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Abstract 
 

Small fixed-wing Unmanned Aerial Vehicles (UAVs) are valuable tools for military and civil applications. 

However, their utility is hampered by a lack of knowledge regarding their performance in adverse weather, 

notably turbulence, as seen in urban or mountainous environments. This is combined with the effects of low 

Reynolds numbers and consequent laminar separation. 

In order to improve the design of UAVs for their operating conditions, it is important to understand how a 

low Reynolds number aerofoil responds to turbulent flows. Furthermore, it is unclear whether camber alters 

this response.  

This research examines how a thick aerofoil responds to onset turbulence at low Reynolds numbers and 

whether camber influences this. A cambered and an otherwise identical symmetrical aerofoil were tested in 

wind tunnel conditions relevant to UAV flight, with Reynolds numbers from 50,000 to 200,000 and 

turbulence intensities from 1.3% to 15%. Changes in the surface pressures and loads were assessed. To 

evaluate the potential for predicting these effects, the aerofoils were tested under equivalent sinusoidal-

pitching conditions. 

It was determined that turbulence has a significant effect on the performance of low Reynolds number 

aerofoils, and this response is also influenced by camber. The cambered aerofoil sees a significant 

degradation in performance as the turbulence intensity is increased, which is not observed on the 

corresponding symmetrical aerofoil. However, it maintains a higher lift generation capability than the 

symmetrical form for any given flow condition. A similar behaviour was observed when the aerofoils were 

pitched sinusoidally, the cambered form less readily forming leading edge vortices than its symmetrical 

counterpart. Both aerofoils in turbulent flow were seen to experience a form of irregular dynamic stall. 

While sinusoidal-pitching did produce a similar effect on the time-averaged lift coefficient to onset 

turbulence, the transient behaviour was strongly reflective of the unsteady motion causing it. Furthermore, 

low-cost dynamic stall models did not prove to be readily adapted for onset turbulent flows. However, an 

approximate load estimate may be possible to aid UAV design. Furthermore, the reluctance of cambered 

aerofoils to form vortex events may make them more suitable for smooth UAV flight through turbulence. 
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1 Introduction 
 

 

 

 

 

 

  

 

Low Reynolds number aerofoils can be found on any lift-generating device designed to operate at low speed 

or with a short wing chord, or both. This can include wind turbines, propellers, micro gas turbines, gliders 

and ultralights. An area of more recent development, however, is the small Unmanned Aerial Vehicle (UAV). 

Being small, thanks to the miniaturisation of electronics, and low speed, they fall into the Low Reynolds 

number flow domain with its peculiar characteristics, and so cannot derive performance data from the larger 

aircraft. These craft are akin to the large and well-known Predator and Global Hawk UAVs only in that they 

are unmanned. They also interact with a different environment, flying low within the Earth’s atmosphere, 

where significant levels of turbulence are encountered. 

This research examines the interaction between the wings of a small UAV and the environment through 

which it must fly. In particular, the effects of changing the camber of an aerofoil on its response to turbulent 

flows are assessed.  
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1.1 Autonomous Flight 
1.1.1 Historic Use 
While there had been various attempts at creating an unmanned flying vehicle in aviation’s infancy, the first 

production UAV was the fully-autonomous Kettering Bug of 1918, sketched in Figure 1.1a. As noted by 

Jarnot (2011), this system came too late to see service use but was used for testing for a period of 18 months, 

leading to some of the first UAV research, albeit with a control-systems focus. By 1935, one of the earliest 

successful UAVs to see use had emerged; the de Havilland Queen Bee, shown in Figure 1.1b, a radio 

controlled target to allow realistic target training without risking harm to a human crew. Austin (2010) points 

to this factor as one of the main drivers behind the rise in the popularity of autonomous systems. Shortly 

after the Queen Bee, the Second World War German V-1 (Figure 1.1c) was one of the first well-known 

UAVs, a fully autonomous system which saw extensive use in its original role. Jarnot (2011) observes that 

it also formed the basis for much post-war UAV development. The 1950s and 1960s saw UAVs becoming 

increasingly complex and varied in role. Jarnot (2011) notes that operators explored potential new roles for 

their new systems, with aerial targets developing reconnaissance versions such as the Ryan Lightning Bug 

(Figure 1.1d). Cook (2007) records over 3400 UAV reconnaissance flights were undertaken by such aircraft 

in Vietnam alone as it was found that not only did the use of UAVs remove the risk of losing aircrew in a 

hazardous combat environment, but also their smaller size made them harder to detect than manned aircraft. 

Since that time, a branch of UAV development has continued to reduce the aircraft size, as small as 

technology allows, with the aims stated by Fahlstrom and Gleason (2012): to provide a less-observable, more 

deployable, improvement in situational awareness. 

 
Figure 1.1: Evolution of hstoric UAVs 

1.1.2 Reducing Size 
McMichael and Francis (1997) attribute the miniaturisation of electronics in the 1990s as a key trigger for 

the greatly reducing size of UAVs, particularly due to the decreasing size and mass of control, actuation, 

power and payload systems. This development has not only led to more efficient UAVs, but also to a category 

called Micro Aerial Vehicles (MAVs). The MAV is defined by the Defense Advanced Research Projects 

Agency (DARPA) as being smaller than 6in by 6in in planform (McMichael, Francis 1997). In contrast, 



CHAPTER 1 
 

 
 

3 
 

there is no firm definition for a small UAV. Mueller and DeLaurier (2003) consider small UAVs to be less 

than 6m in span and 25kg in mass while Pines and Bohorquez (2006) measure small UAVs as up to 1m in 

span and 5kg in mass. Fahlstrom and Gleason (2012) assess small UAVs as 50 cm to 2 m in span, and capable 

of being hand-launched, which will be considered as defining the small UAV category for this work. This is 

because practical, portable systems such as the Kahu and Raven UAVs, already in use, fit this definition 

(Skycam UAV 2012, AeroVironment 2017). They also operate at similar chord Reynolds numbers to MAVs 

due to their similar wing chord length and flight velocity. These small UAVs and MAVs are a rapidly 

expanding field, with Pines and Bohorquez (2006) noting both civil and military applications are carrying 

development forward. 

McMichael and Francis (1997), Davis (1999) and Austin (2010) identified MAVs and small UAVs as 

suitable for a variety of civil and military roles, key among which are summarised in Table 1.1. 

Table 1.1: Potential Small UAV and MAV roles 

Military Emergency Response Commercial 

Tracking Suspect Tracking Forestry 

Reconnaissance Fire Patrol Wildlife Surveys 

Sensor Placement Search and Rescue Powerline Inspection 

Communications relay Traffic Monitoring Photography 

Within-Building Scout  Film 

Contaminant Monitoring  Live-action sports coverage 
 

Austin (2010) classifies these roles as “dull, dirty or dangerous”, where there is increased risk of crew fatigue, 

chemical contaminant, and dangerous terrain or enemy activity. Such roles can be hazardous to place people 

in, and so a small UAV or MAV is able to provide increased situational awareness with reduced personnel 

risk. Mueller and De Laurier (2001) highlight that a practical small UAV or MAV should be readily portable, 

able to deploy rapidly and able to provide real-time data with low-observability. While Austin (2010) adds 

that the UAV should be cheap to buy and operate, Albertini et al. (2007) takes this further to suggest operators 

can come to see it even as expendable, providing important situational awareness at little cost, even if lost. 

While in a military context, the risk of loss may be considered as enemy action, for civilian roles it also 

encompasses aspects such as loss of control or object proximity. This may, for example, be due to poor 

weather on a search and rescue flight in the former case, or flying near powerlines for inspection in the latter. 

Placing a manned aircraft in this situation would put lives at risk, not only in the air but also on the ground, 

while the loss of the UAV is only a financial cost. 

1.1.3 Varying configurations 
UAVs and MAVs typically fall into one of three categories; fixed wing, rotary wing or ornithopter. The 

majority of manned aircraft and many UAVs are of the fixed-wing configuration, as seen in Figure 1.2a, in 
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which the wings remain constant in position and orientation relative to the body of the vehicle. Austin (2010) 

lists the key advantages of a fixed-wing configuration as allowing for good cruise performance, with higher 

speed, longer range and endurance and greater lifting capability compared to other configurations. These 

attributes are considered by Fahlstrom and Gleason (2012) as responsible for the popularity of a fixed-wing 

layout for small UAVs used for observation and monitoring work. This is typified by systems such as Kahu 

and Raven, both man-portable aircraft used both by the military and civilian operators. Furthermore, as noted 

by Austin (2010), such a configuration is cheap and simple to produce, with easier control than the alternative 

configurations. Davis (1999) suggests that a subject of much research is the use of flexible wings, to reduce 

the influence of gusts as well as minimise system weight, although this reduces internal volume as flexible 

wings are typically thin, which can be critical to operational practicality in the volume-constrained MAV.  

The need for vertical take-off is often addressed with a rotary-wing aircraft, such as illustrated in Figure 

1.2b. Typified by helicopters, in this configuration the lifting surfaces rotate on an axis relative to the main 

aircraft body, allowing vertical motion and hovering. However, as this requires continuous power usage to 

generate lift, endurance and payload are more limited by energy capacity than a fixed wing system, which 

can generate lift even with the motor off. The result, noted by Austin (2010), is few of these systems 

competing with small fixed wing UAVs for military use. Fahlstrom and Gleason (2012) suggest rotary-wing 

types are usually much larger, as per the 110 kg Camcopter, or smaller, in the MAV class, such as the Black 

Hornet Nano MAV. Recent commercial development has, however, seen a rise in popularity of multi-rotor 

systems for personal use and research. However, as Austin (2010) observed, these systems often involve 

remote control, and thus are limited to line-of-sight operations. 

 
Figure 1.2: Small UAV Configurations 

An area of emerging interest, for MAVs in particular, is the ornithopter, or flapping-wing configuration. 

