as a subject for future work. Although this would require
much effort to implement, doing so would provide a better estimate of the
expected performance of future DBD-based LFC systems.

In the experiments involving two DBD actuators (Chapter 9) it was
noticed that the second actuator seemingly improved the behaviour of the
flow downstream of the first device. This suggests that the actuators operated
in the absence of suction can stabilise disturbed flow upstream of itself, and
this result should be experimentally studied in greater detail. As postulated
in Chapter 9, it is feasible to suggest that the use of additional actuators that
have undergone appropriate tuning would allow for the development of a
LFC even more effective than the systems studied in this research.
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10.2 Suggested future work

Studying the effectiveness of the DBD-based system in three dimensions
is also an important future task that should be conducted as the technology is
developed. As discussed in Section 6.6.4, the extent of the spanwise variation
in the boundary layer, as brought about by the DBD-based system with
mild suction, is uncertain. The impact, favourable or adverse, must also be
ascertained.

As further work is undertaken to delay boundary layer transition, it is
anticipated that the actuators will have to operate in increasingly disturbed
fluid, attenuating increasing numbers of instabilities of different wavelengths
and frequencies. It is therefore recommended that some work be performed
looking at the effect of DBD actuators, particularly orthogonal devices, on
controlling transitioning and/or turbulent flow. Some preliminary work
has already been undertaken in regards to the operation of orthogonal
actuators in a low Reynolds Number turbulent boundary layer. The results
are presented in Appendix A, and in summery the results suggest that the
orthogonal actuators are incapable of augmenting a low Reynolds Number
turbulent boundary layer. However these results are preliminary, with little
work done to re-tune the actuators to suit the turbulent flow. Hence future
work is recommended in this area.

To be able to undertake these future investigations, it is pertinent to make
a comment on the viability of the developed experimental rig for providing
the conditions for such studies to be made. Throughout this work, the FPR
was set up so that investigations around the region of the Critical Reynolds
Number for Blasius flow could be made. These observations occurred within
the first 25% of the length of the rig. Investigations for different flow speeds
and Reynolds Numbers, as recommended, could be easily accommodated
for by the FPR by rearranging the removable panels of the rig. The movable
walls of the FPR would also be capable of providing the desired pressure
gradients if a non-zero distribution was sought. Constraints in the design of
the rig enclosure may cause some measurement black spots where standard
anemometry probes may not be able to be reach. However, this issue could
be easily solved through probe redesign, without the need to modify the rig.
Hence, the FPR as designed will be capable of handling future investigations
with minimal need to redesign.

The future works that have been recommended can be summarised
into two groups. The first of these pertains to numerical analyses. Using the
experimental results from this research, including the evolution of the velocity
within the controlled boundary layers, stability analyses should be conducted
so that better estimates of expected stability limits for DBD-augmented flows
can be ascertained. In addition, the analyses should focus on estimating
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Chapter 10 Conclusions & Future Work

the growth rates of disturbances within the controlled boundary layers.
Concurrently, the second category of future work, experimental investigations,
should be undertaken. Further experiments should be done utilising single
and multiple orthogonal actuators. These investigations should measure
the evolution of the velocity profile within the layer, the growth rate of
disturbances, as well as the location of transition, so as to provide validation
of the numerical analyses as well as experimental evidence of the capability of
DBD-based LFC systems. The undertaking of both categories of work would
provide the best direction forward for developing a tuned DBD LFC system
that provides effective flow control, which may ultimately help address the
energy and operating cost concerns of the global aviation industry.
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A Measured Responses of Tripped

Layers to the Orthogonal

Actuators

The orthogonal actuators developed as a result of this research were found to
be highly effective at augmenting the laminar boundary layer studied in the
experimental investigations (Chapter 7, 8, & 9). The significant boundary layer
thinning and shape factor reduction resulting from the orthogonal actuators
suggested that the actuators might be capable of augmenting a low Reynolds
number turbulent boundary layer also, reducing its thickness and possibly
the skin friction associated with it. Consequently a preliminary experiment
was devised in which the boundary layer was tripped into turbulence and its
response to a single orthogonal actuator measured.

The preliminary investigation was performed using the same methodolo-
gies and procedures employed for the laminar boundary layer studies. The
response was measured for cases with and without the mild suction effect,
for the configurations involving the low-voltage actuator (Vapp = 19.0kVpp)
and the high-voltage device (Vapp = 21.4kVpp). The measurements obtained
from this preliminary investigation are presented in this appendix.

