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Abstract

An investigation into the dynamic performance of the circulation control wing (CCW) was
undertaken. This research aimed to explore the possibility of using circulation control (CC)
as means of gust suppression for Unmanned Aerial Vehicles (UAV). Computational Fluid Dy-
namics (CFD) was used to investigate the actuation speed of CC.
Firstly a two-dimensional (2D) CC aerofoil was analysed through CFD simulations and

validated by existing experimental results from the literature, and a good agreement was ob-
served. The actuation speed of the CC aerofoil was compared with a mechanical flap (aileron),
it was found that the actuation speed of CC was 5 times faster than typical mechanical actu-
ators under cruise conditions. A joint simulation that combines CFD and feedback control
algorithm was undertaken to demonstrate the automatic actuation of CC jet under wind gust
conditions. Results showed that the gust loading was sufficiently eliminated, and a constant
lift was observed.
Secondly, a datum UAV aircraft was used to analyse the application of CC for gust allevia-

tion in three-dimensional (3D) coupled with longitudinal flight dynamics. The aerodynamic
performance of the aircraft was obtained by CFD simulations. The flap (aileron) of the aircraft
was modified to a CC slot and compared with its initial mechanical control surface. Addition-
ally, step responses of CC under various flow conditions are compared. It is observed that the
responses are very similar for different flow conditions and very close to the Küssner function.
Finally, a control algorithm was designed using a Linear-quadratic regulator (LQR) con-

troller. Themodel of the aircraft was obtained and flight dynamic simulations were undertaken
to verify the effectiveness of CC in an unsteady atmosphere. Results showed that 96% of the
vertical acceleration due to wind gusts were suppressed.
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Chapter 1:

Introduction

Civilian Unmanned Aerial Vehicles (UAVs) have been widely used in missions such as trans-

portation, photography, civil security, search and rescue. To expand the range of operations

and applications, improved stability is required, particularly to allow operations in challenging

weather conditions. Civilian UAVs have a signi�cantly smaller weight and inertia than manned

transport aircraft and usually �y at lower altitudes where turbulence is greater. Additionally,

when conducting operations in mountainous terrain (such as search and rescue missions),

the aircraft may encounter terrain-induced weather features such as Katabatic wind or tur-

bulence. Consequently, UAVs are more likely to experience unsteady wind conditions than

manned transport aircraft, and will experience higher accelerations and less stability which

may cause damage and failure of components or the aircraft. Therefore there is a need to

increase the gust/turbulence resilience of the UAV to improve stability and expand its mission

pro�le.

The bandwidth and authority of control surfaces is the main limiting factor for the perfor-

mance of gust alleviation systems (Khalil & Fezans 2021). Although conventional mechanical

control surfaces can e�ectively change lift in response to a vertical gust (i.e. using ailerons,

elevators, spoilers etc.), they have a relatively slow actuation speed and �uidic response, and

therefore a greater lead time in the control loop is required in order to be e�ective (Fezans

et al. 2019). This can be realised through aerodynamic sensors or dedicated laser based sen-

sors (Cates et al. 2013) located ahead of the wing, near the front of the fuselage, to pre-

view gust information in su�cient time to be reactive. UAVs are typically much smaller than

manned transport aircraft (this research has assumed a baseline UAV with a 2.56m wing span

and 13.2kg take o� weight), and consequently, the available preview time is much less. Their

simpler design and packaging constraints also limit where sensors can be located. Therefore

changing lift in response to a gust using mechanical devices is less e�ective without this pre-

view information. Despite this, most of the current literature for small UAVs is focused on the

use of conventional ailerons and elevators (Smith et al. 2016, Yang et al. 2012, Lungu 2020,

Yeo et al. 2019), and since their performance has physical limits of bandwidth and authority,

the literature focuses on algorithm development for improved dynamic response. Therefore
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the present research considers how the reaction speed (i.e. actuation and �uidic response)

can be improved using active �ow control instead of mechanical devices, and speci�cally the

use of Circulation Control (CC).

Active �ow control already has a wide range of aerospace applications for the purpose of

lift augmentation and/or drag reduction (Jones & Joslin 2006), and CC is one such method

that has been thoroughly investigated by researchers (McGowan et al. 2004, Golden & Mar-

shall 2010, Buonanno 2009, Buonanno & Cook 2006, Savvaris et al. 2013, Yang et al. 2008,

ENGLAR et al. 2009, Cagle 2002, Swanson et al. 2005b, Rogers & Donnelly 2004, Paschal et al.

2012). A typical CC wing (CCW) has a circular trailing edge and a blowing slot tangential to

the circular surface. The slot or nozzle produces a high-speed jet sheet that stays attached to

the circular surface for a distance, due to the Coanda e�ect, before �nally separating from

this surface. Since CC can signi�cantly increase lift, it has therefore been used as means of

lift augmentation for short-take-o� and landing. CC has also been investigated as a means to

provide quasi-steady �ight controls (Savvaris et al. 2013, Englar 1979). Most signi�cantly, the

DEMON �apless UAV has performed test �ights using a CC wing and Fluidic Thrust Vectoring

as manouver e�ectors (Wilde et al. 2008, Crowther et al. 2009), and more recently, C Rosen

et al. tested a demonstrator UAV with CC actuators with research focusing on the controller

design (Rosen et al. 2017). Consequently, although the characteristics of CC have been exten-

sively investigated, with some applications focused on using CC for the primary �ight controls,

all these studies have considered quasi-steady �ight conditions. The research described in the

present study aims to characterise the dynamic performance of CC so that actuation speeds

can be determined and compared with those of conventional mechanical control surfaces.

These dynamic characteristics will subsequently be used in this research to design a suitable

�ight control algorithm that will be evaluated in both 2D and 3D applications.

For gust alleviation, a high bandwidth and fast response actuator is essential. In low speed

�ight (M � 0.1), the frequency of atmospheric gusts is typically <101 Hz according to the Dry-

den gust model(Stevens et al. 2015). However, the Dryden model is a statistical model for a

standard atmosphere, and gusts can be more severe near terrain. The gust frequency near the

short-period mode of an aircraft has a relatively stronger in�uence which is approximately in

the range of 100 to 101 Hz (Nelson et al. 1998, Cook 2012, Regan & Jutte 2012). Mechanical

control surfaces are capable of attenuating the short-period mode frequency region. The at-

tenuation performance, for example, the reduction of normal acceleration due to vertical gust,

is directly related to the de�ection rate of the actuator, which will deteriorate as the hinge

moment increases (with forward airspeed, for example) (Hahn & König 1992). In the process
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1.1. AIMS AND OBJECTIVES

of de�ecting a conventional mechanical control surface at high rotational speed, the surround-

ing air is accelerated vertically, which generates an additional force in the opposite direction

to this air�ow. This force temporarily changes the overall lift but does not increase the net

circulation around the aerofoil, and is termed non-circulatory lift (Taha & Rezaei 2019). The

non-circulatory lift will increase the hinge moment and is one of the factors that limit the max-

imum de�ection rate of a control surface. Other factors include the inertia of the actuators and

mechanical linkages. Also, as the �ight speed increases, the maximum de�ection rate reduces

further due to higher aerodynamic loading on the control surface. This characteristic exists

in most of the mechanical actuators such as hydraulic and electric actuators. However, CC

does not have these limitations. It can rapidly change the aft stagnation point by controlling

the nozzle pressure, eliminating the need for actuators, levers, gears and hinges. Pneumatic

valves are used to adjust the blowing coe�cient, which can easily reach a high bandwidth

since the valve cores have a very small inertia (SMC n.d.). Furthermore, CC does not create

non-circulatory lift and so the actuation speed is not limited by its e�ect on the hinge moment.

CC directly in�uences the surrounding �ow pattern and hence the dynamic response mainly

depends on the reaction speed of the �uid, which is in theory much faster than a mechanical

system. This will be investigated in the present research.

The dynamic modelling for conventional actuators has been widely investigated (Küssner

1936, Jones 1940, Raveh 2007, Medina et al. 2017, Zaide & Raveh 2006, KARAKA“ 2020,

Ghoreyshi et al. 2018). However, there is little quantitative research on the actuation speed

of CC, neither in the time domain nor in the frequency domain. In order to compare the gust

alleviation performance between CC and mechanical control surface, this research investigates

the response of CC with step and sinusoidal inputs in various frequencies. In addition, the gust

alleviation system requires a feedback loop to compensate for the unsteady loading, including

sensors to detect the presence and pro�le of a vertical wind gust, and a control algorithm

to regulate the actuator according to the instantaneous gust velocity. Existing research in

terms of gust alleviation algorithms is generally based on mechanical control surfaces (Zaide

& Raveh 2006, Regan & Jutte 2012, Fezans et al. 2019, Khalil & Fezans 2021). By combining

the existing algorithms with a CC actuator, a closed-loop system will be developed in this

research in order to demonstrate the e�ective reduction in gust loading.

1.1 Aims and Objectives

The aim of this research is to develop an improved understanding of the dynamic character-

istics of CC and therefore to consider its feasibility as a means of improving the stability and
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resilience of a UAV when encountering vertical wind gusts.

This aim is achieved by the following objectives:

1. Validation of a Computational Fluid Dynamics (CFD) methodology for predicting the

steady and unsteady behaviour of CC with su�cient accuracy.

2. In 2D, investigate the time domain and frequency domain lift responses of CC and com-

pare with a mechanical control surface to quantify potential improvements in the reac-

tion time of CC.

3. Design a control algorithm based on the dynamic response of CC, and subsequently

integrate this control algorithm within an unsteady 2D CFD simulation (as a user de�ned

function), to demonstrate the feasibility of using CC for gust alleviation.

4. In 3D, design and evaluate a circulation controlled trailing-edge for a small datum air-

craft, similar in size to a UAV, using steady CFD.

5. Investigate the dynamic behaviour of the CC aerofoil on the datum aircraft over a range of

�ow conditions (blowing coe�cients, angles of attack, gust magnitude), using unsteady

CFD.

6. Develop a control algorithm for the aircraft using CC to provide longitudinal stability

when encountering continuous vertical gusts, and compare the gust alleviation perfor-

mance with conventional control surfaces.

1.2 Contributions

The principal novel contributions of this research are:

1. The investigation of time and frequency domain characteristics of the CC lift response

to step and sinusoidal changes in nozzle pressure (Objective 2 and 5). These results will

allow improved controller design for �ight manoeuvre and longitudinal stability using

CC.

2. The feasibility of using CC as a vertical gust alleviation actuator for UAVs was established

for the �rst time. The study has demonstrated that CC gives a signi�cant improvement

in actuation speed compared with conventional mechanical actuators, thereby giving a

better bandwidth and control authority for gust alleviation (Objective 6).
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3. A novel coupled system has been designed and implemented by integrating a closed-loop

feedback controller within a high-�delity unsteady CFD simulation to maintain steady

lift when a vertical gust is encountered (Objective 3). A coupled simulation showed that

the system could signi�cantly reduce gust loading by automatically adjusting the plenum

pressure according to the instantaneous results from the CFD solver.

1.3 Thesis Structure

The thesis contains the following chapters:

ˆ Chapter 2 Theory: This chapter introduces the key fundamental aerodynamic theories

relevant to the research, including the properties of �uids, an introduction to aerody-

namic forces, boundary, wall jet �ows (i.e. Coanda e�ect), aerodynamic derivatives and

control theory.

ˆ Chapter 3 Literature Review: This chapter presents previous research relevant to the

present study, and outlines the key ideas and theories of CC.