Shown in Figure 1.2c, the motion of the wings provide both thrust and lift. This presents the opportunity to 

reduce the mass and power required as there is no need for separate thrust and lift systems. Furthermore, 

Mueller and De Laurier (2001) suggest this can mitigate low Reynolds number effects with unsteady motion, 
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increasing the effective Reynolds number. There has, however, been little success with ornithopters for larger 

systems, thus limiting their range and payload. 

This study focuses on the fixed-wing small UAV configuration. This is, firstly, because of the continued 

need for this configuration in observation roles, which include not only military over-the-hill applications, 

but also flight profiles such as search-and-rescue in the civilian field. Furthermore, rigid fixed wings provide 

a readily comparable and assessable test case, in which a standard aerofoil can be assessed for its performance 

characteristics independent of the configuration of the rest of the UAV. For a rotary wing design or an 

ornithopter, the interaction of the wings with the rest of the system has a significant impact on the aerofoil 

behaviour, and so is less suited to a generalised effect assessment. 

1.1.4 Operational Environment 
Due to their small size, small UAV flights tend to be limited in endurance, and so stay at low altitude 

(Watkins et al. 2010b). For example, AeroVironment (2017) list the typical altitude of the Raven hand-

launched UAV as 100-500ft above ground level, with launch possible up to 14,000 feet above sea level, a 

range of 10 km and endurance of 90 minutes. Kahu has a slightly higher performance, with an endurance of 

120 minutes and 25 km range, and a maximum launch altitude of 16,500 feet (Skycam UAV 2012). This 

places their typical flight profile low in the Atmospheric Boundary Layer (ABL), which is characterised by 

surface roughness and turbulence. Furthermore, as McMichael and Francis (1997) observe, the size of small 

UAVs allows for urban operations, placing them in the highly turbulent wake of objects such as buildings, a 

situation rarely known with manned aircraft. This environment is unique to UAVs, as larger aircraft cannot 

safely operate under such conditions due to their physical size.  

However, it is clear that the light weight of small UAVs makes them particularly sensitive to flow 

disruptions, Spedding and Lissaman (1998) highlighting that sensitivity to onset turbulence increases with 

decreasing size and mass, which results in the aircraft deviating from its desired attitude and flight path, a 

particularly hazardous situation in an urban environment. Such deviation is a restriction on operations, 

Watkins et al. (2006) focusing on controllability concerns with gusts, which could range in consequences 

from out-of-focus images, due to camera motion, to loss of the UAV. These large scale effects can be 

predicted through carefully-selected pressure measurements, Marino et al. (2014) showing particular concern 

for spanwise measurements to alleviate roll deviation and improve prediction of flow-induced flightpath 

deviations. In a similar manner, Dai et al. (2017) focused on minimising wing tip acceleration for stable 

photography. Recently, sensing hairs have been suggested by Magar et al. (2019) as a viable means of aiding 

gust-rejection. However, response speed is limited by the response of the controller and actuator. This results 

in control systems being able to counter the low-frequency disturbances, similar to the observations of Reeh 

and Tropea (2015), who see the pilot in manned aircraft acting as a high-pass filter. Hence the higher 

frequencies continue to be experienced by the wing. Similarly, Flay and Jackson (1992) note that a yacht in 

turbulence moves in response to the turbulent flow, and so further filters out low-frequencies. This is true 

for any vehicle passing through a flow field. The addition of sensors to aid turbulence mitigation also raises 

the weight and cost of the system, undesirable for a UAV in which both present design constraints. 
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Furthermore, the more subtle effect of steady-state turbulence in the onset flow, as opposed to discrete 

gusting, on the performance of the UAV wing alters the capability of the system, but has been little 

researched in comparison to the control issue. While larger UAVs can draw on extensive historic data from 

manned flight with aircraft of comparable size and, more importantly, comparable Reynolds number, small 

UAVs are restricted to low Reynolds number flight. Low Reynolds number flow effects are known to 

degrade aerofoil performance; Pines and Bohorquez (2006) identify this as a significant limiter in UAV 

capability. There is still work needed to fully assess what these limitations are and how they can be mitigated. 

As such, it is of importance to understand the effect of the environment in which UAVs fly and its impact 

on control and performance, if small UAVs are to reach their full potential and fulfil the roles expected of 

them. Unsteady loading at low Reynolds numbers has been assessed for wind turbines and helicopter rotors, 

but these typically follow from the work of Carr et al. (1977), and use periodic pitching. While this is a 

different form of unsteady motion, can the effects be compared to those of irregular turbulence? 

Crucial to this is understanding the interaction of the aerofoil form used in the design of the UAV wing to 

this unsteady environment. More specifically, what influence does the curvature, or camber, of the aerofoil 

present? In low-turbulence flows, cambered aerofoils are preferred due to their higher lift for a given Angle 

of Attack (AoA), but do they maintain this performance advantage in unsteady flow? 

1.2 Research Aims and Objectives 
In order to expand the knowledge base of low Reynolds number flows and assist in the development of 

modern small UAVs, it is important to understand the impact of increasing aerofoil camber in the design 

flight environment. As such, the change in performance of an aerofoil with high camber relative to a 

symmetrical baseline aerofoil is subjected to investigation in this work. This requires a comparison of 

aerofoils sharing the same thickness distribution, from the same aerofoil family, differing solely in camber. 

This does not mean simply having two aerofoils of the same maximum thickness, but maintaining all 

geometry and onset flow conditions other than the change in mean curvature. Reynolds numbers applicable 

to small UAVs are considered, from 50,000 to 200,000, under a variety of turbulence intensities encountered 

in the ABL. This is focused on the steady-state turbulence conditions, not discrete gusting. Finally a 

comparison is made to the field of sinusoidal-pitching, for which knowledge exists at low Reynolds numbers, 

to determine whether low-cost pitching models may provide an affordable first-pass design tool for UAV 

development and operation.  
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Hence, the key questions for this study are: 

1. How does camber, or lack of, influence the performance of an aerofoil at low Reynolds numbers, 

relevant to a small UAV? 

2. How does this geometry influence the flow around the aerofoil at these Reynolds numbers? 

3. How does onset turbulence influence the performance of an aerofoil at low Reynolds numbers, 

relevant to a small UAV? 

4. How does camber influence this response to turbulence? 

5. What comparisons can be made between sinusoidal, periodic variation in the AoA and the random 

fluctuations of turbulent flow? 

This leads to the following objectives: 

1. Replicate the low-altitude Atmospheric Boundary Layer turbulence characteristics within the wind 

tunnel to allow for repeatable physical testing. Only the defining Integral Length Scale and 

Turbulence Intensity are of concern, not the form of the ABL, as the vertical extent of the flow 

around the UAV is sufficiently small that no vertical profile is evident. 

2. Measure the impact of onset turbulence on a symmetrical and cambered aerofoil to determine 

whether camber influences the forces generated in response to onset turbulence. 

3. Compare the effects of low Reynolds number aerofoils in unsteady onset flow to pitching aerofoils. 

4. Determine whether low-cost unsteady models developed for dynamic stall cases can be used for 

irregular turbulent flow. 
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1.3 Scope and Thesis Outline 
In order to attain these objectives, this research encompasses a combination of physical testing and numerical 

modelling. This includes assessing the influence of turbulent flow on low Reynolds number aerofoils, and 

the effect of altering the camber on this. This also required profiling of the onset flow. 

Chapter 2 presents literature relevant to this research. This starts with the flow features seen on a low 

Reynolds number aerofoil, such as is expected on a small UAV. The operational environment is subsequently 

detailed, setting the scope for the turbulence required in the wind tunnel. Finally, an assessment is made of 

existing knowledge of low Reynolds number lifting surfaces in turbulent onset flow, to determine the current 

gaps in the understanding of small UAV aerodynamics. 

The first objective required profiling the wind tunnel with a turbulence generator at the test speeds required 

for testing the physical wing models, and is discussed in Chapter 3. The speeds tested were dictated by 

equipment capability and model size, and the flow matched to the real-world conditions defined in Chapter 

2. The outputs of this study led to the defining conditions for the remaining objectives. 

The second objective was the core of the research, as covered by Chapter 4: physical testing of the 

symmetrical and cambered aerofoils in the environment defined in the wind tunnel flow profiling. From the 

profiling of the wind tunnel, three test Reynolds numbers and turbulence intensities were available. A 

symmetrical and cambered aerofoil of the same thickness distribution were selected to assess the difference 

caused by changing the camber to the steady-state and transient pressures, and thus forces, in response to 

onset turbulence. 

Chapter 5 expands on the assessment of the influence of camber in highly unsteady flows with a comparison 

to regular sinusoidal-pitching of the same aerofoils at the same Reynolds numbers as the third objective. 

Many dynamic stall studies have been conducted under such conditions, with the result of semi-empirical 

models being developed for this flow. From this, a basis could be made for an unsteady onset flow model, 

meeting the fourth objective. 
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2.1 Introduction 
The impact of turbulence on low Reynolds number flows has been a subject of concern since the 1930s, 

when reviews took place of wind tunnel facilities to determine the cause of significant data variation in 

different tunnels (Millikan, Klein 1933). Since then, the focus has shifted from simply explaining data 

variation across different wind tunnels, to understanding why this variation occurs, and examining the flow 

structure over the wings at low Reynolds numbers. As technology has developed to allow for increasingly 

small UAVs, the importance of understanding the impact of the turbulent flow present in their flight 

environment has become more important. 

The flow fundamentals relevant to aerofoils at low Reynolds numbers are assessed first to understand the 

different flow regime these aircraft fly in, compared to their larger and manned counterparts. The nature of 

the environment in which UAVs must fly is then detailed to examine its key features relevant to such aircraft. 