A.1 Experimental set up

To achieve a low Reynolds number turbulent boundary layer flow, a trip wire
was used. According to Braslow et al. (1966), with the use of an appropriately
sized trip wire, boundary layer transition will move forward of its natural
location. In subsonic flows, the transition location moves upstream so as to
be very close to the trip wire itself (Braslow et al. 1966). This meant that by
selecting an appropriate diameter trip wire, the orthogonal actuator could be
operated in a low Reynolds number turbulent boundary layer.

Sizing of the trip wire was based on the work of Braslow et al. (1966) and
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Appendix A Measured Responses of Tripped Layers to the Orthogonal
Actuators

involved defining a Reynolds number based on k, the diameter of the trip
wire (Equation A.1). In the formulation of this new Reynolds number, uk and
vk correspond to the local values of the fluid velocity and kinematic viscosity
respectively, at a position on top of the wire (Figure A.1).

Rek =
ukk
νk

(A.1)

For the purpose of sizing the trip wire, uk was estimated from the Blasius
boundary layer solution, whilst the kinematic viscosity was assumed to be
equal to the freestream value. Ultimate validation of the suitability of these
assumptions was to be made by analysing the resultant boundary layer
formed in response to the trip wire.

As previously mentioned, the downstream edge of the actuator was
placed at a chordwise Reynolds number (Rex) equal to 80000. To make sure
that the flow would be attached to the wall and turbulent in the direct vicinity
of the plasma actuator, it was decided to place the trip wire a distance of at
least 10 wire diameters upstream of the plasma region. The intention was to
place the wire at x = 163mm, corresponding with Rex ≈ 60000. According to
Braslow et al. (1966), a trip wire placed at Rex ≈ 60000 should achieve a value
of approximately 1000 for Rek. After solving for the wire diameter it was
found that a trip wire positioned at this location needed to be approximately
3mm in diameter. This value was suitable, as the trip location was greater
than 10 diameters upstream of the actuator. In addition, at this trip position,

Laminar Turbulent

Point of Natural

u(y)

x

U∞ k

Wire

δ

Transition

Figure A.1: Definition of parameters for sizing of trip wire (adapted from
Braslow et al. 1966).
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A.1 Experimental set up

the thickness of the layer is approximately 3.5mm, meaning that the wire
would be fully contained within the dimensions of the layer. However, it
should be noted that this is not a strict requirement to promote transition,
and transition can still occur when the trip wire is greater than the thickness
of the layer (Braslow et al. 1966).

When installed, the trip wire was found to be most effective at promoting
transition in the boundary layer, as is evident by the measured velocity pro-
files for the flow (Figure A.2). These profiles were obtained in the manner
described in Section 6.6.2, with the exception that the near-wall measure-
ments were made at y = 0.1mm instead of y = 0mm, due to greater ease
in identifying this position for the experimental set up without the plasma
actuators. At x = 253mm, the boundary layer shows approximate agreement
to the power law fit discussed by Cebeci and Cousteix (1999) (Equation
A.2), and this agreement increasingly improves downstream, such that the
NRMSD between the curve fit and the measurements is 3.5% at x = 323mm.
At x = 243mm, the agreement between the fit and the results is found to be
poorer, with an NRMSD value of 16%. However the thickness and behaviour
of the velocity profile at this location is noted as being far from laminar.
Indeed, by looking at the velocity contours for the flow (Figure A.3), the tur-
bulent nature of the flow at x = 243mm and beyond can be clearly seen. Thus
the experimental set up, and assumptions used to develop it described in this
appendix were deemed suitable for conducting preliminary investigations
into the effect of the orthogonal actuators for augmenting a low Reynolds
number, turbulent boundary layer.(

u
ue

)
=
(y

δ

)1/7

(A.2)
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Figure A.2: Velocity profile measurements of the tripped boundary layer in
the investigation region, U∞ = 5.56m/s, Rex

x = 3700001/m. Smoothed cubic
splines shown only.
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Figure A.3: Velocity contours of the tripped boundary layer in the investiga-
tion region, U∞ = 5.56m/s, Rex

x = 3700001/m.

A.2 Low Re turbulent layer response to a single

orthogonal actuator

The low Reynolds number turbulent boundary layer was observed to be
highly unresponsive to all of the actuator configurations tested. In addition,
the velocity profile augmentation from the LFC system was found to be
essentially independent to the voltage of the actuator and the mild suction
effect. The velocity profile measurements for the low and high-voltage ac-
tuator operated in conjunction with the suction effect can be seen in Figure
A.4 & A.5 respectively. No significant difference between the two sets of
results is found, and neither configuration is seen to augment the velocity
profiles at any location in a favourable fashion. Only at x = 243mm is the
velocity profile augmented by the presence of the plasma (for both voltages),
but the augmentation, if anything, appears to encourage the development of
turbulent flow (in both cases).