ˆ Chapter 4 Methodology: This chapter reviews the potential methodologies available

and justi�es the methods used in the current work, including the meshing techniques,

CFD solver and turbulence models.

ˆ Chapter 5 Preliminary study of a 2D CC aerofoil: This chapter describes how ob-

jectives 1 to 3 are satis�ed. Before investigating complex 3D aircraft models and �ight

dynamics, it is more convenient to consider 2D aerofoil performance to evaluate the mod-

elling approaches, particularly since there is a greater amount of existing data available

for comparison.

Initially, a steady CFD study of a 2D CC aerofoil was made and compared with existing

wind tunnel data to evaluate the methodology (Objective 1).

Secondly, the unsteady response of this aerofoil was evaluated for a sharp edge vertical

gust and compared with literature using an analytical solution based on the Küssner

function derived for a �at plate. The dynamic characteristics of CC were then investi-

gated considering a sinusoidal plenum pressure using unsteady CFD simulations to de-

termine the frequency response. The dynamic characteristics were then compared with

existing experimental data for a conventional mechanical �ap, in terms of the speed of

actuation and �uidic response (Objective 2).
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Finally, the dynamic response information was used to design a closed-loop feedback

controller, which was coupled with CFD (as a user de�ned function), and successfully

demonstrated its e�ectiveness at maintaining a constant lift in vertical wind gusts (Ob-

jective 3). The dynamics and control of an aircraft with CC, considering both lift and

pitching moment, are discussed in the following chapters.

ˆ Chapter 6 Steady State Study of the Datum Aircraft: This chapter describes how

objective 4 was satis�ed, by expanding the application of CC to the wing of a 3D datum

aerobatic aircraft. A design for a modi�ed CC trailing edge is described, and a series

of steady 3D CFD simulations to analyse the �ow �eld around the wing and obtain the

aerodynamic derivatives for further simulations in Chapter 8.

ˆ Chapter 7 The Dynamic Performance of CC : This chapter describes how objective

5 was satis�ed, considering the e�ects of a wider range of parameters such as blowing

coe�cient, Mach number, and geometry on the dynamic response with comparisons

with existing literature. The results are used to identify a model for the e�ector for

further simulation with longitudinal motion.

ˆ Chapter 8 Application of the CC on Gust Alleviation: This chapter describes how

objective 6 was satis�ed. Using the steady aerodynamic derivatives described in Chapter

6 and the unsteady results in Chapter 7, the aircraft �ight performance is simulated and

a controller is implemented to alleviate the unsteady loading due to vertical gusts.

ˆ Chapter 9 Conclusions and Future Work: The �nal chapter presents concluding re-

marks and discusses the industrial and academic relevance of the research outputs.

In this research, both 2D and 3D simulations were used. Although every e�ort has been

made to ensure a consistent approach, it is computationally expensive to use 3D simulation

for dynamic performance due to the large number of iterations. Consequently, most of the

transient CFD studies were conducted in 2D, as summarised in Table 1.1.

This research is based on unsteady simulations for both 2D and 3D geometries, and the

�nal conclusion, including the dynamic characteristics and the relevant control algorithm, is

primarily based on lift variation versus non-dimensional time. The concluded results are highly

dependent on the accuracy of the simulation and therefore steady and unsteady validation is

necessary. The initial validation is using the 2D generic aerofoils since they have extensive

experimental, simulation, and analytical databases. Firstly, steady state validation using a

2D CC aerofoil compared with wind tunnel data has been conducted. This veri�es the solver
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Table 1.1: Summary of the simulation cases.

Simulation Geometry Dimension Steady/unsteady Valiation

Section 5.1 on page 124 Initial validation GACC aerofoil 2D steady+unsteady !

Section 5.2 on page 141: Dynamic response GACC aerofoil 2D unsteady

Section 5.3 on page 151: Gust alleviation GACC aerofoil 2D unsteady

Section 6.1 on page 160: Aircraft validation wing, �ap, fuselage 3D steady !

Section 6.7.1 on page 194: Aircraft with CC wing, CC, fuselage 3D steady

Chapter 7 on page 206: Dynamic response NACA0013 with CC 2D unsteady

Chapter 8 on page 235: Aircraft motion, gust alleviation Aircraft with CC 3D unsteady

settings and turbulence models. Subsequently, as unsteady validation databases are relatively

rear, by the time of writing, in the existing literature, only 2D unsteady cases are available

for validation. An aerofoil is therefore validated by an analytical time-domain result. This

veri�es the time step settings, solver settings and the implicit scheme. The subsequent results

including the Dynamic response and Gust alleviation of the GACC aerofoil are based on the

2D steady and unsteady validations. The CC gust alleviation method is then expanded to 3D

aircraft, where a 3D steady state validation using wind tunnel data has been conducted. The

unsteady validation in 3D is not provided due to the lack of a usable database. The subsequent

simulation results are all based on the validated 3D geometry and solver.
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Chapter 2:

Theory

This chapter introduces the fundamental aerodynamic theories, �ight dynamics and control

theories relevant to this research. Firstly some basic �ow properties are discussed. Based on

these properties, the physics of primary aerodynamic forces is explained. Subsequently, some

distinct �ow structures are introduced, such as the boundary layer and the Coanda e�ect.

Then the formulations for �ight dynamics are provided. The formulations are used in Chapter

8 to establish a simulation of aircraft. Finally, the control algorithms used for closed-loop

gust alleviation are introduced. The purpose of this chapter is to give an overview of the

fundamental knowledge necessary for this research.

2.1 Flow characteristics

The real �ows in aerospace engineering have complex �ow structures and a variety of phys-

ical properties interacting with each other. To study the �ow characteristics of aerodynamic

bodies, it is not always necessary or practical to precisely model every detail of the �ow. By

making some assumptions and neglecting less signi�cant properties, a complex �ow �eld can

be simpli�ed. For example, a �ow around an aerofoil can be treated as two regions, a thin layer

adjacent to the solid wall and an external region. The �ow adjacent to a wall is a�ected by the

shear forces due to friction between the air and the solid surface, which forms the so-called

boundary layer. However, such e�ects can be largely neglected in the external region away

from the wall. Using di�erent �ow models in each region can reduce the complexity when

analysing aerodynamics. This section introduces several assumptions and characteristics for

typical types of �ow.

Before introducing the �ow characteristics, two similarity parameters need to be intro-

duced, the Reynolds number (Re) and Mach number (M ). These parameters govern the

properties of di�erent types of �ow. The Reynolds number Re = � 1 V1 c=� 1 gives the ratio

of inertia force to viscous force, where � 1 is the freestream density,V1 is the freestream ve-

locity, c is a reference length, which is taken to be the chord length for an aerofoil, and � 1 is

the freestream viscosity coe�cient. For a high Reynolds number, the inertia forces dominate,

where the turbulent �ow is expected to occur. On the contrary, if viscous forces are dominant,
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2.1. FLOW CHARACTERISTICS

the �ow turns to be laminar. Reynolds number has a strong in�uence on the �ow, such as

the boundary layer properties and �ow separation characteristics, and is discussed in detail in

Section 2.3.3 on page 23. Whereas the Mach numberM = V1 =a1 is the ratio of velocity to

the speed of sound, wherea1 denotes the freestream speed of sound. Mach number governs

the compressibility e�ects of the �ow, which in�uences aerodynamic forces and gas physics.

Most civil transport aircraft cruise at transonic speeds (0.6 < M < 0.9) at which the �ow can

be considered compressible and shock waves can be created, which are characterised by an

abrupt change in pressure, temperature, and density, which creates a signi�cant wave drag

component. However, civil UAVs normally �y at subsonic conditions (M < 0.3) so the subse-

quent chapters only consider an incompressible �ow. However, �ow in the CC nozzle and jet

is at a higher Mach number, and is discussed in section 4.2.3 on page 102.

The majority of �ows in aerospace engineering can be categorised by the following charac-

teristics, steady or unsteady, turbulent or laminar, viscous or inviscid, rotational or irrotational,

and compressible or incompressible. The purpose of this section is to describe and contrast

these types.

2.1.1 Steady / unsteady �ow

A steady �ow is a �ow �eld where all the variables, such as velocity, pressure, temperature and

density, are invariant with time. In contrast, the variables at any point in an unsteady �ow are

changing with time. This research considers both steady and quasi-unsteady �ow. In Chapters

5 and 6, the validation of CFD simulations for CC was conducted to match the steady experi-

mental conditions and consequently the variables are assumed to remain constant over time.

Wind gusts generally exhibit continuous and random velocity distributions in all directions.

However, the aerodynamic and structural response of aircraft is often assessed for a discrete

single function such as �one minus cosine� velocity distribution, and in a 2D plane, since the

vertical gust loading is the most signi�cant for structural design. Consequently, this research

considers discrete longitudinal gust pro�les and as such, the quasi-unsteady �ow (Ghoreyshi

et al. 2018). Examples can be found in Section 5.2 on page 141 and Chapter 7 on page 206.

2.1.2 Turbulent / Laminar �ow

Turbulent �ow is a �ow state in which �uid elements have a chaotic and irregular motion(Blazek

2005b). In contrast, the �uid elements in a laminar �ow move smoothly along the stream-

lines. The transported quantities (e.g. mass and momentum) in a turbulent �ow �uctuate

in time and space. However, aerodynamic analysis of forces and �ow structures can often be
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restricted to the mean �ow where the �uctuation details in a turbulent �ow are insigni�cant.

The approach of using time-averaged �ow simulations that require the use of a semi-empirical

model to represent the turbulent �uctuations is introduced in Section 4.2.4 on page 109.

Turbulence can be treated as a combination of a mean component and a �uctuating com-

ponent. A parameter used to quantitatively describe turbulence is turbulent intensity (T I ),

which is de�ned as the ratio of the root-mean-square of the velocity �uctuations to the mean

velocity.

T I =

q
u0(t)2

u
(2.1)

where, u0(t) is the velocity �uctuation and u is the mean velocity. The velocity �uctuation is

de�ned as the instantaneous velocity u(t) without the mean component,

u0(t) = u(t) � u (2.2)

2.1.3 Viscous / inviscid �ow

The real �ows have a transport phenomenon that �ow molecules can transfer the mass, mo-

mentum and energy to other regions of the �ow �eld. This transport e�ect causes mass dif-

fusion, friction, and thermal conduction. Such �ows are viscous �ows. By contrast, a �ow

without any mass di�usion, friction and thermal conduction is referred to as an inviscid �ow.