Finally, an assessment is made of existing knowledge of lifting surfaces in highly turbulent flows and where 

there is need for further exploration. 
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2.2 Low Reynolds Number Aerofoils 

2.2.1 Aerofoil Geometry and Performance 
An aerofoil is the cross-sectional geometry of a body, such as an aircraft wing, designed to generate specific 

aerodynamic forces. This can be broken into two aspects; a thin, curved mean line, influencing lift 

generation, and a symmetrical body thickness distribution, contributing to drag (Rayner 2006). Both these 

aspects are often non-dimensionalised against the chord length of the aerofoil, c, where the chordline is the 

straight-line connecting the leading and trailing edges. The mean curvature line is called the camberline, 

equidistant from the upper and lower surfaces and the camber, or distance between the chordline and 

camberline, is measured normal to the chord. A symmetrical aerofoil has zero camber. The thickness is the 

depth measured normal to the chord. These dimensions are shown in Figure 2.1a.  

 
Figure 2.1: Aerofoil definitions 

The forces generated by an aerofoil are defined by their direction relative to the mean free flow, as opposed 

to the aerofoil geometry, lift being normal to the flow, and drag parallel. This is shown in Figure 2.1b, and 

all subsequent data, unless otherwise noted, is referenced relative to the mean flow velocity direction. Lift is 

the result of a difference in pressure between the upper and lower surfaces caused by flow circulation, while 

drag is caused by a combination of factors, notably skin friction for streamlined bodies, but also separated 

wake (Cengel et al. 2012). The ratio between these forces, the Lift-to-Drag Ratio is a useful measure for 

comparing performance of differing aerofoils. The pitch moment is the moment generated due to the pressure 

distribution along the chord of the aerofoil, is defined as positive for a nose-up moment, and is usually 

referenced about the quarter-chord point (Rayner 2006). It is convenient to non-dimensionalise these forces 

as coefficients by dividing the measured force by the dynamic pressure, 1
2
𝜌𝜌𝑢𝑢2, and the wing planform area, 

S, as shown in Equations 2.1 to 2.3 for lift, drag and pitch moment, respectively. These forces and moments 

generated are dependent upon the Angle of Attack of the aerofoil, referenced by the chord line relative to the 

mean freestream flow direction. As the AoA increases, so does the maximum suction pressure on the wing 

upper surface, which is usually located near the leading edge of the aerofoil (Boutilier, Yarusevych 2011), 

increasing the lift generated. Drag will also increase due to the increased profile exposed to the flow. Stall 



CHAPTER 2 
 

 
 

11 
 

occurs when the flow separates completely from the wing upper surface, and the stall mode depends on the 

aerofoil geometry and flow nature (McCullough, Gault 1951). 

 𝐶𝐶𝐿𝐿 =
𝐿𝐿

1
2𝜌𝜌𝑈𝑈

2𝑆𝑆
 (2.1) 

 𝐶𝐶𝐷𝐷 =
𝐷𝐷

1
2𝜌𝜌𝑈𝑈

2𝑆𝑆
 (2.2) 

 
𝐶𝐶𝑀𝑀,𝑐𝑐4

=
𝑀𝑀𝑐𝑐
4

1
2𝜌𝜌𝑈𝑈

2𝑆𝑆𝑆𝑆
 

(2.3) 

Increasing camber can increase the lift generated at a given AoA without resulting in separation, while 

thickness improves structure through increased depth, albeit with a slight drag increase at low AoA (Rayner 

2006), as there is more frontal and skin surface area. According to thin aerofoil theory, this increase in lift 

due to increasing camber is constant with AoA, the lift slope being unchanged. This has led to the prevalence 

of cambered aerofoils with thickness; high lift can be attained at low AoA, while at the same time providing 

volume for structure, fuel and equipment, trading the increased drag of the increased thickness for the benefit 

of not requiring external bracing or a high AoA. 

2.2.2 Reynolds Number 

Small UAVs are differentiated from traditional aircraft in the fact they fly at low Reynolds numbers, with 

respect to the aerofoil chord. This is because they are small and fly at low-speed. The Reynolds number, Re, 

defined in Equation 2.4, is the ratio of inertial to viscous flow forces. For a UAV wing, this is defined with 

reference to the mean flow velocity, U, the aerofoil chord, c, and the fluid kinematic viscosity, ν.  

 𝑅𝑅𝑅𝑅 =
𝑈𝑈𝑆𝑆
𝜐𝜐

 (2.4) 

Wang et al. (2014) consider low Reynolds number flows to be those below 500,000 for external flow. There 

is no set definition for the operating Reynolds number of a small UAV. Mueller and DeLaurier (2003) define 

MAVs and UAVs as spanning a range of Reynolds numbers from 15,000 to 500,000. Kody and Bramesfield 

(2012) deem a Reynolds number of 100,000 as typical for small UAVs and Ananda et al. (2015) focus below 

a Reynolds number of 300,000. The definition chosen for this work is that of Torres and Mueller (2001), 

with a Reynolds number between 50,000 and 250,000, as it covers a useful range agreed upon by the 

literature without being excessively large in scope. 

2.2.3 Boundary Layer Flow 
The importance of the surface velocity boundary layer was first observed by Prandtl (1927), seeking to 

explain the significant difference in results between theory and physical testing for flows where viscosity 

was considered negligible. Rogers (1992) highlights that a thermal boundary layer is also present on the 

surface of a body, which maintains a zero-temperature-jump condition. However, for the purposes of this 

work only the velocity boundary layer is considered; thus it is referred to hereafter as simply the boundary 
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layer. Schlichting et al. (2017) define the boundary layer as a thin fluid layer on the surface of a solid, on 

which a zero-slip condition is enforced due to significant near-wall viscous effects. Due to viscosity and the 

zero-slip condition, there is a velocity gradient in the boundary layer, from freestream velocity far from the 

wall to zero on the wall surface, resulting in shear losses and hence frictional drag. The outer flow is 

considered inviscid, as the effects of viscosity are negligible due to having little or no velocity gradient 

(Prandtl 1927). Thus the flow consists of a region where viscosity is significant, the boundary layer, and one 

with negligible viscous effects, the bulk flow. Two important parameters associated with the boundary layer 

are the displacement thickness and momentum thickness. Rogers (1992) defines the displacement thickness 

as a measure of how far the surface streamline is displaced by the boundary layer as compared to inviscid 

flow, while the momentum thickness is the depth of a stagnant layer equivalent to the momentum lost within 

the boundary layer (Carmichael 1981). Schlichting et al. (2017) state the boundary layer thickness used in 

each study is usually chosen as is most convenient, but is often defined as the height from the surface to the 

point where the flow velocity is 99% of the freestream velocity. These measures are all dependent on the 

local Reynolds number, Rex, defined at location, x, downstream from the leading edge where x replaces the 

wing chord, c, in Equation 2.4, and hence increase the further the flow travels along the surface (Cengel et 

al. 2012). The basic form of a generic boundary layer is shown in Figure 2.2, demonstrating the non-linear 

velocity profile and thickness definition. 

 
Figure 2.2: Velocity Boundary Layer profile form 

A boundary layer may consist of laminar or turbulent behaviour at different streamwise locations along a 

surface. A low Reynolds number flow is often associated with a laminar flow boundary layer, while turbulent 

flow will naturally occur as the local Reynolds number exceeds a critical value(Schlichting et al. 2017), 

which Cengel et al. (2012) define as usually around 500,000 for external flow. A laminar boundary layer is 

a low-energy layered structure, which does not exchange momentum with the surrounding flow. Schlichting 

et al. (2017) state that this is because of the strongly dominant viscous effects at low flow speeds, which act 

to damp-out transverse motion. A turbulent boundary layer is one with higher energy, in which there is 

significant mixing and momentum exchange, which Carmichael (1981) notes leads to higher friction 

coefficients and hence drag compared to the laminar flow state. For a turbulent boundary layer, only the 

region nearest to the surface is impacted by viscous effects where motion is damped, with much of the 

boundary layer dominated by inertial motion, tending towards ideal inviscid flow as the Reynolds number 
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increases (Schlichting et al. 2017). Compared to a laminar boundary layer, Cengel et al. (2012) note that a 

turbulent boundary layer will have a sharper velocity gradient at the wall leading to a flatter overall profile, 

hence causing higher shear and so the observed increase in drag. As Prandtl (1927) observed, the behaviour 

of the boundary layer has a significant impact on the overall flow effect, and as such its nature must be 

considered in any aerodynamic analysis. 

With their short wing chord and low speed, small UAVs fly in the low Reynolds number range, where the 

wing boundary layer is naturally laminar. In addition to small UAVs, low Reynolds number aerofoils are 

used in low pressure turbines (McAuliffe, Yaras 2005), general aviation aircraft, gliders (Loxton 2011), 

ultralights and wind turbines (McGhee, Walker 1989). Birds and insects are natural examples of low 

Reynolds number flyers, although Shyy et al. (2007) observe that these natural cases often employ rough 

surfaces and flapping wings to overcome low Reynolds number effects, accelerating flow transition to reduce 

separation of the boundary layer, which laminar flows are prone to. 

2.2.4 Laminar Separation 

Prandtl (1927) recognised that a boundary layer could be induced to separate by the external flow field, 

namely an increase in static pressure in the flow direction, termed an Adverse Pressure Gradient (APG). 

Such a pressure increase may be seen on an aerofoil downstream of the maximum suction point, during the 

process which Donovan and Selig (1989) describe as pressure recovery. The pressure within the boundary 

layer is governed by the pressure of the external flow field at the edge of the boundary layer, as Schlichting 

et al. (2017) note that there is no pressure gradient through the thickness of the boundary layer. A laminar 

boundary layer separates easily from a surface against an APG, Carmichael (1981) stating this is because it 

has insufficient momentum to pass through the high pressure region, and so is deflected off the surface. 