209



Appendix A Measured Responses of Tripped Layers to the Orthogonal
Actuators

Controlled Laminar No Control
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Figure A.4: Velocity profiles with suction, Vapp = 19.0kVpp, U∞ = 5.29m/s,
Rex

x = 3600001/m. Smoothed cubic splines shown only.
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Controlled Laminar No Control
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Figure A.5: Velocity profiles with suction, Vapp = 21.4kVpp, U∞ = 5.29m/s,
Rex

x = 3600001/m. Smoothed cubic splines shown only.
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Figure A.6: Velocity profiles with suction, Vapp = 19.0kVpp, U∞ = 5.29m/s,
Rex

x = 3600001/m.
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Figure A.7: Velocity contours with suction, Vapp = 21.4kVpp, U∞ = 5.29m/s,
Rex

x = 3600001/m.
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A.2 Low Re turbulent layer response to a single orthogonal actuator

The velocity contours for both cases with suction support the observations
gleaned from the measurements of the velocity profiles (Figure A.6 & A.7).
In the contours, neither configuration is seen to affect the behaviour of the
boundary layer, and no improved laminar characteristics are noticeable in
either case.

The velocity measurements for the cases without suction were found
to be very similar to those with suction (Figure A.8 & A.9). Again little to
no change is noticed at the downstream measurement locations and only
at x = 243mm is any augmentation discernible (for both cases). Like the
cases with the mild suction effect, the observed augmentation at x = 243mm
suggests, if anything, that the plasma is encouraging the development of
turbulent flow in the boundary layer.

The little influence on the flow provided by the plasma actuators without
suction is again seen in the velocity contours for the augmented flows. The
results for both the low-voltage case (Figure A.10) and the high-voltage case
(Figure A.11), produce similar velocity contours, and both differ little from
those for the configurations tested with suction (Figure A.6 & A.7).

Studying the evolution of the shape factor for the cases with plasma
supports the conclusions obtained from the velocity measurements (Figure
A.12). The shape factor evolution is seen to be independent of the presence
of the mild suction effect, and moreover the shape factor values with plasma
are found to be extremely low, beneath 1.5 for all measurement locations,
and actuator configurations. Interestingly, the shape factor values for the
cases with plasma are lower than those for the cases without plasma until
x = 303mm. Again this suggests that the orthogonal actuators were, if
anything, encouraging the development of turbulence in the low Reynolds
number turbulent boundary layer and hence were providing no benefit to
reducing the thickness and developed skin friction of the layer.
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Controlled Laminar No Control
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Figure A.8: Velocity profiles without suction, Vapp = 19.0kVpp, U∞ = 5.36m/s,
Rex

x = 3600001/m. Smoothed cubic splines shown only.
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Controlled Laminar No Control
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Figure A.9: Velocity profiles without suction, Vapp = 21.4kVpp, U∞ = 5.36m/s,
Rex

x = 3600001/m. Smoothed cubic splines shown only.
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Figure A.10: Velocity contours without suction, Vapp = 19.0kVpp, U∞ =

5.36m/s, Rex
x = 3600001/m.
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Figure A.11: Velocity contours without suction, Vapp = 21.4kVpp, U∞ =
5.36m/s.
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Figure A.12: Evolution of shape factor for the tripped boundary layer.
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A.3 Summary & conclusions

Through the use of a trip wire, a low Reynolds number turbulent boundary
layer was created inside the Flat Plate Rig. The trip was sized and imple-
mented successfully such that low Reynolds number turbulent flow was
created in the region of influence of the orthogonal actuators.

The results of the preliminary investigation into the use of the orthogonal
actuators to reduce the thickness and skin friction of low Reynolds number
turbulent boundary layers showed that the plasma actuators had little influ-
ence over the flow. If anything, the actuators were observed to encourage the
development of turbulence in the boundary layer for both cases with and
without suction. Hence, it can be concluded that the orthogonal actuators
tested in this investigation do not have the ability to influence a low Reynolds
number turbulent boundary layer in a way so as to reduce skin friction drag.
Consequently, it is suggested that any flow control that the actuators are used
for will need to be implemented prior to the boundary layer undergoing
transition.
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