The �ows with high Reynolds number can generally be assumed as inviscid �ow, except for a

thin layer that forms adjacent to a solid wall and into the wake, where viscosity has a domi-

nant e�ect. These layers are de�ned as boundary and free-shear layers respectively. Reynolds

number has a signi�cant e�ect on the growth and stability of these layers. The mechanism

of boundary-layer separation, where the boundary layer is no longer attached to the wall, is

discussed in Section 2.3.2 on page 21. Inviscid theory can predict valid pressure distributions

and lift for an aerofoil at low AoA (Angle of attack, the angle between the chord line and the

incoming �ow) reasonably well. However, the inviscid theory is unable to predict drag accu-

rately as skin friction is one of the main sources of drag and is created due to the presence

of viscosity. In the presented research, the CCW using jet blowing involves strong viscous ef-

fects, and the lift of the wing is greatly a�ected by the separation point of the jet �ow, which

is dominated by viscosity. Consequently, it is necessary for this research to include viscous

e�ects.
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2.1.4 Rotational / irrotational �ow

In a rotational �ow, the angular velocity of �uid elements is �nite. In contrast, �uid elements

would have zero angular velocity at every point in an irrotational �ow. In an irrotational �ow,

there exists a scalar function of the spatial coordinates called the velocity potential, that the

velocity of any point in the �ow is simply the gradient of the velocity potential. The concept of

an irrotational �ow is therefore useful in potential �ow theory that allows a complex �ow �eld

to be simulated by combing elementary �ow patterns. In comparison, rotational �ows, such

as those found in turbulent and viscous regions, are more complex to simulate but necessary

for most practical problems. The �ow is highly rotational within the boundary layer where

the viscous e�ect exists. The velocity gradient in the boundary layer and turbulence (at a high

Reynolds number) exert rotational moments on a �uid element therefore producing rotational

�ow. In summary, viscous �ows are always rotational, whereas inviscid �ows can be either

irrotational or rotational. If there is no viscosity, the irrotational �ow will remain irrotational,

and rotational will remain rotational (Anderson Jr 2016).

The rotational / irrotational �ow are de�ned by vorticity � , which is given by (Anderson Jr

2016)

� =
�

@w
@y

�
@v
@z

�
i +

�
@u
@z

�
@w
@x

�
j +

�
@v
@x

�
@u
@y

�
k = r � V (2.3)

where u; v; w are the velocity components inx; y; z direction. Also, � can be expressed by the

curl of velocity r� V , where V = ui + vj + wk, and r = i @
@x+ j @

@y+ k @
@z. For a rotational �ow,

� 6= 0 at any point in the �ow. On the contrary, if � = 0 at any point, the �ow is irrotational. In

the present research, the �ow domain is treated as rotational to capture the viscous �ows in

the boundary layer, Coanda jet and tip vortices. Vorticity is also used to analyse the unsteady

vortices found in the �ow �eld of the 3D CCW shown in Figure 6.16 on page 176.

If the �ow is irrotational, inviscid, incompressible, and the aerofoil is thin, the �ow is

simpli�ed so that analytical methods are available. In the 1920s and 1930s, researchers have

developed the classical theory of unsteady aerodynamics (Wagner 1924, Küssner 1936, von

Karman & Sears 1938, Gülçat 2010). The main concept is using a vortex sheet to represent

the aerofoil and the wake ( assuming the wake is �at ). Wagner has solved the lift response

to a step change of AoA (Wagner 1924). Based on the same theory, Theodorsen solved the

frequency response problem for an aerofoil in sinusoidal oscillation (Theodorsen & Mutchler

1935). Theodorsen also introduced a classi�cation of lift: the circulatory and non-circulatory

components. The former is due to circulation and the latter is caused by the acceleration

of the surrounding �uid when the aerofoil is rotating. The non-circulatory component acts
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as a resistance force to the aerofoil; it also contributes to the hinge moment of a plain �ap

when it suddenly de�ects (Medina et al. 2017). In 1936, Küssner developed the theory for a

sharp-edge gust encounter problem (Küssner 1936). In 1938, their theories were improved by

von Karman and Sears (von Karman & Sears 1938), who provided a more general method to

calculate the transient lift. Their theories are widely used for analysing the �ight mechanics

and controller design (Gülçat 2010), whereas unsteady CFD simulations usually use analytical

results for validation and obtain good agreement (Zaide & Raveh 2006, Raveh 2007, Zhou

et al. 2017, Ghoreyshi et al. 2018, Li & Qin 2020). Currently, no analytical method based

on potential �ow is available for unsteady CC, although McGowan et al. (McGowan et al.

2004) have provided a Thin-Airfoil Thin-Jet Theory, it is only for steady state. The strong

shear layers, separation and the curved wake, are additional di�culties for analytical studies

(Friedman et al. 2007).

2.1.5 Compressible / incompressible �ow

In a compressible �ow, the density of the �uid is a variable, whereas in a �ow where the

density is constant is incompressible. In nature, all the �ows are to some extent compressible.

Nevertheless, there are still a number of �ows where compressibility is insigni�cant. For exam-

ple, aerodynamic �ows at a low Mach number are usually considered incompressible. When

M<0.32, the air density deviates by less than 5 % (Anderson Jr 2016), thus can be treated

as incompressible with acceptable accuracy. Conversely, density changes by more than 5%

when M>0.32, and compressibility increasingly needs to be considered. Generally, the �ow

problems when M<0.3 are assumed as incompressible �ow. Most of the �ow simulations in

this research are incompressible, except in the region of the jet �ow for CC, where the local

velocity can exceed Mach 0.3 at high plenum pressures.

The vast majority of real �ows in nature are unsteady, viscous, compressible and rota-

tional, whilst turbulence exists everywhere in nature. A truly inviscid, incompressible and

irrotational �ow doesn't exist in the real world. The purpose of de�ning these idealized �ows

is to reduce the mathematical complexity and enable a �ow to be simulated. With appropri-

ate assumptions, using idealized �ow models can give valid �ow patterns and resultant lift

forces. However, the �ow problems considered in this research include complex physics with

high velocity jets, boundary layers, and separations that are highly dependent on viscous and

rotational e�ects, whilst the dynamic response of the �ow is also of signi�cant interested.

Consequently, most of the problems in this research used unsteady, viscous, incompressible

and rotational �ow theories. In the simulation of the �ow problems, the �ow is assumed to be
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2.2. AERODYNAMIC FORCES

fully turbulent if Reynolds-averaged Navier�Stokes ( RANS ) model is used, this is discussed

in detail in Chapter 4 on page 89.

2.2 Aerodynamic forces

This section explains the primary forces and moments that allow an aircraft to �y. The back-

ground of this research is to study a UAV in cruise, which is mainly straight and level �ight and

investigating the e�ect of vertical gust. This means most of the motion is in the vertical plane

thus only longitudinal motion is investigated here. Figure 2.1 shows the forces acting on the

aircraft for straight and level �ight. The aircraft is in an equilibrium state where the lift equals

weight, and the thrust equals drag. Lift is an aerodynamic force perpendicular to the �ight

path, primarily generated by the wing and acts upward. While drag is generated by surface

friction of any parts exposed to the �ow and pressure distribution over the surface. Weight is

the total load of the aircraft itself and acts downward due to gravity. Thrust is the forward

force produced by the engine and overcomes drag. However, the lift and weight, thrust and

drag generally do not act through the same point, so a pitching moment is created. The pitch-

ing moment is balanced by the horizontal stabilizer, which provides longitudinal stability and

control.

Figure 2.1: The forces acting on an aircraft (Barnard & Philpott 2010).

The forces and moment exerted on an aerodynamic body are the integration result of

pressure and shear stress applied on its surface. The derivation of these forces and moments

is based on some fundamental principles.

1. Conservation of mass - Mass cannot be created nor destroyed.

2. Newton's second law - The force on an object equals the mass multiplied by the acceler-

ation.
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3. Conservation of energy - Energy cannot be created nor destroyed; it can only change

form.

From these fundamental principles, the generation of primary forces and moments acting

on the aircraft is explained here.

2.2.1 Lift generation

Lift is the component of a resultant aerodynamic force perpendicular to the direction of freestream

�ow. The aerodynamic force can be determined by integrating the surface pressure and shear

stress distribution around the aerofoil. Figure 2.2 shows a schematic of the �ow pattern over

an aerofoil. On the upper surface of the aerofoil, due to the pressure di�erence between the

ambient pressure and the pressure at the wall, the �ow follows the curvature of the surface,

as long as the viscosity does not induce separation (the �ow separation is described in the

next section). The shape of the aerofoil turns the �ow downward, and according to Newton's

second law, this vertical acceleration of the �ow imparts a vertical lift force (i.e. upwards)

acting on the aerofoil.

Figure 2.2: The �ow pattern over an aerofoil(Anderson & Bowden 2005)

The max deviation of the mean camber line ( the locus of the halfway point between the

upper surface and the lower surface ) and the chord line ( the straight line connecting the lead-

ing edge and trailing edge ) is called the camber of the aerofoil. The relation between camber

and lift can be explained by Figure 2.3 , which shows a cambered thin plate at zero AoA. A

positive camber results in a positive lift coe�cient because a cambered aerofoil increases the

ability of turning air downward, and results in curved streamlines around the aerofoil and

increased circulation and lift, causes a lower pressure on the upper surface (Babinsky 2003).

The low pressure over the upper surface and the higher pressure at the lower surface result in

a vertical force normal to the free stream �ow direction, which is the lift. Similarly, a hinged

�ap that is de�ected downward increases the camber of the aerofoil, as well as the AoA of the

equivalent chord line ( the virtual line that connects the leading edge and the trailing edge of

the de�ected �ap ). As a result, the lift is increased (Anderson & Bowden 2005).

14



2.2. AERODYNAMIC FORCES

Figure 2.3: The streamlines around a curved thin plate.

In conclusion, the shape of the aerofoil, including its camber and AoA, results in a de�ec-

tion and acceleration of the incoming �ow that results in a non-uniform pressure distribution

around the aerofoil. The pressure over the upper surface is lower than that on the lower sur-

face. Consequently, the net imbalance of the pressure distribution around the aerofoil provides

a means of quantifying the lift force generated (Anderson & Bowden 2005).

2.2.2 Circulation

A widely used variable to analyse the lift is circulation, introduced by Frederick Lanchester

(CRAeS 2014), Wilhelm Kutta, and Nikolai Joukowski (Anderson & Bowden 2005). The cir-

culation along a closed curve C is given by Equation 2.4,

� = �
I

C
V � ds (2.4)

where V is the local velocity on the closed curve,ds is the line segment. The circulation� refers

to the line integral along this closed curve, displayed in Figure 2.4 . If the curve encloses

an aerofoil, the circulation can be used to calculate lift, according to the Kutta-Joukowski

theorem, given by Equation 2.5.

L 0 = � 1 V1 � (2.5)
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Figure 2.4: The circulation of an enclosed area in the �ow �eld(Anderson & Bowden 2005).

where L 0 is the lift per unite span, � 1 is the free stream air density andV1 is the free stream

velocity.

Considering the circulation around the aerofoil, with the same geometry, the same AoA

and the same freestream velocity, there are in�nite �ow solutions, corresponding to various

circulation values. In irrotational �ow, the circulation around an aerofoil is zero which, for a

non-symmetrical aerofoil, results in the rear stagnation point not being at the trailing edge (i.e.

the Kutta condition is not satis�ed), as shown in Figure 2.5. While in an actual (rotational and

incompressible) �ow, the circulation around an aerofoil is such that the �ow smoothly leaves

a sharp trailing edge, which is the Kutta condition. Therefore this condition gives a particular

solution for the circulation of the �ow at a given AoA. It also gives the corresponding pressure

distribution around the aerofoil, and lift produced by integrating this pressure distribution.

Figure 2.5: The �ow past around an asymmetrical aerofoil, (a) Irrotational �ow, (b)Actual

�ow.(Shires 2016)

The viscosity of a �ow is one of the reasons that an aerofoil generates lift. In fact, in

real �ow, the friction between �ow and surface ensures that the �ow leaves the trailing edge

smoothly to satisfy the Kutta condition (Anderson & Bowden 2005). Moreover, inviscid �ow

is not suitable for the present research of CC, since viscosity has a great in�uence on the

separation position of the Coanda jet. Furthermore, the trailing edge of a CC aerofoil is not

sharp, and the rear stagnation point is at the separation point of the jet. Hence a RANS solver
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that assumes viscous and rotational �ow is used.