Schlichting et al. (2017) observe that the separation point is identified as the point where the skin friction is 

zero, allowing ready identification when surface friction data is available. Abobaker et al. (2017) note that 

the boundary layer will detach as a free-shear layer at a near-constant flow separation angle, which depends 

on pressure and the surface angle, but Carmichael (1981) stresses that this separated flow is not tangential to 

the latter. Deparday and Mulleners (2019) note that the strongest suction arises in the leading 10% of the 

aerofoil chord, with the rest of the aerofoil encountering an APG. In a low Reynolds number flow, this APG 

promotes rapid boundary layer separation and so presents the hazard of an early stall, as the flow may be 

unable to remain attached even with small AoA increases. In contrast, Schlichting et al. (2017) observe that 

a higher-energy turbulent boundary layer can sustain a higher adverse pressure gradient, delaying separation 

and reducing wake size, and thus allowing a higher maximum AoA before stall. Choudhry et al. (2015) also 

note that increasing the Reynolds number further delays separation, as this accelerates flow transition to a 

turbulent boundary layer. In higher Reynolds number flows, as seen on manned aircraft, methods such as 

surface blowing, to retain boundary layer momentum, can be used to delay flow separation and so reduce 

drag, although Carmichael (1981) observes that this does bring increased system cost, weight and 

complexity, which cannot be afforded on small UAVs. 
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2.2.5 Transition 
Transition is the process by which a laminar boundary layer develops into a turbulent one, Schlichting et al. 

(2017) listing the principal parameters responsible for which as the Reynolds number, surface roughness, 

pressure gradient and the onset turbulence intensity. Although flow transition is often stated as occurring at 

a point for simplicity, as Malkiel and Mayle (1995) highlight, transition actually occurs over a length of the 

flow, complicating modelling and hence determination of the flow field. At low Reynolds numbers, this 

transition length may cover a significant portion of a surface. This process occurs due to the development of 

instabilities in the laminar boundary layer. Boiko et al. (2002) define a flow as stable if a disturbance decays 

in time from an initial condition as it passes through a fluid domain. Instability, in contrast, is the 

amplification of disturbances. Schlichting et al. (2017) divide instability into convective instability, if a 

disturbance input grows as it passes downstream with the flow, or absolute instability if the growth of a 

disturbance is at a fixed position in the flow. Boundary layer transition is typically convective instability. 

Transition is preceded by the development of Tollmein-Schlichting (T-S) waves, which McAuliffe and Yaras 

(2005) describe as the primary stage of transition, comprising of two-dimensional convective instabilities. 

This develops into a Kelvin-Helmholtz (K-H) instability, which in turn rolls into spanwise vortices (Boiko 

et al. 2002). Thorpe (1973) notes that as the Reynolds number increases, the T-S wave amplification may be 

bypassed, with only K-H instability evident. The spanwise vortices decay, pairing into ˄-form structures, 

which Boiko and Kozlov (2001) observe in turn breaking down to wave packets, subsequently reducing 

further to unstructured turbulence. This is the last stage of reforming into what Hosseinverdi and Fasel (2015) 

describe as a stable, turbulent, boundary layer. This process is shown in Figure 2.3, which is for the simple 

situation of a flat plate with low onset turbulence and at 0° AoA.  

 
Figure 2.3: Natural Laminar to Turbulent Transition process for a flat plate [Reprinted with permission from Springer Nature (Schlichting et al. 

2017)] 

Also evident is the growth in boundary layer thickness as the flow transitions from laminar to turbulent. 

Berger and Aroesty (1977) suggest transition can be considered to have occurred when the least-stable 

disturbance is amplified by a value of e9, which has been successfully used for low-Reynolds number 

simulations in programmes such as XFOIL (Drela 1989). Predictions for transition length have most often 

been made with Linear Stability Theory, which Jones et al. (2010) note is relevant for the initial linear 

instability growth until vortex breakdown. While this may cover a significant portion of the transition length, 
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it is clear this will not accurately predict the non-linear vortices and hence net transition length. This is 

important for flow behaviour at low Reynolds numbers, where much of the flow length may be transitional. 

Mitra and Ramesh (2015) note that laminar free-shear layers, which are the result of a laminar boundary 

layer detaching from its boundary surface, are inherently unstable due to the presence of velocity inflections 

in their profile. Watmuff (1999) also records this as a factor in the rapid laminar-to-turbulent transition of 

free-shear layers compared to an attached boundary layer. Such an inflection is seen at right in Figure 2.4, 

annotated from Schlichting et al (2017), which shows a series of velocity profiles for a boundary layer on a 

flat plate approaching separation due to an APG. The separation point is also evident where there is zero 

velocity gradient at the wall and hence zero shear. It is notable, however, that while an APG significantly 

impacts flow separation and reduces boundary layer stability, Abu-Ghannam and Shaw (1980) saw that the 

effect of a favourable pressure gradient, one in which the pressure decreases in the flow direction, is far less 

prominent in mitigating transition. Following separation, spanwise vortices roll the shear layer over, a 

process Yarusevych and Kotsonis (2017) define as shear-layer roll-up, which Lissaman (1983) saw as 

entraining more fluid from the freestream flow, and so spreading the shear layer. Hain et al. (2009) observe 

that these vortices form and shed at the least-stable frequency of the T-S waves, Pauley et al. (1989) noting 

their amplitude increases with that of the T-S waves and APG. Yarusevych and Boutilier (2011) record that 

this frequency increases with Reynolds number, vortices appearing to lose coherence in the process. 

 
Figure 2.4: Flow separation and velocity inflection [Reprinted with permission from Springer Nature (Schlichting et al. 2017)] 

Schlichting et al. (2017) describe the influence of turbulence on transition as accelerating the process, to the 

extent where T-S waves may not appear due to the flow appearing to transition almost immediately. 

Alfredsson et al. (1996), however, found the general behaviour of the boundary layer transition was the same 

for high and low onset turbulence intensities, but occurring at a different rate, implying two-dimensional 

disturbances remain during the initial phase of transition, although may amplify rapidly to three-dimensional 

structures. Jones et al. (2010) describe receptivity as the process in which freestream disturbances, such as 

turbulence, are transferred to instabilities within the boundary layer, the receptivity of the boundary layer 

depending on the wavelength and frequency of the disturbance. Crouch (1992) assessed that this process 

occurs where the boundary layer is developing or thin, such as the leading edge of an aerofoil, and that the 

wavelength of disturbances is decreased in the process, from long in the freestream, to short in the boundary 

layer. Boiko et al. (2002) note that the nature of receptivity and its efficiency depends on what modes of 

disturbance are applied, which in turn influences the nature of disturbance created. This is supported by 

Goldstein and Hulgren (1989), who suggest acoustic disturbances are more efficient at creating T-S waves 
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than vorticial flow, which Saric et al (2002) attribute to having more influence on the three-dimensional-

breakdown of the laminar boundary layer. This explains how T-S waves may not appear if turbulence is 

sufficiently strong; the increased vorticial energy accelerates the growth of three-dimensional effects.  

Boiko et al. (2002) note that receptivity is greatest for disturbances at the least stable frequency of the 

boundary layer flow; onset turbulence near this frequency will be more readily taken up, increasing flow 

fluctuations and accelerating transition more efficiently than other frequencies. Michelis et al. (2017) suggest 

Linear Stability Theory may be used to estimate this frequency for the separated shear layer, but typically it 

is measured in testing via pressure taps. Above this frequency, Jones et al. (2010) saw receptivity as 

decreasing rapidly. While Schlichting et al. (2017) observe surface roughness as also promoting transition, 

this is difficult to characterise. Shyy et al. (2007) speculated that this accelerated transition is likely to be due 

to the fact that the laminar flow cannot remain attached to the roughness elements, and so separation occurs 

on a micro-scale, similar to corrugated insect wings in which separation vortices fill between ridges and 

energise the flow. 

Choudhry et al. (2015) suggest that transitioning as a free shear layer is the most common mode on low 

Reynolds number aerofoils. Donovan and Selig (1989) elaborate that this is due to the short chord length 

before pressure recovery commences, and so there is insufficient length for natural disturbance amplification 

to occur. The location of the transition point in the shear layer is highly significant, as Selig (2003) notes that 

this controls the size and shape of the Laminar Separation Bubble (LSB) which can potentially form, and 

hence the resulting impact on aerofoil performance. 

2.2.6 Laminar Separation Bubble 

2.2.6.1 Structure 

When a laminar boundary layer separates from a surface, if it transitions rapidly enough, the flow may 

reattach to the surface. McCullough and Gault (1951) attribute this to shear layer roll-up entraining more 

fluid from the higher-energy free-stream flow, spreading the shear layer normal to the mean fluid flow and 

so allowing it to reach the wall. Kirk and Yarusevych (2017) identify shear layer roll up as typically occurring 

when the velocity fluctuation amplitude reaches approximately 10% of the flow velocity, with Tan and Auld 

(1992) observing that maximum fluctuation amplification precedes reattachment. If the shear layer 

successfully reattaches, the region of near-stagnant and recirculating fluid enclosed under the shear layer 

between the separation and reattachment point is termed the Laminar Separation Bubble (LSB). The resulting 

time-averaged structure is shown in Figure 2.5 from Choudhry et al. (2015), with the separation and 

reattachment points highlighted. It should be noted that this is a time-averaged form, as the bubble size and 

geometry periodically varies as the shear-layer vortices are formed and shed, transiently altering the 

separation angle (Kirk, Yarusevych 2017). The smoothed form also does not highlight the intrinsic unsteady 

fluctuations from the transition process, but is useful for visualising mean flow trends nonetheless. 
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Figure 2.5: Time-averaged structure of the Laminar Separation Bubble (LSB) [Reprinted with permission from Elsevier (Choudhry et al. 2015)] 

Figure 2.6, from Boiko and Kozlov (2001), shows the growth of instabilities in the LSB, with the non-linear 

interactions highlighting the point at which random turbulence is developed from the turbulent spots. Of note 

is the indication of feedback of the fluctuations through the LSB to the upstream flow. Firstly, as noted by 

Marxen and Rist (2010), the impact on the pressure field extends beyond the LSB, with the upstream pressure 

changing in response to the influence of the LSB. Hence, it can be deduced that any significant fluctuations 

in the LSB from instabilities in the flow will vary the pressure field both at the bubble and upstream, feeding 

back the disturbances from these instabilities. In addition, Jones et al. (2010) found that an acoustic 

disturbance is generated at the trailing edge as a result of vortex shedding from the laminar free shear layer 

as it transitions to turbulent flow. From their study, a small-amplitude acoustic disturbance is evident 

travelling upstream, which, via receptivity, is taken in by the fluid flow as a disturbance and so is amplified 

as it travels downstream through the LSB, acting as a self-sustaining disturbance. It is interesting to note 

that, as found by Migliore and Oerlemans (2004), this trailing edge noise associated with vortex shedding is 

a distinct tone, allowing ready identification of the least stable frequency, while any onset turbulence 

impacting the wing will produce a more dominant but less frequency-specific noise from the wing leading 

edge. This feedback introduces disturbances to the boundary layer, and so impacts transition; hence Marxen 

and Rist (2010) found that this feedback makes the prediction of the transition region for an LSB difficult.  