2.2.3 Drag

Drag is de�ned as the component of a resultant aerodynamic force parallel to the direction of

freestream �ow. For a 2D aerofoil, there are two types of drag. The skin-friction drag due to the

shear stress acting on the solid boundary, and the pressure drag due to the pressure variation

created by the presence of the aerofoil and its boundary layer. The sum of skin-friction drag

and pressure drag yields the pro�le drag of an aerofoil. While for a 3D �nite wing, the induced

drag is generated due to the downwash e�ect caused by the tip vortex.

Similar to a conventional aerofoil, the drag of a CC aerofoil also consists of pressure drag

and friction drag. The di�erence is, there is a separation zone on the rear of the trailing

edge, induced by the jet separation. Additionally, the jet produces low pressure acting on the

circular trailing edge, and such low pressure results in an additional drag force compared with

a conventional aerofoil. The separation zone and jet properties are shown in Figure 2.13 on

page 28.

Considering the drag of a complete aircraft, the drag components are more complicated.

The total drag is usually higher than the sum of the drag from each component due to the

interaction between di�erent �ows. For example, the junction region between the wing and

fuselage where vortices can form, creates additional drag. The extra drag is de�ned as inter-

ference drag. Meanwhile, except for the wing, a real aircraft has other parts exposed in the

air�ow that create parasitic drag. Parasitic drag is usually used to describe the drag caused by

components that do not directly contribute to lift generation. Examples include undercarriage,

engine nacelles, and excrescence on the aircraft, such as small gaps or steps on the surface.

Typically the total drag of an aircraft can be synthesised by adding these components (i.e. pro-

�le, induced, parasitic) for each part of the aircraft, in addition to interference drag. In this

study, a 3D aircraft with wing and fuselage was investigated in Chapter 6 on page 156. The

pro�le drag, induced drag and interference drag of the wing-body junction are considered.

2.2.4 Pitching moment

The aerodynamic moment acting on an aerofoil can be used to analyse the �ight mechanics

of an aircraft. The moment acting on the pitch axis is de�ned as the pitching moment, it is

balanced by the horizontal stabilizer and a�ects the longitudinal stability of the aircraft. The

ailerons, �aps and �ow control devices on an aerofoil strongly a�ect the pitching moment.

A pitching moment about an arbitrary point can be obtained by integrating the pressure
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and shear stress distribution. The moments that tend to increase AoA are positive, and those

that tend to reduce AoA are negative. As ailerons, �aps and �ow control devices are usually

located at the trailing edge of the aerofoil, they typically produce a negative pitching moment

on the aerofoil when increasing lift. The deployment of these devices also has a great in�uence

on the horizontal stabilizer as they tend to increase the downwash e�ect over the tail.

The distributed loading on an aerofoil is equivalent to a resultant force acting on a speci�ed

point, about which the aerodynamic moment is zero. This point is the centre of pressure. The

location of the centre of pressure varies with di�erent AoA and velocity. A more convenient

method to analyse the pitching moment is to use the aerodynamic centre, it is the point on

an aerofoil where the pitching moment is independent of AoA. The aerodynamic centre is

approximately located at the quarter-chord of a thin symmetric aerofoil. For other asymmetric

aerofoils, the aerodynamic centre is also very close to the quarter-chord.

By convention, the lift, drag and moment are usually used as non-dimensional coe�cients.

These coe�cients are calculated as the force / moment divided by dynamic pressure and

reference area, de�ned by the following equations:

Dynamic pressure:

q1 =
1
2

� 1 V 2
1 (2.6)

Lift coe�cient:

CL =
L

q1 S
(2.7)

Drag coe�cient:

CD =
D

q1 S
(2.8)

Moment coe�cient:

CM =
M

q1 Sl
(2.9)

where � is the density, V is the freestream velocity, q is the dynamics pressure,S is the

reference area,l is the reference length which is the aerofoil chord, L=D=M denotes the lift,

drag force and pitch moment, 1 denotes the freestream condition.

2.3 Boundary layer

Consider a �ow over a �at plate, the boundary layer is a thin layer of �ow adjacent to the

wall and a�ected by friction. The �ow at the bottom of the boundary layer has a zero velocity

according to the no-slip condition, as shown in Figure 2.6 . In the direction normal to the

surface, the velocity gradually increases from the interface to the external undisturbed �ow,

at which point it equals the freestream velocity.
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Figure 2.6: The development of boundary layer on a �at plate (Anderson Jr 2016).

The velocity gradient at the wall (y = 0) is generally high and produces a shear stress on

the wall given by:

� w = �
�

@u
@y

�

y=0
(2.10)

where � w is the wall shear stress,� is the dynamic viscosity of air, @u
@y is the velocity gradient

at the wall. The thickness of the boundary layer is de�ned as the distance to the wall where

the local velocity (u) equals 99% of the free stream velocity (u1 ). Figure 2.6 shows the de-

velopment of a boundary layer on a �at plate. Note the shape of the boundary layer, including

the bu�er zone and viscous sublayer, is exaggerated and does not re�ect the real shape.

The thickness of the boundary layer is a function of Reynolds number, distance from the

leading edge and other factors. To solve the velocity pro�le for various conditions, it is useful

to de�ne a dimensionless distance normal to the wall, which scales with the thickness of the

boundary layer. The following equations give the dimensionless wall distancey+ and the

dimensionless velocityu+ .

y+ =
�yu �

�
(2.11)

u+ =
u
u�

(2.12)

where u� =
p

� w=� is the friction velocity, u is the local velocity, y is the distance normal to

the wall, � is the dynamic viscosity of air.

The relation between y+ and u+ gives a relatively consistent shape of the fully developed

boundary layer, this shape is approximately independent of �ow parameters such as Reynolds

number, density, boundary layer thickness etc. Figure 2.7 shows an example from an LES

(Large-eddy simulations) result of the velocity pro�le from four di�erent locations on a CC

aerofoil. The near wall region ( y+ <5) of the pro�le, known as the viscous sublayer is approxi-

mately a linear distribution, where the turbulent �uctuations are damped and the shear stress

in this region is approximately constant. While the outer region ( y+ >30) can be �tted by a
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logarithmic curve, known as the log-law region. In the region that 5< y+ <30, the pro�le grad-

ually transitions from the viscous sublayer to the log-law region, and is known as the bu�er

layer. The velocity pro�le in the viscous sublayer is generally similar at di�erent locations, but

pro�les in the bu�er layer and the log-law region vary with di�erent locations.

Figure 2.7: The velocity pro�le with the linear region and log-law region (Nishino et al. 2010).

The properties of the boundary layer pro�le strongly a�ect its growth and stability as well

as the skin friction at the wall. Therefore selecting a suitable turbulence model is essential

to ensure that these layers are correctly modelled for the types of �ows considered in this

research. Also, it is essential to ensure that the mesh is su�cient to resolve this pro�le and

that the y+ of the �rst layer near the wall is small enough so that the velocity gradients can

be resolved correctly at the wall. This is discussed further in Section 4.2.5 on page 115.

2.3.1 Boundary layer transition

When a �ow initially attaches to a solid body, and a boundary layer begins to grow, it is initially

a laminar �ow. As the Reynolds number increases along the �ow direction, the boundary layer

can become unstable and develop into a transitional region where small disturbances begin

to grow. Finally, the boundary layer grows to a fully turbulent �ow at the critical position

xcr ( Figure 2.6 ). The thickness of the boundary layer grows from its attachment point and

thickens more rapidly in the turbulent region as the turbulent boundary layer has a strong

mixing e�ect. Several factors in�uence the transition from laminar �ow to turbulent �ow,

including surface roughness, freestream turbulence level and adverse pressure gradient. For

example, in some wind tunnel tests, transition strips are placed on the surface of a wing to

induce transition at a desired point to mimic the transition position expected at full-scale �ight
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conditions and a higher Reynolds number.

The shape of the velocity pro�le of a laminar boundary layer is di�erent from the turbulent

boundary layer, as shown in Figure 2.6 on page 19. The wall velocity gradient of a turbulent

pro�le is larger than for a laminar pro�le. This is because the turbulence �ow has a strong

mixing e�ect, and high energy �ow in the outer part of the boundary layer is mixed with the

low energy �ow near the surface, increasing the energy in the boundary layer. As a result, the

turbulent boundary layer is more resistant to separation. Meanwhile, the skin friction is higher

than the laminar boundary layer because the velocity gradient of the turbulent boundary layer

adjacent to the wall is greater.

2.3.2 Boundary layer separation

Boundary layer separation is a phenomenon that occurs when an attached boundary layer

separates from a surface, creating a detached shear layer that typically bounds a region of

recirculating �ow downstream of the separation point. Its occurrence is strongly related to

local pressure gradients. A favourable pressure gradient, where the pressure decreases in the

�ow direction, will accelerate the primary �ow and boundary layer. Even though the near-

wall �ow is retarded by friction, it can still maintain a positive velocity due to the pressure

distribution, thus the boundary layer is stable. In contrast, an adverse pressure gradient, where

the pressure increases in the �ow direction, will tend to retard the boundary layer �ow and

eventually contribute to its separation. Due to the friction, the �ow within the boundary layer

is already slower and has less momentum than the external �ow, and it is further decelerated

by the adverse pressure gradient. Finally, the velocity gradient at the wall is reduced to zero

at which point it separates. Figure 2.8 shows the development of the velocity pro�le in an

adverse pressure gradient (p1 < p 2 < p 3 ). The �ow at S1 is a regular attached velocity pro�le

where the pressure gradient is zero. AtS2 and S3, the adverse pressure gradient gradually

increases, the near-wall �ow slows down to rest at S2 (marking the onset of separation) and

reversed �ow occurs at the wall at S3. At S2, the normal velocity gradient is zero, thus the

wall shear stress (� w ) is also zero, which is considered as the separation point. However, for

a turbulent boundary layer, the �ow �uctuates at the separation region, and its location is not

necessarily �xed. The separation point is de�ned as the location where the mean wall shear

stress ( � w ) is zero.

At high AoA, the �ow around an aerofoil is greatly de�ected downward, creating a strong

suction peak on the upper surface near the leading edge that leads to a severe adverse pressure

gradient over the rear portion of the aerofoil. If this pressure recovery is too high, it will
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Figure 2.8: Flow development in adverse pressure gradient. (Shires 2016)

eventually lead to boundary layer separation, as shown in Figure 2.9

(a) NASA LS(1)�0417 aerofoil, AoA=18.4 �

(b) The pressure distribution shows an ad-

verse pressure gradient.

Figure 2.9: The pressure distribution on the upper surface of an aerofoil at high AoA (Anderson

& Bowden 2005)

The separated �ow over the top surface of the aerofoil is actually equivalent to a much

thicker aerodynamic shape, and the �ow pattern over the aerofoil is dramatically changed. Due

to the separation, the suction near the leading edge is weaker than for the attached �ow, which

coupled with the higher pressure associated with the low momentum �ow in the separated

region, results in a reduction in lift. It can be seen in Figure 2.9, the surface pressure coe�cient

of the separated �ow is approaching zero between 0.4 > x/c > 1.0, and it remains constant

after the separation point. Also considering the resultant force in the axial axis, a lower suction

acting near the leading edge ( towards the left ) creates less thrust and therefore a higher

pressure drag. In the separation region, the wall shear stress is relatively small compared

with the attached �ow since the velocity gradient at the wall (du/dy) approaches zero and
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thus creates less friction drag. Although an aerofoil with a separated �ow has less friction

drag, the pressure drag is dramatically increased due to the increased momentum losses in

the wake. Consequently, the overall drag of a separated �ow is larger than an attached �ow.

2.3.3 E�ect of Reynolds number

The boundary layer properties and therefore separation location are very dependent on the

local Reynolds number. A CC aerofoil generally requires a relatively thick semi-cylinder trail-

ing edge shape, which is likely to promote �ow separation without blowing. An example of

such aerofoil has been studied by Englar et al. under various Reynolds number conditions.

Figure 2.10 shows the e�ect of chord Reynolds number on the lift and drag coe�cients of a

CC aerofoil with no blowing, zero AoA. The non-linear behaviour of lift and drag is observed

at a lower Reynolds number. Whilst at Re > 0:57� 106, the CL remains linear, and CD remains

constant. The CD has a signi�cant drop in drag at a higher Reynolds number. This can be

explained by the �ow separation of a blu� body with round corners. Since the boundary layer

is developed to turbulent �ow at a higher Reynolds number (Re > 105), a turbulent boundary

layer is more resistant to separation so that the wake is smaller, producing less pressure drag.

Figure 2.10: Lift and drag variation with Reynolds number in unblown condition (ENGLAR

et al. 2009)

The chord Reynolds number used in this research ranges from 0.5 million to 3 million,

but most results were conducted at 1 million. The nonlinearity of CL and CD is not expected

in this range of Re. The boundary layer is expected to be mostly turbulent except at the

region close to the leading edge, where a favourable pressure gradient exists. According to

the study conducted by Nishino et al., at Re = 0:49� 106, the transition occurs approximately
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at x/c=0.1 on the upper side of the aerofoil (Nishino et al. 2010). Whereas on the lower side,

the transitional region remains up to x/c=0.4 before developing to fully turbulent �ow. The

boundary layer properties in various Reynolds numbers have a great in�uence on the selection

of turbulent models, this is discussed in Chapter 4 on page 89.

2.4 Wall Jet Flow and Coanda E�ect

The Coanda e�ect is named after a Romanian inventor Henri Coanda (Wille & Fernholz 1965,

Reba 1966, Trancossi 2011). It occurs when a jet of �uid �ows over an adjacent curved surface

or a �at plate, and it is observed to bend to follow the surface shape of the curved solid

boundary, as shown in Figure 2.11(a). Meanwhile, the jet entrains the surrounding �uid into

the stream. In the region adjacent to a surface, there is not enough �uid to supply the low-

pressure region due to the presence of the wall, consequently, the pressure is lower than the

ambient pressure. However, on the other side of the jet, which is open to the surrounding,

there is enough �uid to supply those removed by the entrainment of the primary jet. Therefore

the pressure on the open side is higher than the other side adjacent to a surface. This pressure

di�erence is the reason that there is a de�ection of the primary jet to follow the surface contour.

Figure 2.11(b) is an experimental rig designed by Neuendorf et al. (Neuendorf & Wyg-

nanski 1999) to study the development of the boundary layer and shear layer on a curved

wall jet �ow. The �gure shows a cross-section of a cylinder with a tangential jet slot on the

top ( marked as 0� ). Inside the cylinder, the compressed air is supplied to create a high-speed

jet sheet discharging from the slot nozzle. The streamlines show how the Coanda jet stay at-

tached to the circular surface, wherey2 is equal to 1/2 of the maximum velocity magnitude in

the jet Umax . The y2 curve shows that the Coanda jet thickens rapidly after leaving the nozzle

by entraining ambient air. Only a small portion of the streamlines adjacent to the surface

originally come from the nozzle, since the outer part of the jet �ow is entrained from the sur-

rounding area. The entrainment is a result of turbulent shear stress at the shear layer between

the primary �ow (Coanda jet) and the secondary �ow (induced �ow from the surrounding).

This e�ect transfers a part of the momentum from the primary �ow to the secondary �ow, and

decelerates the jet simultaneously. (Schlichting & Gersten 2003). Neuendorf 's experimental

rig reveals how rapidly the Coanda jet thickens by inducing the ambient air, and signi�cantly

in�uences the development of the boundary layer next to the curved wall and the shear layer

on the other side of the jet. Such �ow is di�erent compared with a normal boundary layer

over a �at plate, bringing challenges for CFD simulations.

The rig shown in Figure 2.11(b) can not explain the mechanism of lift enhancement due
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to the Coanda e�ect in a CC aerofoil, this will be discussed in the following part.

(a)

(b)

Figure 2.11: (a) A Coanda jet stay attached to the curved surface, (b) Streamlines around a

Coanda jet (y2 = 1=2Umax ) (Neuendorf & Wygnanski 1999)
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Although a jet �ow passing over a curved surface is similar to the �ow over an aerofoil,

they are two di�erent mechanisms. The Coanda e�ect includes a jet within a �uid i.e. the

velocity or momentum of the jet is much higher than the surrounding �uid, consequently,

the entrainment e�ect is present. However for the �ow above an aerofoil, the velocity gra-

dient perpendicular to the �ow direction is small compared with that for a Coanda jet, thus

entrainment occurs to a lesser extent.

The Coanda e�ect can be adopted as a form of �ow control for an aerofoil or wing to in-

crease lift. One of the CC techniques is using a tangentially blowing jet over a rounded trailing

edge to alter the circulation in order to change lift. The jet can produce a signi�cant incre-

ment of lift with relatively little energy input. This is achieved by moving the rear stagnation

point and delaying separation. As a result, the �ow pattern around the aerofoil is dramatically

changed. Figure 2.12 shows two di�erent stagnation locations under di�erent blowing mag-

nitude, C� = 0 :005 and C� = 0 :015 respectively (the variable C� is de�ned in Equation 5.1

on page 125). Figure 2.12(b) has a faster blowing jet than Figure 2.12(a), thus the stagna-

tion point is moved further downward. Consequently, the streamlines around the aerofoil in

Figure 2.12(b) are curved greater than (a), resulting in a higher velocity over the upper side

of the aerofoil, and therefore more circulation and lift.

Compared with a Coanda jet in stationary air (Nishino et al. 2010), the jet on a CC aerofoil

has di�erent characteristics. Firstly, the jet exiting from the nozzle will meet the external �ow

which is from the upstream turbulent boundary layer that has developed over the upper sur-

face. The external �ow brings turbulent disturbances to the jet hence the Coanda jet becomes

turbulent �ow as soon as it leaves the nozzle. While for a Coanda jet in stationary air, if the jet

is laminar in the nozzle, it may remain laminar for a certain distance before �nally developing

to turbulent �ow. Secondly, when the jet �nally detaches from the surface, a separation bubble

may emerge between the jet and the external �ow from the lower side of the aerofoil.
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Figure 2.12: The variation of stagnation point and separation bubble created by the Coanda

jet, (a) C� = 0 :005, (b) C� = 0 :015.
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Figure 2.13 displays a jet sheet from the nozzle attached to a Coanda surface. The air

jet is directed by the Coanda surface and also drives the �ow �eld around the jet to further

increase circulation. The behaviour of the jet around a curved surface is mainly governed

by the ambient pressure applied to the jet sheet, the pressure at the curvature surface, the

centrifugal force due to the curvature, the skin-friction stress due to the interaction between

the jet and the surface, and the viscous shear stress.

Figure 2.13: The jet around a Coanda surface.

Considering a �uid element in Figure 2.13 by the radial direction, the pressure di�erence

applied to the element is equal to the centrifugal force which can be expressed as (Carpenter

& Green 1997)

@p=@r= �V 2=r (2.13)

where p is the pressure,r is the radial distance from the centre of curvature, � is air density

and V is the local �ow velocity. According to Bernoulli's principle,

p +
1
2

�V 2 = const (2.14)

where p is the pressure,� is the density, V is the velocity of the �uid. For the irrotational �ow,

this equation is satis�ed in all streamlines(Anderson Jr 2016).

Assuming the �ow is inviscid, Equation 2.13 can be derived as

pw = p1 � �V 2b=Rc (2.15)

where the pw is the pressure at the wall,p1 is the ambient pressure,Rc is the surface radius.
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Equation 2.13 expresses the pressure gradient in the radial direction that overcomes the

centrifugal force so that the �uid element can follow the curvature of the circular wall (Babin-

sky 2003). Equation 2.15 describes the equilibrium state that the jet attached to the circular

surface. The pressure at wallpw is lower than the ambient pressure on the other side of the

jet so that the jet stay attached to the circular surface. As the tangential velocity of the jet (

V ) reduces, pw increases in the stream-wise direction which slows down the �ow within the

boundary layer (Schlichting & Gersten 2003). Finally, when the tangential velocity of the �ow

near the wall reaches zero, the boundary layer separates.

When the jet leaves the nozzle (Figure 2.13 - PointA), it has a high momentum and a

lower static pressure, the pressure at the curved surface is lower than the ambient pressure

on the other side of the jet, this pressure di�erence overcomes the centrifugal force, conse-

quently the jet stays attached to the curved surface (Trancossi 2011). As the air travels around

this surface, the velocity and momentum of the jet reduce due to the viscous shear stress and

mixing with low energy external �ow, which also results in increasing static pressure. Even-

tually, the jet separates from the curved surface due to the adverse pressure gradient and the

centrifugal force. Through this process, the jet itself increases circulation and also entrains

the surrounding �ow to further increase circulation around the aerofoil. Meanwhile, a sepa-

ration bubble is formed at the position where the jet sheet separates (Figure 2.13 - PointB).

The streamlines around the aerofoil are changed by the Coanda jet and de�ected downwards,

which is equivalent to an aerofoil with camber, and results in a higher circulation.

Figure 2.14 displays the pressure distribution around a Coanda surface (NOVAK et al.

1987), where the horizontal axis is the clockwise angular location around the circular surface

and the nozzle exit is de�ned as � = 0 � . The blowing momentum coe�cient is de�ned as

C� . The pressure result is obtained with a steady blowing jet atC� = 0 :1. The �ow initially

accelerates slightly due to the favourable pressure gradients, achieving a maximum velocity

(i.e. a high negative pressure) around � = 40 � . The jet sheet then slows down around the

Coanda surface giving an increasing adverse pressure gradient until at� = 115� , the jet sheet

becomes detached. Subsequently, the pressure becomes constant and close to the ambient

pressure after the separation of the jet. The separation point of the jet and the aft stagnation

point can be controlled by varying the blowing momentum coe�cient. The jet sheet over a

Coanda surface increases the energy in the boundary layer, changes the stagnation point and

increases circulation. This technique can be used on the leading edge or trailing edge of a

wing to e�ectively increase lift, but is more commonly applied to the trailing edge.
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Figure 2.14: The pressure distribution around a Coanda surface atC� = 0 :1 (NOVAK et al.

1987).

30



2.5. DEVELOPMENT OF THE FLIGHT DYNAMICS MODEL

2.5 Development of the Flight Dynamics Model

The aerodynamic forces and moments in the previous sections are in steady state, 2D and they

were acting on the aerofoil. For a 3D aircraft that consists of a wing and tailplanes, its dynamics

is a result of all forces and moments acting on each aerodynamic surface. Moreover, when the

aircraft is in motion, the aerodynamic forces and moments are also dependent on the transient

attitude (for example, the AoA), velocity and acceleration. A dynamic model of the aircraft is

required when analysing the motion and trajectory due to control inputs or disturbances. This

research focuses on the longitudinal �ight dynamics during a gust encounter, the following

sections provide the relevant aerodynamic stability and control derivatives and the equations

of motion.