 
Figure 2.6: Flow disturbances in an LSB [Reprinted with permission (Boiko, Kozlov 2001)] 

2.2.6.2 Classification and Pressure Changes 

The LSB has a significant impact on aerofoil performance, on both lift and drag, as it alters the effective 

aerofoil form by increasing fluid displacement, with the effect most easily seen in the change in pressure 

distribution. The magnitude of the pressure change is determined by the size of the LSB, which is typically 
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classified as long or short, and is governed by the length of flow transition. Gaster (1969) notes an increase 

in Reynolds number tends to accelerate transition and so reduce LSB size. Ravi et al. (2012b) concluded 

increasing the turbulence intensity produced the same effect. Furthermore, Carmichael (1981) observed that 

a thick aerofoil will tend to have a larger bubble than a thin aerofoil for a given flow condition due to the 

greater separation angle, and hence McCullough and Gault (1951) concluded that the shear layer is further 

from the surface by the time it transitions. The greater separation angle is mainly due to the fact that the 

surface flow is less aligned to the freestream when pressure recovery commences. 

A short LSB will, at most, only cover a few percent of the chord, and through its small size, has little impact 

on the pressure distribution, Gad-El-Hak (1989) suggesting the bubble effectively acts as a means to trip the 

laminar boundary layer to turbulent. Typically the breakdown of the shear layer to turbulent flow is rapid; 

Marxen and Henningson (2011) note this as a case where linear stability theories provide a reasonable 

estimate. On the other hand, a long bubble will cover a significant portion of the aerofoil chord, significantly 

impacting the pressure distribution; Shyy et al. (2007) observe that this is usually associated with a loss of 

lift and increase in drag. These suction-surface pressure distributions are illustrated as examples in Figure 

2.7. As can be seen, there is a pressure plateau, caused by the stagnant region under the separated shear layer. 

For a long LSB, this plateau is of considerable length, and it reduces the leading edge suction peak strength. 

Marxen and Rist (2010) attribute this to the local pressure changes at the bubble impacting the global flow 

behaviour. This is followed by a steep drop, a pressure recovery process, during the transition process, as 

more momentum is entrained from the free flow and the now-turbulent free-shear layer spreads. Malkiel and 

Mayle (1995) suggest that this process occupies much of the length of the short LSB, causing it to be 

transitional in nature, while the long bubble has fully transitioned prior to reattachment. The pressure 

distribution returns to an almost- inviscid profile, although Hu and Yang (2008) note the pressure recovery 

at the reattachment point tends to exceed that of the inviscid flow. 

 
Figure 2.7: Illustrative examples of short and long LSB pressure distributions 

As the size of the LSB depends on the local pressure gradient on the aerofoil surface, which changes with 

AoA, the size of the LSB will also vary with AoA for a given aerofoil at a constant Reynolds number. This 

may not only involve slight adjustments in size, but can also feature either “bursting” from a short bubble to 

a long one, “collapsing” from long to short, or fully detaching as the adverse pressure gradient increases 
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(Carmichael 1981). As an increasing pressure gradient intensifies the vortices generated in the shear layer 

by amplifying K-H instabilities, the separation angle can increase and decrease periodically, a process Hain 

et al. (2009) describe as shear layer flapping. This produces a transient flow response, with the bubble 

bursting and collapsing periodically, even in steady onset flow, resulting in unsteady aerofoil performance 

and hence reducing UAV controllability. This is characteristically a low-frequency oscillation phenomenon, 

with Elawad and Eljack (2017) recording this fluctuation at 2 Hz on a NACA0012 at a Reynolds number of 

90,000 from their modelling. Ducoin et al. (2016) saw this behaviour as a sub-harmonic of the von Karman 

instabilities, the LSB frequency depending on the latter. Marxen and Henningson (2011) observe that a 

reduction in the turbulence intensity may also promote bursting of the LSB, the primary growth being the 

longer length between transition and reattachment. While low frequencies may induce periodic LSB changes 

and accelerate transition in the time-averaged LSB, Simoni et al. (2013) suggest that higher frequencies may 

eliminate it through highly accelerated transition. 

2.2.7 Performance Impact of the Reynolds Number 
As the Reynolds number decreases, there is a significant change in performance for a smooth aerofoil, 

primarily due to the behaviour of the LSB. McMasters and Henderson (1979) summarised the observed 

changes with Reynolds number for a set of aerofoils. Their 1979 study demonstrated that the maximum lift-

to-drag ratio of smooth aerofoils changed significantly around a Reynolds number of 100,000, by 

approximately a factor of 20, as shown in Figure 2.8. This is the region in which the significance of the LSB 

rapidly declines as the Reynolds number increases. No sudden change in trend was noted for rough aerofoils, 

which is likely due to the fact that the rough surfaces energise the boundary layer, providing a rapid turbulent 

transition and so preventing laminar separation from occurring, even at low Reynolds numbers.  Thus higher 

AoA can be attained prior to separation, resulting in a higher maximum lift-to-drag ratio. 

 
Figure 2.8: Variation of aerofoil performance against Reynolds number [Reprinted  from (McMasters, Henderson 1979)] 

Mueller and DeLaurier (2003) divided the low Reynolds number regime into four phases, based on the 

impact of the LSB on the aerofoil: 

• Below a Reynolds number of approximately 50,000, any separated flow fails to reattach, no LSB is 

formed. There is generally insufficient chord length to permit re-attachment after transition occurs 
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(Carmichael 1981). Lift decreases abruptly and drag increases as the separation point approaches the 

leading edge, causing rapid and complete separation, which is typical of leading edge stall 

(McCullough, Gault 1951).  

• Below a Reynolds number of 70,000, aerofoils with a thickness-chord ratio of more than 6% 

experience significant hysteresis effects due to the dynamic behaviour of the LSB. MAVs and model 

aircraft typically fly in this region. (Mueller, DeLaurier 2003). 

• Between Reynolds numbers of 70,000 and 200,000, the LSB still impacts performance, but the 

transition length shortens as the Reynolds number increases and so performance improves. Small 

UAVs typically fly in this region (Kody, Bramesfeld 2012). 

• Most manned flight occurs above a Reynolds number of 200,000, and so there is much experience 

in this region. Below a Reynolds number of 700,000, laminar flow is still possible over much of the 

aerofoil, resulting in an LSB impacting performance, but it will always reattach and can be avoided 

(Lissaman 1983). 

It should be noted, however, that this is a general guideline as to how a two-dimensional aerofoil may behave. 

For example, Ananda et al. (2012) did not observe LSB closure on an FX63-137 aerofoil with an aspect ratio 

of four until the Reynolds number was raised to 90,000, almost double the Re = 50,000 at which an LSB 

may be expected to form. 

Hysteresis at stall is a known problem for low Reynolds number aerofoils, with Lissaman (1983) identifying 

the cause as the LSB detaching to form a free shear layer as the AoA increases, but not re-attaching at the 

same AoA subsequent to the AoA being reduced. This is usually seen with short LSBs bursting and has been 

described by Selig et al. (1996) as “Clockwise” hysteresis, for the fact that an increasing AoA will result in 

a higher lift than a decreasing one, resulting in a clockwise loop in the lift against AoA curve. An 

“Anticlockwise” hysteresis is associated with long LSBs, and is the result of a long LSB collapsing rapidly 

into a short one as the AoA is increased. These hysteresis loops are seen in Figure 2.9, in which both the 

plots are produced with data from Selig et al. (1996) for an FX 63-137 aerofoil at two Reynolds numbers, 

with “Clockwise” in Figure 2.9a at Re = 100,000 and “Anticlockwise” in Figure 2.9b at Re = 80,000. As 

these effects depend on the LSB, their prominence depends on the same factors impacting the LSB, notably 

the Reynolds number and onset turbulence. This is clearly demonstrated by the fact that both plots in Figure 

2.9 are for the same aerofoil, an FX 63-137, but differ only in Reynolds number.  

Mueller et al. (1983) note for a Lissaman 7769 aerofoil that, at a Reynolds number of 150,000, a turbulence 

intensity of 0.3% was sufficient to remove hysteresis through accelerating flow transition, hence allowing 

this free shear layer to reattach. However, Cao (2010) noticed that hysteresis still occurred on an S1223 

aerofoil with a turbulence intensity as high as 4.1%, but a Reynolds number of 55,000. This demonstrates 

the impact of increasing Reynolds number and turbulence intensity on transition, both acting to accelerate 

transition as they increase and so mitigate the effects of the LSB. 
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Figure 2.9: Examples of stall hysteresis loops: (a) Clockwise and (b) Anticlockwise (Data from Selig et al. (1996)) 

The sudden drop in lift for the Clockwise hysteresis loop is associated with Leading Edge stall, in which a 

sudden decrease in lift occurs with a significant drag increase (McCullough, Gault 1951). This would be 

hazardous for a UAV, as it not only occurs rapidly, but also there is little power available to assist recovery. 