2.5.1 Aerodynamic Stability and Control Derivatives

To analyse �ight dynamics and design a controller, the �ow details such as boundary layer �ow

are not the main focus, thus a low-order model is essential. Low-order model is obtained by

linearising the CFD results and decoupling the aerodynamic forces to a series of coe�cients.

The modelling is based on wind axes under which the dynamic equations have the simplest

form.

The de�nition of axes is shown in Figure 2.15.

Figure 2.15: The de�nition of the axes.

The derivative expressions are following the approach in the reference (Cook 2012) on

Page 371. Assuming the aircraft is in steady and level �ight with initial velocity V0. The

components of velocity on x and z axes areU and W respectively. The perturbation of pitch

attitude is � . As the gust velocity is small compared to the �ight velocity, it is assumed that

the � caused by the gust is small, so that in a limited time period, the aerodynamic force is
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linearly related to the perturbated input quantity. The attitude and velocity components only

have a small deviation from equilibrium (Stevens et al. 2015).

Based on the following assumptions, the equations of �ight dynamics are linearised, ac-

cording to the method in the literature (Stevens et al. (2015), Section 2.6 Linear Models and

The Stability Derivatives, page 116. )

ˆ The wing is level, with no sideslip, no rolling, and steady-state �ight.

ˆ The aircraft has a rigid body.

ˆ The perturbation is small.

ˆ The thrust is constant.

If the aircraft encounters a small perturbation about its trimmed condition, assuming the

aerodynamic force, moment, and thrust � are only dependent on the disturbed variables(Cook

2012, Babister 2013). The complex forces acting on an aircraft can be reduced to derivatives

which remain constant. This treatment greatly simpli�es the problem by using algebraic terms

to approximate di�erential terms (Babister 2013). As mentioned in Section 6 on page 157,

the CFD results are represented by lift, drag, and moment coe�cients with respect to velocity

or AoA, therefore they can be used to calculate the perturbed aerodynamic force and moment.

The derivatives provide a link between the aerodynamics and the �ight mechanics, the values

of such derivatives are given in Table 6.6, according to the CFD results in Section 6.7.1 on

page 194.

The lift and drag forces can be resolved to give the following expressions of aerodynamic

forces and moments.

Axial force due to perturbation

X = L sin � � D cos� + � =
1
2

�V 2S (CL sin � � CD cos� ) + � (2.16)

Normal force due to perturbation

Z = � L cos� � D sin � = �
1
2

�V 2S (CL cos� + CD sin � ) (2.17)

Pitching moment due to perturbation

M =
1
2

�V 2S�cCm (2.18)

By di�erentiating Equation 2.16,2.17,2.18 with respect to U; W; q; �; dlc, the aerodynamic

derivatives can be expressed by coe�cients(Babister 2013).
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Axial force due to axial velocity.

�
X u =

@X
@U

= � �V 0SCD �
1
2

�V 2
0 S

@CD
@V

+
@�
@V

(2.19)

Normal force due to axial velocity.

�
Z u =

@Z
@U

= � �V 0SCL �
1
2

�V 2
0 S

@CL
@V

(2.20)

Axial force due to normal velocity.

�
X w =

@X
@W

=
1
2

�V 0S(CL �
@CD
@�

) (2.21)

Normal force due to normal velocity

�
Z w =

@Z
@W

= �
1
2

�V 0S(
@CL
@�

+ CD ) (2.22)

Pitching moment due to axial velocity

�
M u =

@M
@U

= �
1
2

�V 2
0 S�c

@Cm
@V

(2.23)

Pitching moment due to normal velocity

�
M w =

@M
@U

= �
1
2

�V 2
0 S�c

@Cm
@�

(2.24)

Axial force due to pitch rate

�
X q =

@X
@q

= �
1
2

�V 0ST lT
@CD T

@�T
(2.25)

Normal force due to pitch rate

�
Z q =

@Z
@q

= �
1
2

�V 0ST lT
@CL T

@�T
(2.26)

Pitching moment due to pitch rate

�
M q =

@M
@q

= lT
�
Z q (2.27)

Axial force due to rate of change of normal velocity

�
X _w =

@X
@_w

= �
1
2

�S T lT
@CD T

@�T

d"
d�

(2.28)

Normal force due to rate of change of normal velocity
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�
Z _w =

@Z
@_w

= �
1
2

�S T lT
@CL T

@�T

d"
d�

(2.29)

Pitching moment due to rate of change of normal velocity

�
M _w =

@M
@_w

= �
1
2

�S T l2T
@CL T

@�T

d"
d�

(2.30)

Axial force due to elevator

�
X � =

@XT

@�
= �

1
2

�V 2
0 ST

@CD T

@�
(2.31)

Normal force due to elevator

�
Z � =

@ZT
@�

= �
1
2

�V 2
0 ST

@CL T

@�
(2.32)

Pitching moment due to elevator

�
M � =

@MT

@�
=

�
Z � lT (2.33)

Circulation control is equivalent to a �ap on the wing, thus the derivatives are the same

as �aps. From the steady state CFD study, the force and moment by the CC are obtained.

Axial force due to Direct lift control of CC

�
X dlc =

@Xdlc

@�dlc
= �

1
2

�V 2
0 S

@CD dlc

@�dlc
(2.34)

Normal force due to Direct lift control of CC

�
Z dlc =

@Zdlc

@�dlc
= �

1
2

�V 2
0 S

@CL dlc

@�dlc
(2.35)

Pitching moment due to Direct lift control of CC

�
M dlc =

@Mdlc

@�dlc
= �

1
2

�V 2
0 S

@CM dlc

@�dlc
(2.36)

The coe�cients related to wing-body @CL
@� ; @CD

@� and the CC
@CL dlc
@�dlc

,
@CD dlc
@�dlc

,
@CM dlc

@�dlc
are in-

terpolated from the CFD database in previous sections. TheCL ; CD ; Cm can be considered as

unchanged for a small perturbation of V , hence @CL
@V = 0 , @CD

@V = 0 , @Cm
@V = 0 . The

�
X _w ,

�
X q

are also negligible in practice (Babister 2013). The coe�cients related to tailplane CL T are

available from reference (Babister 2013, Cook 2012).

The rate of change of pitching moment with � about the centre of gravity cg is given by

@Cm
@�

= � aK n (2.37)

where a is the lift curve slope, K n is the controls-�xed static margin.
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K n = hn � h (2.38)

h is the cg position as a fraction of c, hn is the control �xed neutral point as a fraction of c

hn = h0 + V T
a1

a

�
1 �

d"
d�

�
(2.39)

h0 is the position of aerodynamic centre ac as a fraction of c. During a small perturbation in

low Mach number, ac is �xed and assumed to be at the quarter-chord point.

V T is the tail volume ratio given by

V T =
ST lT
Sc

(2.40)

In this research, the cg is set to 0:25c, for a symmetrical aerofoil, assuming ac is also on

0:25c, we have h0 = h = 0 :25c. The above-mentioned equations are reduced to

@Cm
@�

= � V T a1

�
1 �

d"
d�

�
(2.41)

where a1 is the lift curve slope of the tailplane.

2.5.2 Linearised Equations of Motion for Small Perturbations

The CC does not intend to fully control the aircraft but only to compensate for the gust loading.

To simplify the modelling, it is assumed that the deployment of CC only has a minor in�uence

on the aircraft's attitude and �ight path. Therefore the equation of small perturbations is used

to model the dynamics of the aircraft. The vertical gust (wg), elevator input ( � ) and CC input

(� dlc) are regarded as control vectoru = [ � dlc � w g]T .

Bryan has provided the derivation of equations of motion for a rigid aircraft (Bryan 1911).

His treatment was based on the following laws:

Force = Mass � Inertial Acceleration

Moment = Moment of Inertia � Angular Acceleration

The 'Force' and 'Moment' with respect to aerodynamic e�ects, control surface, CC jet and

gusts, can be expressed as a summation of the Taylor series and only the �rst term of the

series is signi�cant.(Cook 2012, Babister 2013). The equations of motion can be simpli�ed

and only consist of the disturbed variables and their derivatives, such as
�
X u ;

�
X w ;

�
X q, given in

the previous section.
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The following equation shows the longitudinal motion of the aircraft with control inputs

and vertical gust.

m _u �
�
X uu �

�
X _w( _w � _wg) �

�
X w(w � wg) �

�
X qq + mWeq + mg cos� e =

�
X � � +

�
X dlc � dlc

(2.42)

�
�
Z uu + m _w �

�
Z _w( _w � _wg) �

�
Z w(w � wg) �

�
Z qq � mUeq + mg sin � e =

�
Z � � +

�
Z dlc � dlc

(2.43)

�
�

M uu �
�

M _w( _w � _wg) �
�

M w(w � wg) + I y _q �
�

M qq =
�

M � � +
�

M dlc � dlc (2.44)

The altitude and vertical acceleration are also important to observe the controller per-

formance of eliminating vertical gust loading. These two factors are given by the following

equation.

_h = � w + V0� (2.45)

az = _w � V0q (2.46)

These equations can be written as a state-space equation:
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+
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wg (2.48)

M _x = A 0x + B 0u + E0wg (2.49)

where the state vector and control vector are

x =
h
u w q � h

i T
(2.50)

u =
h
� dlc �

i T
(2.51)

y =
h
u w q � h a z

i T
(2.52)
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2.5.3 Concise Longitudinal Aerodynamic Stability Derivatives

Equation 2.49 can be transferred to a standard state space equation given by Equation 2.53

and 2.54. The following derivatives are the concise form of the state space matrix.

xu =

�
X u

m
+

�
X _w

�
Z u

m(m �
�
Z _w)

zu =

�
Z u

m �
�
Z _w

mu =

�
M u

I y
+

�
Z u

�
M _w

I y(m �
�
Z _w)

xw =

�
X w

m
+

�
X _w

�
Z w

m(m �
�
Z _w)

zw =

�
Z w

m �
�
Z _w

mw =

�
M w

I y
+

�
Z w

�
M _w

I y(m �
�
Z _w)

xq =

�
X q � mWe

m
+

(
�
Z q + mUe)

�
X _w

m(m �
�
Z _w)

zq =
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Z q + mUe

m �
�
Z _w
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�
M q

I y
+

(
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Z q + mUe)

�
M _w

I y(m �
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Z _w)

x � = � gcos� e �
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X _wgsin � e
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z� = �
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_x = Ax + Bu + Ew g (2.55)

y = Cx + Du + Fw g (2.56)

2.6 The Control Algorithm

The above-mentioned �ight dynamic equations only describe the aircraft's response to the

state variables without any control inputs. They still need control algorithms to close the

system. Therefore the system can alleviate any gust disturbance automatically according to

observations of states.

In this section, the word 'control' is di�erent from the previous 'circulation control'. The CC

is a physical method and involves actual devices and energy to actuate the system. While con-

trol in this section is a concept from Control Theory, and is a mathematical methodology being

used to regulate physical systems. In aerospace engineering, stability augmentation, autopi-

lot and actuation systems are all based on control algorithms. Such algorithms are developed

by modelling aircraft dynamics and simulating various �ight conditions. The modelling of an

aircraft is conducted using aerodynamic data from CFD or wind tunnel results. These results

are simpli�ed and trends extracted as equations or aerodynamic derivatives which are eas-

ily processed by software tools, as described by the previous section. Consequently, a �ight

dynamics simulation can be performed and control algorithms can be designed.

The classical control theory and the modern control theory are two methods that have

been widely used in the aerospace industry. The classical control theory is mainly based on the

transfer function and frequency domain. Classical control is suitable for single input and single

output (SISO) systems and is largely based on empirical and experimental data to ful�l the

design criteria. Historically, the Proportional-Integral-Derivative (PID) controller is the most

commonly used design method. The PID controller does not require a precise system model

and can be adapted to a broad area of systems. In comparison, the modern control theory

is fundamentally a time-domain method, it overcomes the limitation of classical control by

utilising the state space to describe a system and can represent multiple inputs and outputs.

For example, considering the in�uence of CC on the aircraft dynamics, the additional drag

and moment induced by CC need to be compensated by elevators or throttle. A multiple-input

and multiple-output (MIMO) control strategy is therefore needed to regulate these actuators

coordinately.
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Another classi�cation of control approaches depends on the sensors used, there are two

primary approaches: feedforward control and feedback control. Feedforward control uses sen-

sors ahead of the wing to capture the gust pro�le before it hits the wing (Khalil & Fezans 2021,

Fezans et al. 2019), such as AoA vanes on the nose and the LIDAR. The gust information is fed

to the controller and generates an output signal for the aerodynamic surfaces to counteract the

gust loading. This approach is open-loop and does not have any time delay as the controller

already has the gust information before it impacts the aircraft. The feedback control mainly

uses inertial sensors such as an accelerometer or gyroscope, after the gust creates an unsteady

load on the wing, the unsteady loading information is fed back to the input of the controller,

which is a closed-loop approach. Feedback control is more robust than open-loop feedforward

control, and the bandwidth of inertial sensors is much wider than AoA sensors or LIDAR sen-

sors. In comparison, due to the lack of information from the system output, the feedforward

control is less tolerant to system uncertainties and disturbances. Therefore both methods can

be combined when designing the control architecture (Fezans et al. 2019)(De Breuker et al.

2007). In this study, the feedback approach is used because the feedforward controller re-

quires special sensors which may not be available in small UAVs, whereas inertial sensors are

available in any UAV.

The CFD can provide a model of the CC system for controller design, the working condition

in this research is �xed in low speed ( M = 0.1, AoA � 0 ), and there is no stall so the

aerodynamic forces and stability derivatives can be treated as linear functions. The aircraft is

considered a rigid body. Based on these characteristics, several controllers are suitable for this

application, such as the PID, Linear quadratic regulator (LQR),H1 . The following sections

introduce the �rst two controllers used in this research. The H1 is not used but can be found

in other literature for CC applications, it will be reviewed in the next chapter.

2.6.1 PID controller

The PID controller (Nelson et al. 1998)is a feedback controller in which the output is a com-

bination of three terms: the proportional term, the integral term, and the derivative term in

terms of the error input:

u(t) = kpe(t) + ki

Z t

0
e(� )d� + kd

de
dt

(2.57)

where u is the output, e is the error input, kp; ki ; kd are the gains.

The integral term is proportional to the integration of input, to eliminate the steady-state

error. The derivative term provides corrections even when the error is small, but it is sensitive
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to noise. By tuning the three gains of the PID controller, the drawbacks of each individual term

can be attenuated, and the desired system response can be achieved. This can be performed

in the time domain or by root locus (Nelson et al. 1998) methods. The original PID controllers

are only suitable for SISO systems, or for some MIMO systems where the loops are not coupled.

For example, the �ight controller for a UAV contains multiple loops with various inputs and

outputs, the PID controller can be adopted in the actuator loop since it is not coupled with

other loops (Rosén et al. 2018).

PID controller has been used in CC applications, for example, the UC2AV developed by

Cameron Rosen et al. (Rosén et al. 2018), and the Jet Powered aircraft in the Innovative

Control E�ectors ( ICE ) project (Smith & Warsop 2019). These two projects adopted the

PID controller as a part of the primary �ight controller and used CC as e�ectors, the wind

gusts were not considered. Some applications adopt PID for gust alleviation, but use mechan-

ical aerodynamic surfaces (Caverly et al. 2017). However, due to the complexity of control

architectures in these applications, PID controllers are only integrated as a part of the inner

feedback loop. This is identical to the 2D case in the present research, an aerofoil equipped

with CC is regarded as an inner loop. Although the aircraft autopilot and control augmenta-

tion systems are complex MIMO systems, the CC actuator can be simpli�ed as a SISO system

which is feasible for PID, assuming the pitch angle is constant ( pitch attitude can be main-

tained coordinately with the elevator ) during the transition of the gust �eld. In addition,

the input information is provided by CFD simulation, so there is no noise. Consequently, the

typical PID controller is used to close the feedback loop.

2.6.2 LQR controller

Modern control has two fundamental tools, the state space model and the performance speci�-

cations. The state space model is a mathematical description of the system dynamics (Kalman

1963), which contains time-dependent state variables ( e.g., the speed, altitude, and pitch rate

of an aircraft ). System states contain more information than the traditional black-box model

represented by transfer functions, which do not provide information inside the system. State

space model was introduced to dynamic system theory by Kalman (Kalman 1960), who has

also contributed to the regulator problem of optimal control theory, known as linear quadratic

regulator (LQR) control (Kalman et al. 1960). Kalman's work provides new insights into mod-

ern control and accelerates the implementation of aerospace engineering. LQR also became a

widely used method for aircraft control (Stevens et al. 2015). On the other hand, performance

speci�cations create a precise evaluation of the system performance, all the control gains can
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be solved by mathematical methods to ful�l the performance criterion.

The gust alleviation based on CC is a regulator problem, which means the controller's

objective is to keep the output to zero or the input reference is zero. The control gains are

determined to minimise the performance index. In this research, the development of the

controller does not consider any robustness or stability requirement. Such a requirement is

only essential when the system is implemented in engineering development, where modelling

errors and measurement noise are inevitable. While this study is based on RANS equations,

the feedback variables are acquired directly from �ow �eld results, hence the measurement

noise and uncertainty are neglected.

In this research, the operational condition is in cruise �ight and can be linearized. The

fuel consumption, trimming condition, and �ight speed are assumed to be constant during the

simulation. Hence, the system is time-invariant and can be considered a Linear time-invariant

( LTI ) system. Assuming the aircraft is in straight and level �ight when encountering wind

gusts, the trajectory following problem and pilot input are not considered. In the simulation,

only the force, pitch angle, velocity and position are used to provide feedback information

without any feedforward loop. Therefore the LQR full state feedback controller is selected for

3D cases. LQR controller is suitable for MIMO optimal control problems. Through performance

equations, the control gains of di�erent feedback variables can be simultaneously and precisely

solved to achieve an optimal control performance with the least energy consumption. The state

space description and LQR performance functions are introduced in the following part.

The standard model of a dynamic system is generally de�ned as state-space form:

_x = Ax + Bu (2.58)

y = Cx (2.59)

where x is the state,u is the control input, y is the output. A ; B ; C represent the matrix form

of the state, input and output equations respectively.

Then the performance function is used to �nd the optimal feedback gain, which is de�ned

as

J =
1
2

Z 1

0
(xT Qx + uT Ru )dt (2.60)

where the Q matrix is to penalise undesirable performance and theR matrix is to penalise

actuator e�ort. The control gains ( K ) can be solved by programs to achieve a minimum cost

of the performance index (J). Therefore the control law is

u = � Kx (2.61)
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where K is the gain matrix.

According to the dynamic response of the aircraft and the wind gust model, the LQR control

law can be designed to demonstrate the feasibility of gust alleviation by CC. The process of

investigating and modelling a 3D aircraft and the controller design, are provided in Chapters

6, 7, and 8.

2.7 Summary

This chapter introduces the fundamental aerodynamic theories relevant to this research. Sev-

eral basic �ows have been explained, and the mechanism of how aerodynamic forces are

generated and controlled is discussed. The Coanda e�ect is introduced, including how lift is

enhanced by a curved wall jet, the entrainment e�ect and the jet separation. Subsequently,

the formulation of �ight dynamics for a datum aircraft, and theories of control algorithms are

provided, they are used to build the closed-loop system for gust alleviation in Chapters 5 and

8.

The Coanda e�ect has been used on aircraft for decades, it has been investigated thor-

oughly by experimental and computational methods. The next Chapter will review existing

literature for CC from the application perspective. The complex �ows involved in the Coanda

jet, such as convex wall jet, shear layers and separations, determine the selection of simulation

approaches, this is discussed in Chapter 4 on page 89.

42



Chapter 3:

Literature Review

This chapter reviews the literature relates to fundamental knowledge and industrial applica-

tions of �ow control and gust alleviation. Although this research mainly focused on the CC,

which is one of several �ow control approaches, a wider area has been reviewed, including

other types of �ow control, as they have a very similar methodology. Moreover, considering

the application of CC on an aircraft involves multiple systems, the actuators and sensors of CC

are also reviewed. In this research, the �ight parameters are acquired by simulation; hence

physical actuators and sensors are not used. However, it is still worth reviewing the actuator

and sensor requirements that would be necessary, and whether these are currently available,

in order to consider the feasibility of a CC system on an aircraft.

As an interdisciplinary study, several concepts are introduced in this chapter, the following

chart presents a road map of the techniques involved in this study, and where the �uid dynam-

ics and automatic control algorithms are connected to solve the research problem. The terms

in black are relevant techniques that have been reviewed in this chapter, but are not used in

developing the research results, whilst the terms in red are used in the following chapters.

Figure 3.1: The road map of technologies involved in this research.
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3.1. ATMOSPHERIC DISTURBANCES

3.1 Atmospheric Disturbances

Many reasons can cause atmospheric disturbances, one is the interaction between atmospheric

�ow and ground objects such as irregular terrain, trees or buildings (Kaimal & Finnigan 1994).

The turbulence induced by terrain is a hazard for UAVs �ying at low altitudes. When the wind

follows over steep hills or buildings, it is likely to create a separated region behind the object

and a local reversal of the �ow direction. The wake zone is highly turbulent, and would reduce

�ight stability if encountered.

The other source of disturbances is Meteorological Conditions such as thunderstorms and

frontal surfaces; there is also clear-air turbulence that exists in regions at high altitudes and

far away from clouds or mountains (Chambers 1955). There are complex vertical �ows and

severe turbulence associated with thunderstorms that can lead to accidents. Figure 3.2 is a

schematic of the structure of a maturating thunderstorm (Allen 2013). The circulation inside

the thunderstorm produces updrafts and downdrafts, creating wind shear and turbulence at

the interface between these moving columns of air. At low altitudes, below the thunderstorm,

a microburst or strong downdraft can develop. Figure 3.3 shows an aircraft during landing

as it penetrates a microburst (Allen 2013). It initially encounters the gust front and climbs

slightly due to an increase in the e�ective AoA, then rapidly sinks towards the ground as the

downdraft is encountered, which is clearly dangerous when the aircraft is landing and already

close to the ground.