Such a stall was evident in the work of Swalwell et al. (2003) at a Reynolds number of 270,000, with a very 

thick NACA0021, for which the hysteresis loop spanned an AoA range of 10° to 17.5°. Watkins et al. (2010a) 

demonstrated that thin aerofoils present a different behaviour and so have attracted attention for MAV 

studies, as their stall angle can be higher. Thin aerofoils produce a separated region near the leading edge, a 

leading edge vortex, which stretches to the trailing edge and stalls when the separated region reaches this 

point (McCullough, Gault 1951); a slower and more controllable process. Pelletier and Mueller (2000) noted 

the stall of thin flat plates as gentle, while Laitone (1997) found thin aerofoils were resistant to changes in 

Reynolds number and turbulence. This leading edge separation has the result of fixing the position of the 

LSB, and hence the transition point, and so allows the shear layer to reliably reform as turbulent boundary 

layer. However, such thin wings do not allow for structure, payload or systems, which in a volume-

constrained MAV would be particularly disadvantageous.  

2.2.8 Vortex Shedding and Dynamic Stall 
In addition to the low Reynolds number effects at stall, two general stall effects impact the safety of UAV 

flight: vortex shedding and dynamic stall. Fage and Johansen (1928) define the former as a result of a stalled 

aerofoil presenting bluff-body behaviour, resulting in fluctuating forces due to the periodic shedding of 

vortices at the leading and trailing edges. Chen and Fang (1996), using a flat plate at Reynolds numbers 

below 32,000, note that this shedding frequency, f, is associated with a near-constant Strouhal number, St, of 

0.16. This parameter is defined in Equation 2.5, using the projected depth of the test plate normal to the flow 

at a given AoA as the reference length. It was seen that this Strouhal number was independent of Reynolds 

numbers above an AoA of 10°, when bluff-body action dominated, but varied with Reynolds number below 

this AoA due to low Reynolds number effects. Swalwell et al. (2003) also saw for the NACA0021 that the 

Strouhal number was constant when defined by the height of the chord projected normal to the flow, 

suggesting this is a more suitable measure than simply using the aerofoil chord length.  
 

𝑆𝑆𝑆𝑆 =
𝑓𝑓𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝

𝑈𝑈  
(2.5) 
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Dynamic stall occurs when the aerofoil intermittently exceeds its static stall angle. This is often taken as a 

cyclic pitching behaviour, and producing loads greater than the maximum which occurs under static 

conditions. Leishman (1990) notes that, for this phenomenon to be seen, the angular rate has to be sufficiently 

high to induce vortex formation on the leading edge, as very low reduced frequencies result in quasi-static 

behaviour. Sheng et al. (2008) note this to primarily be of interest initially to helicopter designers, as the 

rotor blades cyclically alter their pitch as they advance and retreat each rotation. This is in a similar manner 

to wind turbines, and is frequently replicated by a sinusoidal-pitching aerofoil about a set mean AoA, with a 

specified reduced frequency and AoA range. The progression of dynamic stall is shown in Figure 2.10 from 

Carr et al. (1977).  

 
Figure 2.10: Progression of dynamic stall on a NACA0012 [Reprinted from (Carr et al. 1977)] 

As the aerofoil exceeds its static stall angle, the surface flow starts to reverse from the trailing edge, but 

without separation until the aerofoil nears its maximum AoA. Upon the reversed flow reaching the leading 

edge, the flow detaches and forms a strong vortex, which subsequently convects downstream (Mert 1999). 

The precise nature of this vortex depends on the AoA range and reduced frequency, Carr et al. (1977) finding 
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that these factors determine whether the vortex shed before or after the aerofoil commenced its downstroke. 

Additionally, Wernert et al. (1997) note this vortex formation lacks reproducibility at high pitch rates, with 

differences in the vortex distribution between cycles, making the process, even for a controlled sinusoidal-

pitch, unsuitable for phase averaging. Subsequently, the vortex detaches from the aerofoil, resulting in a 

significant period of fully detached flow, the aerofoil producing little lift. This is evident as the large 

hysteresis loop in the lift curve. Carr et al. (1977) observe that as the aerofoil resumes its upstroke, following 

the minimum AoA, the flow reattaches and the cycle resumes from approximately the static behaviour. 

Although not regularly cyclic, a similar behaviour may be evident in highly turbulent flows, the unsteady 

velocity producing large instantaneous pitch angles. This not only induces a fluctuating load, which both the 

structure and control system would need to manage, but also can alter the time-averaged forces produced 

and so altering overall UAV performance. 

While Carr et al. (1977) could not determine the mechanism which transfers vorticity from the boundary 

layer to the resulting vortex, they determined that a generalised curve of the dynamic stall process could be 

generated. This was done by plotting the pitch moment coefficient against its corresponding normal force 

coefficient, as demonstrated in Figure 2.11. This latter value is defined as the force normal to the aerofoil 

chord line, as opposed to referencing the freestream flow direction like lift and drag. Through this, the 

dynamic stall behaviour of an aerofoil can be predicted, regardless of pitch rate and Reynolds number, albeit 

lacking finer details such as loops at peak lift which may result from late shedding of the vortex.  

 
Figure 2.11: NACA0012 plot of Pitch Moment Coefficient against Normal Force Coefficient while undergoing dynamic stall at different pitch rates 

[Reprinted from (Carr et al. 1977)] 
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It may be noted that aerofoils created for high Reynolds number use often aim for maximum laminar flow, 

such as the Natural Laminar aerofoils (Carmichael 1981). While the same issues of flow separation exist and 

LSBs may form, being laminar flow, it must be remembered that the LSB will occupy a smaller percentage 

of the chord due to the higher Reynolds number. Furthermore, for a low Reynolds number application, the 

aircraft speed is low, and so any flow disturbance or unsteadiness normal to the flight direction can cause a 

sudden change in AoA, potentially resulting in a sharp stall. For a high Reynolds number aircraft, such as an 

airliner, the aircraft is travelling at a much higher speed, and so any instantaneous AoA change is 

considerably smaller. Hence, while the aircraft is within its flight envelope, there are considerable efficiency 

gains without the high AoA drawbacks. The difference in application, along with the physics involved in the 

differing Reynolds number ranges, suggest the need for research into these situations separately, despite both 

being mostly laminar flow. 

2.2.9 Effect of Aspect Ratio 
A finite wing does not produce the same lift-to-drag ratio as a two-dimensional wind tunnel test wing, 

primarily due to the effects of wing tip vortices. These vortices are generated by the pressure imbalance 

between the upper and lower surfaces resulting in fluid motion around the wing tip, which Pope (2009) terms 

a “pressure spillage”. This causes a non-constant spanwise vorticity, and so a non-constant spanwise pressure 

distribution. Low Aspect-Ratio wings are more sensitive to the effects of tip vortices as they cover a greater 

portion of the span and so have a stronger effect on the pressure distribution (Torres, Mueller 2001). The tip 

vortices also create a downwards flow deflection, termed downwash, which angles the force vectors 

rearwards and so increases drag. 

There have been several studies on the effects of aspect ratio at low Reynolds numbers. Torres and Mueller 

(2001) point to the desire of MAV designers to maximise wing area while meeting the DARPA volumetric 

constraints to reduce observation, a maximum length and span of 15”. By filling this envelope to its greatest 

extent, UAV volume available for power systems and payload are maximised, at the expense of a very low 

aspect ratio. Furthermore, it can also be impractical to fully span a tunnel and have a robust wing, as a long 

wing would be subject to deflection across the span of the wind tunnel. Loxton (2011) saw this in developing 

his methodology and the necessity of bracing wires for his thin wing. As with high Reynolds number flows, 

at low Reynolds numbers the wing tip vortices impact pressure distribution. Hillier and Cherry (1981) found 

that longer LSBs were significantly impacted by the tip effects, with a curved reattachment line shortening 

the LSB near the wing tips. Loxton (2011) also saw the reattachment point move forward towards the tip 

under the influence of the tip vortex. However, Mizoguchi and Itoh (2013) determined there was little change 

in overall performance above an aspect ratio of three, concluding Reynolds number effects were more 

significant below a Reynolds number of 76,000. Mueller (2000) also noted that the aspect ratio had little 

impact on the performance of a flat plate, testing at a Reynolds number of 80,000. 

Three-dimensional testing is of interest as it is directly transferrable to actual aircraft performance, in which 

tip effects are present. However, for an assessment of aerodynamics of an aerofoil rather than a full wing, it 
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is desirable to eliminate these effects, as they are dependent on the overall wing design. This not only is a 

result of aspect ratio, but also any vortex-mitigating wing tip devices the wing may use, such as winglets, or 

even basic geometry such as a sharp Hoerner wingtip, a straight cut, or a rounded tip. It is of use, however, 

to understand the effects of three-dimensional flow, in order to appreciate any deviations caused by an 

improper test set-up when conducting two-dimensional testing. 

McMichael and Francis (1997) note that one aspect of the DARPA size constraints is consideration for flights 

in urban environments. Such operations are in the wake of man-made structures, exposing the UAV to gusts 

and turbulence. A similar situation arises in natural roughness elements, such as over a forest canopy or 

through a valley. In each case, the UAV encounters the unsteady air associated with being low in the 

Atmospheric Boundary Layer.  

2.3 Turbulence and the Atmospheric Boundary Layer 
In fluid flows, the flow velocity can be considered to consist of two components: a time-averaged mean flow 

and a superimposed fluctuating motion. The latter is the representation of turbulence. Turbulence presents 

chaotic changes in flow properties, variations being non-linear and random in time and space, and noted by 

Sytsma and Ukeiley (2011) as often impossible to repeat. This motion is the result of vortices, or eddies, 

generated from the mean flow by inertial effects and wakes of roughness elements. 