Figure 3.2: The �ow structure of a maturation thunderstorm. (Allen 2013)

Among all the hazards induced by thunderstorms and frontal surfaces, wind shear is one

of the most dangerous phenomena. Wind shear refers to a rapid change in wind direction or

velocity (FAA November 25, 1988). Wind shear can abruptly change the airspeed or vertical
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Figure 3.3: The microburst under a thunderstorm. (Allen 2013)

speed of an aircraft. It is extremely dangerous during take-o� and landing when the aircraft is

close to the ground. In 1985, a Lockheed L-1011 crashed when approaching the runway, after

passing through a microburst-induced wind shear (NTSB AUGUST 2,1985). The accident

report shows that the aircraft's attitude changed dramatically before ground contact. The

AoA increased from6� to 23� due to an atmospheric disturbance. When the aircraft was 280

feet above the ground, the descend rate was 5000 feet per minute. Within 4 seconds before

crashing, the aircraft encountered an upward acceleration of 2g followed by a downdraft.

Then the aircraft impacted the ground and broke apart. The wind shear was the main cause

of this accident. It was also reported that from 1959 to 1983, there were 51 accidents or

incidents related to wind shear (FAA November 25, 1988). Although modern transport aircraft

are equipped with weather radars and wind shear warning systems, the pilot usually avoids

�ying into extreme weather conditions such as wind shear, as there is no e�ective technology

that can eliminate the hazard of severe disturbance. In terms of civilian UAVs, which are not

equipped with weather radars due to the limitation of payload, a method to decrease the e�ect

of disturbance is needed. Moreover, for search and rescue UAVs, the ability to �y in extreme

weather conditions is desired.

Atmospheric disturbances vary in scale, direction and frequency, so precisely modelling

them is challenging but essential for academic research. For the simulation of aircraft dy-

namics, the disturbances are normally classi�ed as steady wind, discrete gust, continuous

turbulence and wind shear (Stevens et al. 2015). Figure 3.4 shows the pro�les of di�erent

atmospheric disturbances. The steady wind de�nes a wind model in which the direction and

velocity are not changing over time. While the discrete gust and continuous turbulence de�ne

pro�les of unsteady wind. The discrete gust is a bump signal which is used to study the aircraft
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dynamics when encountering a single gust. Continuous turbulence is a �ltered noise signal

that varies in frequency and magnitude. Whereas the wind shear pro�le de�nes a velocity

gradient in a spatial �eld.

This research aims at applying �ow control techniques to UAVs to improve �ight stability

in unsteady atmospheric conditions where discrete gusts and continuous turbulence are con-

sidered. The �ight in the steady wind can be solved by quasi-steady simulation, which is not

in the scope of this research. In terms of wind shear, there are various forms of wind shear

to be considered. If the wind shear has vertical gradients, it is usually modelled by a wind

pro�le with variation in di�erent heights, while the wind shear with horizontal gradients can

be simulated by discrete gusts. (Jones 1980). This research was focused on the longitudinal

motion of the aircraft and mainly used discrete gust and continuous turbulence models, which

can cover most of the atmospheric disturbances.

Figure 3.4: Wind speed pro�les of di�erent types of atmospheric disturbances.

The discrete gust is a simpli�ed model for simulating the wind gust. It is usually a simple
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ramp velocity pro�le extracted from continuous turbulence, the scale and magnitude are also

derived from continuous turbulence (Cook 2012). In this research, a vertical discrete gust

pro�le is used when simulating the 2D aerofoil encountering a gust wind (Chapter 5).

The modelling of continuous turbulence is usually given by �ltering the white noise, ac-

cording to the power spatial density (PSD) statistic character of the real atmosphere. Real

turbulence is highly unstable and varies from time to time. To reduce the modelling complex-

ity, it is simpli�ed as a stationary wind �eld which is frozen in time but the velocity varies

in di�erent locations, which is the frozen �eld turbulence (Cook 2012). Currently, there are

two widely used turbulence models, the von Kármán model and the Dryden model (DEFENSE

1997). The two models both de�ne a linear velocity PSD, while the Dryden model also de�nes

angular velocity. In the simulation of the 3D response of an aircraft in this research, the Dry-

den model is used to create a vertical gust pro�le. The equations of this model are presented

in Chapter 8.

3.2 Lift Control

Manoeuvring �ight is achieved by increasing or decreasing the lift of the wing or other aero-

dynamic surfaces in order to create pitching, rolling or yawing moments. This is achieved

by changing the AoA, or by using hinged mechanical control surfaces and high-lift devices to

increase the camber or the chord length of the wing or other aerodynamic surfaces.

In addition to �ight controls for manoeuvre, modern transport aircraft use control surfaces

for improving �ight stability and quality. For example, a gust suppression system was intro-

duced on the Boeing 787 to improve passenger comfort when the aircraft encounters gusts or

turbulence. This can also be used to reduce the bending moment at the wing root, which can

lead to weight saving. An airdata sensor detects a gust or turbulence to produce reference data

for the �ight controller, and then the aileron, elevator and spoilers rapidly compensate for the

dynamic loading (Wagner & Norris 2009). Another example is the camber variable trailing

edge found on the Boeing 787 (Nelson 2005), which optimises wing camber to compensate

for the weight loss during cruise due to fuel burning. Figure 3.5 demonstrates typical control

surfaces on modern transport aircraft.

On modern large transport aircraft, aerodynamic control is achieved through the coordi-

nated operation of di�erent control surfaces depending on the �ight conditions. For example,

the deployment of ailerons, �aperons and spoilers are typically coordinated for roll control

at low speed, while at high speed, the �aperon alone is often su�cient to provide e�ective

roll control (Reckzeh 2003, Nield 1995). Ailerons and �aperons also �nd applications for gust
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Figure 3.5: Typical control surfaces on modern transport aircraft.

alleviation. The dynamic loading can be reduced by rapidly de�ecting these control surfaces

(Walton et al. 2014, Kelm & Grabietz 2000). Figure 3.6 shows the �aperon of a Boeing 787

aircraft which is located between the inner �ap and outer �ap. (Wagner & Norris 2009)

Figure 3.6: The �aperon of a Boeing 787 aircraft (Wagner & Norris 2009).

Among all the control surfaces, the high-lift device is one of the most complex systems.

Modern civil aircraft require a low drag during cruise and high lift during take-o� and land-

ing to reduce the required length of the runway. Traditional high lift devices include single

hinged �aps, slotted �aps, plain leading edge �aps, Kruger �aps, split �aps and slats (Kundu

2010). The single hinged �ap is very simple in shape and is commonly used in small general

aviation aircraft. However, its performance is restricted by �ow separation over the �ap at

high de�ection angles, so the lift enhancement is limited. Therefore, most modern civil air-

craft adopt both trailing edge slotted �aps and leading edge slats. A schematic of split �aps

and slotted �aps is shown in Figure 3.7 . The high-lift systems signi�cantly increase the lift
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coe�cient at take-o� and landing, as shown in Figure 3.8, which compares the lift incre-

ment of di�erent types of modern high lift devices. Figure 3.9 is an example of the high lift

devices used for the Boeing 737NG outboard wing (McLean et al. 1999). The cross-section

shows a complex actuation mechanism with a hydraulic actuator. Although the slotted �aps

produce a signi�cant increase in lift, as shown in Figure 3.8, the additional structural weight

and maintenance cost of the mechanical system cannot be overlooked.

Figure 3.7: Schematic of di�erent types of trailing edge high-lift devices, a: split �ap, b: single

slotted �ap, c: double-slotted �ap. (Kundu 2010)

Figure 3.8: Experimental data of high-lift devices at Rec = 4 :4 � 106 (Dovey 2003).
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Figure 3.9: Outboard cross-section of 737NG (McLean et al. 1999).

Mechanical control surfaces, especially high-lift devices, can be complex, and their actua-

tion systems require a large number of components. The �aps and leading edge slats require

mechanical bearings and tracks to support the motion. Meanwhile, all the motion mechanisms

are driven by hydraulic or electronic actuators. It was estimated that a trailing edge triple-

slotted �ap system alone consisted of 2880 parts (Rudolph 1996). The complex parts of the

mechanical control surface signi�cantly increase the cost of manufacture and maintenance,

contributing to a signi�cant weight increase. Therefore a simpli�cation of control surfaces and

their actuation can potentially reduce the cost and weight of the aircraft. From the history of

civil transport aircraft, there is a tendency to simplify high-lift devices to reduce the system

complexity, as shown in Figure 3.10 . On the latest A350 XWB-900, the Adaptive Dropped

Hinge Flap (ADHF) is used with lower complexity and lower cost to maintain (Strüber 2014).

The dropped hinge �ap is also found on the Boeing 787 (Nelson 2005).

3.3 Flow Control

Flow control can be described as manipulating or disturbing a �ow environment using a rel-

atively small amount of energy to achieve a favourable bene�t for the global �ow �eld, such

as separation control, drag or noise reduction. An example of the most simple �ow control

device is a vortex generator which can often be found on a wing or in an air inlet to control

boundary-layer separation. Figure 3.11 shows a schematic of a pair of vortex generators on
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Figure 3.10: The tendency of high-lift systems (Reckzeh 2003).

the upper surface of a wing. Such devices are equivalent to small scale, low aspect ratio wings

that generate a tip vortex that trails downstream, mixing the boundary layer with high ve-

locity mainstream �ow. Therefore additional momentum is injected into the boundary layer,

which helps to suppress separation. Although the form and application of �ow control may

vary, their fundamental actuation mechanisms are similar, which is to inject energy into the

unfavourable �ow. According to the energy consumption of the actuation, there are two cate-

gories. The passive �ow control, which doesn't require additional energy, and the active �ow

control, which requires external energy to drive an actuator.

Figure 3.11: Schematic of passive �ow control.

3.3.1 Passive Flow Control

The method of using geometrical structures to a�ect �uid �ow by generating a vortex, trigger-

ing transition, eliminating vortex shedding, etc., is generally classi�ed as passive �ow control.

It requires no energy and little maintenance therefore has been broadly used. Passive �ow
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control devices are always in operation even when it is not needed, thus may generate un-

favourable drag at the o�-design point.

A vortex generator is one of the most basic and widely applied forms of passive �ow control

devices. Figure 3.12(a) shows a vortex generator array on the upper surface of the wing. Such

devices can delay �ow separation at low speeds and high AoA, which improves the low-speed

performance of the aircraft. Another form of vortex generator can be found on the nacelle

of modern transport aircraft, as shown in Figure 3.12(b). This device generators a strong

vortex that impinges the wing leading-edge / pylon intersection to energise the local �ow and

suppress separation at a high AoA.

Military aircraft typically have a cone-cylinder forebody, or strake on the fuselage side to

reduce the side force produced by asymmetric vortices at high AoA. Such side force is partic-

ularly dangerous during low speed �ight since the pilot may lose yaw control and even enter

into a stall. Figure 3.12(c) shows a forebody strake on the X-31 research aircraft. Such de-

vices control the forebody vortex system by producing two symmetric vortices that stabilize

the aircraft and prevent asymmetric vortices that otherwise may form at high AoA.

Figure 3.12: Passive �ow control devices: (a)Vortex generators to enhance low speed perfor-

mance, (b)Nacelle Vortex Generator, (c)Forebody strakes (Cobleigh 1994).

3.3.2 Active Flow Control

Active �ow control generally utilises actuators to inject energy into the �ow, typically with the

aim of suppressing turbulence to maintain a laminar boundary layer, improving the energy of

the local boundary layer, or lift enhancement by increasing the circulation around an aerofoil.

In contrast to passive �ow control, such as �xed vortex generators, active �ow control is adap-

tive to various �ow conditions, and it can be turned o� when it is not required. Active �ow

control always involves energy transfer, usually consumes energy from an external source, and

transfers energy to the local �ow.

Active �ow control techniques have various implementations in the modern aerospace in-
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