2.3.1 Statistical Definitions 

Due to its irregular and random nature, it is difficult to exactly replicate turbulence, for which reason 

Panofsky and Dutton (1984) point to the greater efficiency of reducing turbulence to key statistics and 

models. Statistical measures allow gathered data to be parameterised and evaluated without the need to 

compare every time point, and help rebuild key trends. For such time-dependent data, Panofsky and Dutton 

(1984) recommend a long sampling period is desirable, particularly if larger flow effects are considered. 

2.3.1.1 Turbulence Intensity and Integral Length Scale 

Two important parameters are frequently used to characterise turbulence; the Turbulence Intensity (Iu) and 

Integral Length Scale (Lxx). Dryden and Keuthe (1931b) suggest that the turbulence intensity should be used 

to quantify turbulence, and is defined as the standard deviation of the flow fluctuations divided by the mean 

flow velocity. This is defined in Equation 2.6, where σ(u’) is the standard deviation of the velocity 

fluctuations measured over the sample time and U  is the mean freestream flow velocity. This is 

conventionally multiplied by 100 to be expressed as a percentage. 

 
𝐼𝐼𝑢𝑢 =

𝜎𝜎(𝑢𝑢′)
𝑈𝑈

 (2.6) 

It should be observed that this relation depends on the mean flow velocity as well as the fluctuation 

amplitude. The relevant mean flow velocity is that perceived by the vehicle, or the difference of the velocity 

vectors of the freestream wind and aircraft relative to the ground. Flay and Jackson (1992) observe the 

importance of this reference for turbulence modelling, noting that, while the flow variance does not change, 

the turbulence intensity and apparent frequency do. This vector sum is shown in Figure 2.12. For simplicity, 
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as all flow measurements are based on this apparently velocity, the x-direction is defined as along the 

apparent freestream flow velocity vector. This is also relevant to the definition of lift and drag, which are 

oriented relative to the perceived flow as opposed to the vehicle body.  

 
Figure 2.12: Flow velocity as seen by the vehicle 

While it may appear intuitive to use the body references axes, this does not follow the definition of the forces 

on the lifting surface; these are defined as relative to the perceived freestream flow. Furthermore, as wind 

tunnel testing does not assign a velocity portion to vehicle speed, it is most convenient to use the flow axes 

as the reference. 

The dependence on apparent velocity means that for two aircraft cruising at different velocities through the 

same disturbance field, the faster aircraft will perceive a lower turbulence intensity than the slower one as 

the apparent mean velocity will be higher. This trend is demonstrated in Figure 2.13, where each curve 

represents a constant fluctuation amplitude. For an increase in the observed velocity of the flow field, if the 

turbulence intensity is to remain constant, then there must be an associated increase in magnitude of the 

fluctuating velocity component. 

 
Figure 2.13: Relation between the Apparent Velocity and Turbulence Intensity for a given Disturbance Amplitude 

The integral length scale, Lxx, is a measure of the average size of the largest eddy in the flow (Ravi et al. 

2012b). Turbulence comprises of eddies of numerous length scales, Tijera et al. (2016) observing scales 

ranging from the Kolmogorov Microscale, at which dissipation occurs, to over a kilometre over crop fields 

in Valladolid Province, Spain. Due to this broad range of scales, it is most convenient to only specify one 

size, usually Lxx, and model the rest. The larger length scales contain the most energy, and so Roach (1987) 

notes these tend to be slower to dissipate. By defining the integral length scale, it is possible to generate a 

synthetic turbulent energy spectrum from turbulence model data. 
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For a small UAV, increasing either turbulence statistic would increase the unsteady response of the aircraft. 

A higher turbulence intensity would likely produce a greater range of unsteady AoA. Increasing the integral 

length scale may increase the energy of the flow available to disrupt the UAV, albeit a scale much larger 

than the UAV may also become quasi-steady, as seen by the vehicle. 

2.3.1.2 Isotropy and Homogeneity 

A turbulent flow is classed as homogeneous when the flow properties do not vary in space (Panofsky, Dutton 

1984). In the context of the atmosphere, Mann (1998) indicates that this is usually a reasonable assumption 

in the horizontal plane, but a poor fit vertically. A flow is isotropic when there is no dependence on axis 

orientation, and for this the flow must be homogeneous (Panofsky, Dutton 1984). Liu et al. (2004) note that 

the assumption of homogeneous, isotropic turbulence significantly reduces the number of variables in a 

turbulence model, as fewer dimensions need to be considered. Due to this simplification, it is desirable to 

work with homogenous, isotropic turbulence for both modelling and testing, as the flow is easier to 

characterise and define, and less computationally costly to reproduce. However, this may not be applicable 

to a given field, and so it is essential to determine whether this simplification is valid. 

Kolmogorov (1991a, 1991b) determined that, for fluid domains much smaller than the integral length scale, 

turbulence could be considered locally isotropic, and homogenous if the local distribution is independent of 

initial conditions. For atmospheric turbulence, where integral length scales can be large due to the depth of 

the atmosphere, the turbulent air flow can be considered homogeneous for a small enough domain, such as 

would be relevant to a small UAV. Monin (1967) concludes that the behaviour of small eddies is independent 

of the larger scales in the atmosphere, which suggests that while larger scales may be distorted, and hence 

not isotropic, smaller eddies do not experience this. Thus, limiting a model to smaller scales allows isotropic 

turbulence to be assumed, if the larger scales may be neglected. 

2.3.1.3 Taylor’s Frozen Turbulence Hypothesis 

A further simplification is the assumption that turbulence is stationary, which suggests that eddies are 

unchanging in structure and properties with time (Panofsky, Dutton 1984). From this, it can be assumed that 

the turbulent eddies are constants, carried by the mean flow past a point, adding no bulk mean flow and that 

the turbulence field is not changing. This is the basis of Taylor’s Frozen Turbulence Hypothesis (Panofsky, 

Dutton 1984), which simplifies analysis of data collected in turbulent flow by assuming that length scale is 

simply the time taken for an eddy to pass the sensor multiplied by the mean velocity. While the integral 

length scale is difficult to determine due to its dependence on time and space, under Taylor’s hypothesis, the 

dependence on space is removed. Hence, by determining the integral time scale from the time-varying data, 

the integral length scale can be estimated by Equation 2.7, where Txx is the integral time scale in the u-

velocity fluctuations. The integral time scale itself can be estimated via the auto-correlation method, in which 

the auto-correlation function of the time-varying data, R(t), is integrated with respect to time, as defined in 

Equation 2.8. Iyengar and Farell (2001) suggest that integrating to the first zero coefficient of the 

autocorrelation function removes periodicity seen at higher lags, and so minimising noise, although this 



CHAPTER 2 
 

 
 

28 
 

introduces uncertainty itself by reducing the data set. Loxton (2011) advises that this method should only be 

used with datasets sampled over a time much greater than the integral time scale. 

 𝐿𝐿𝑥𝑥𝑥𝑥 = 𝑈𝑈 × 𝑇𝑇𝑥𝑥𝑥𝑥 (2.7) 

 
𝑇𝑇𝑥𝑥𝑥𝑥 = � 𝑅𝑅(𝑆𝑆) 𝑑𝑑𝑆𝑆

𝜏𝜏(𝑅𝑅(𝜏𝜏)=0)

0
 

(2.8) 

Alternatively, the integral length scale can be estimated by matching the zero-frequency spectral density or 

fitting to a von Karman curve. However, as Iyengar and Farell (2001) note, this requires very fine resolution 

at low frequencies or fitting a parabola for the former, while the latter is primarily a quick estimate. 

Taylor’s hypothesis is only taken to be true when the mean flow velocity is much greater than the magnitude 

of the flow fluctuations (Liu et al. 2004), and so is best employed for low turbulence intensities. However, 

Willis and Deardorff (1976) suggest that a turbulence intensity as high as 50% is the upper limit of validity.  

2.3.2 Spectral Analysis 
In order to assess the turbulent energy distribution with frequency, turbulence spectra are used. Power 

Spectral Densities (PSD) are usually used to determine the signal power with each frequency, breaking the 

strength of the temporal signal into frequency components. The spectra can be used to compare turbulence 

data for trends and assess models, Panofsky and Dutton (1984), for example, showing the nature of high-

frequency eddies as being independent in structure from their low frequency counterparts. This allows 

simpler, more generic models to potentially be used when low frequencies are excluded, leaving the sort of 

domain hypothesised by Kolmogorov (1991a, 1991b) for isotropic turbulence. Schlichting et al. (2017) 

observe that while an unstable laminar flow displays discrete spectral frequencies, turbulent flow presents a 

continuous spectrum. From this, the unstable frequencies of a laminar boundary layer may be observed, 

allowing assessment of the factors impacting transition. 

2.3.3 Energy Cascade 
Richardson (2007) hypothesised that turbulence was made up of eddies of various sizes, in which the largest 

ones had the most energy and fed this down to the smaller eddies, until eventually being dissipated as heat 

via viscosity. Furthermore, as Monin (1967) notes, while the energy of smaller eddies is fed from the larger 

eddies, the behaviour of the former is independent of the latter. This is true for the range of eddies known as 

the inertial sub-range, in which eddies are small enough to not be constrained, and thus isotropy can exist, 

but sufficiently small so as to lose energy via viscous dissipation (MacCready 1962). Kolmogorov (1991b) 

hypothesised that, in this state, the decay would be a function of frequency to the power of -5/3. Kaimal et al. 

(1972) found this to be true for the energy spectra of the lowest region of the atmosphere, the Surface Layer. 

This is in agreement with the models from von Karman and Højstrup (Panofsky, Dutton 1984). The von 

Karman model is used as the basis for FAA (2014) continuous gust loading for aircraft design. Teunissen 

(1980) found neither to be exact models, but suggested Kaimal et al. (1972) had the closer distribution form, 

although the values from the von Karman model were closer to true for low frequencies. From his trials, 
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Teunissen (1980) proposed the modified Kaimal spectral distribution model presented as Equation 2.9, 

which demonstrated an improved spectral fit over the original, while retaining its suitable form. Su is the 

Power Spectral Density for frequency f, z is height above ground and u* is the friction velocity. Panofsky 

and Dutton (1984) presented a generalised form for the inertial subrange, dependent on the wavenumber, 

n = f/u, and kinetic energy dissipation, ε, with a situation-dependent constant, α, in which the -5/3 relation 

remains key, shown as Equation 2.10.  

 𝑓𝑓𝑆𝑆𝑢𝑢(𝑓𝑓)
𝑢𝑢∗2

= 105
𝑓𝑓𝑓𝑓
𝑈𝑈�

× �0.44 + 33
𝑓𝑓𝑓𝑓
𝑈𝑈�
�
−5/3

 
(2.9) 

 𝑆𝑆𝑢𝑢(𝑛𝑛) = 𝑎𝑎𝜀𝜀2/3𝑛𝑛−5/3 (2.10) 

With such models, if the strength and size of the large, low frequency eddies can be determined, the rest of 

the spectrum may be modelled by the -5/3 power relation, While these models were developed primarily for 

wind turbine and meteorological use, focusing on large scales, Loxton (2011) found in his trials that the -5/3 

law was true for small-scale turbulence over a range of terrain in the context of MAV flight. Roadman and 

Mohseni (2009a) conclude that small UAVs, by nature of their insignificant size relative to the depth of the 

ABL, fly entirely within the inertial subrange, and so the source range is of little concern. Hence, for 

modelling the turbulent flow through which UAVs must fly, the -5/3 decay curve is a reasonable assumption. 

2.3.4 Atmospheric Boundary Layer 
The Earth’s atmosphere comprises of four primary layers: the Troposphere, Stratosphere, Mesosphere and 

Thermosphere (Zell 2015). Of these, the lowest, the Troposphere, contains the Atmospheric Boundary Layer, 

a region in which Barry and Chorley (2003) describe the flow as significantly impacted by surface roughness 

effects. This layer has significant turbulence, Monin (1970) identifying the causes as surface friction, thermal 

buoyancy and the earth’s rotation. In addition, Watkins et al. (2006) note that the wakes of objects, both 

man-made and natural, add significantly to flow mixing. Gusting is also encountered, in which large, high-

energy eddies are infrequently encountered and so appear discrete rather than continuous (Roadman, 

Mohseni 2009a). While the top of the Troposphere is reasonably well defined by the Tropopause, at which 

the temperature remains constant or starts to increase with altitude, Barry and Chorley (2003) note that the 

upper extent of the ABL is more variable. This is due to its dependence on surface terrain and thermal effects, 

leading it to vary diurnally and with location. Panofsky and Dutton (1984) assess its range as reaching from 

several hundred metres at night, to around a kilometre during the day, as a result of thermal effects. The limit 

of the ABL is defined by Panofsky and Dutton (1984) as either by the depth of turbulence or height to the 

first temperature inversion, where the temperature gradient reverses. 

2.3.4.1 Structure 

The ABL, like the atmosphere, is stratified into several layers. Drobinski et al. (2004) observe a surface shear 

layer and a mixed layer as the primary features, before reaching the Free Troposphere, as shown in Figure 

2.14. Simple mechanical turbulence, relevant to most engineering, is found in the lowest surface layers, with 

Panofsky and Dutton (1984) assessing roughness and mechanical turbulence as gradually becoming 
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unimportant higher in the mixed layer. Above these higher elevations, thermal effects are the dominant 

disruption to the mean flow, reducing the probability of turbulence being homogeneous and isotropic. 

 
Figure 2.14: Structure of the ABL 

An important aspect of the ABL is its stability. This refers to its temperature gradient, with Richardson 

(2007) stating that an increase in temperature with altitude is stable, and a decrease unstable, a result of 

buoyancy effects, with warmer, less-dense air rising past cooler air and mixing. A measure of this is the 

Richardson Number, the ratio of thermal convective effects to mechanical mixing. Panofsky and Dutton 

(1984) elaborate that the Richardson number denotes whether mechanical effects are being exacerbated or 

damped by the thermal activity. Storey (2014) notes most studies regarding the influence of ABL turbulence 

on man-made items assume neutral stability of the ABL, in which there is zero net effect of the temperature 

gradient on mechanical turbulence behaviour in the region of interest. This isolates mechanical mixing 

effects, which are easier to test and model. At neutral stability, Panofsky and Dutton (1984) observe that the 

ABL stratification is most evident, with turbulence generated purely through mechanical mixing and not 

being damped by thermal effects. 

2.3.4.2 Terrain and Roughness 

Cybyk et al. (2014) note that UAVs are expected to fly in widely varying terrain, from open fields to urban 

centres and mountains. As the turbulence intensity and integral length scale of roughness-generated 

turbulence are highly dependent on the terrain the UAV must fly over (Watkins et al. 2010a), it is important 

to consider the nature of the terrain. Terrain roughness may be classified by the roughness length, which 

Panofsky and Dutton (1984) define as a measure of the eddy size at ground level for that particular terrain. 

This definition highlights a direct relation between the roughness elements and the magnitude of turbulence 

eddies generated. Hansen (1993) records this roughness height ranging from near-zero for flat ice, to over 

3 m for large cities, which is the roughest terrain generally considered. Example roughness heights from 

Hansen (1993) are presented in Table 2.1. Given the ability of small UAVs to operate in urban and 

mountainous environments where larger manned aircraft cannot, they are exposed to high turbulence 

intensities, resulting in the largest roughness heights being applicable. 
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Table 2.1: Roughness heights for selected terrains (Data from Hansen (1993)) 

Terrain Roughness Height, Z0 (m) 

Ice 10-5 

Open Water (Calm) 10-4 

Open Field (Grass plains) 10-2 

Towns and Forests 1 

Large Cities and Mountainous Terrain 3 
 

In addition, roughness controls the form of the logarithmic flow profile of the ABL, defined in Equation 

2.11, in which z is the elevation, z0 is the roughness height, h is the ABL thickness and K is a stability term. 

Cook (1997) notes that this model is common for wind codes in Europe, but is poor above 200m elevation 

and is not able to easily handle terrain changes. Panofsky and Dutton (1984) suggest a zero-plane offset is 

used in extremely rough terrain to shift the profile to where regular turbulent mixing profiles are valid. As 

small UAVs are unlikely to attain great altitudes or ranges, and hence not experience significant terrain 

changes, the log law is adequate for simple wind profile estimates.  

 𝑉𝑉 =
𝑢𝑢∗
𝜅𝜅

ln �
𝑓𝑓
𝑓𝑓0
� + 𝐾𝐾 �

𝑓𝑓
ℎ
� (2.11) 

2.3.4.3 Relevant Turbulent Statistics of the ABL 

Tables 2.2 and 2.3 present example turbulence data gathered by Loxton (2011), measured at a simulated 

flight speed of 10 m s-1 via four cobra probes mounted above a moving vehicle. This work followed on from 

an earlier study by Milbank et al. (2005) into measurements of turbulence at scales closer to UAV-size. This 

is because most meteorological data uses sensors the size of MAVs, and so cannot resolve these small scales. 

There is a very evident increase in turbulence intensity as the wind velocity, and so the flow energy, 

increases, as well as increasing intensity with increasing roughness. The integral length scales do not show 

a clear trend with these parameters.  

Table 2.2: Turbulence Intensity (%) for Select Terrains and Velocities at 4m elevation (Data from Loxton (2011)) 

Terrain 
Wind Speed (m s-1) 

0.5-1.5 2-3 3.5-5 5.5-8 

Open Field 2.4 - - - 

Countryside - 7.1 9.3 17.2 

City - 14.2 17.3 20.1 
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Table 2.3: Integral Length Scale (m) for Select Terrains and Velocities at 4m elevation (Data from Loxton (2011)) 

Terrain 
Wind Speed (m s-1) 

0.5-1.5 2-3 3.5-5 5.5-8 

Open Field 22.4 - - - 

Countryside - 17.1 18.3 21.2 

City - 21.8 19.2 20.3 
 

Work by Watkins et al (2006) on atmospheric winds, using the same equipment, describes the turbulence 

intensity under the same conditions as ranging from 15% to 35% with the probes stationary. The reason for 

this increase is a matter of the vehicle motion: in Loxton (2011), the vehicle was moving to replicate a relative 

flow velocity of 10 m s-1. As all the wind speeds tested were below 10 m s-1, the perceived intensity by the 

cobra probe array was less than for a stationary probe, as for a given fluctuation velocity, the mean perceived 

velocity was greater. This can be seen with the data from Teunissen (1980) at an elevation of 11m over open 

terrain, who found a turbulence intensity of 15% to 20%, with wind speeds from 8-10 m s-1 and integral 

length scales up to 180m were detected. FAA (2014) gust models suggest a longer integral length scale of 

2,500ft, the approximate depth of the ABL. The turbulence intensity, however, matches closely with 

Loxton’s (2011) highest windspeed, and thus vehicle contribution to the mean speed was low. Measuring at 

70 m elevation, Wang et al. (2016) measured a turbulence intensity of 24% in winds of 11 m s-1. At 31 m 

elevation, Kato et al. (1992) recorded turbulence intensities up to 33% within the city of Tokyo at 10 m s-1, 

a very rough terrain scenario. Thus, the data shows considerable agreement with regards to turbulence 

intensity over the low altitudes at which a small UAV would fly, and hence can be used to determine the test 

turbulence intensity range.  

A further potential environment for MAVs is within forest canopies. While the roughness length is similar 

to a town or small city (Hansen 1993), the behaviour or the resulting turbulence is quite different. Baldocchi 

and Meyers (1988) record the greatest levels of frictional shear within the canopy itself among the leaves, 

where Amiro (1990) notes this shear can lead to turbulence intensities greater than 100%. This is due to the 

waving action of foliage, which Raupach and Thorn (1981) describe as absorbing energy from the freestream 

flow, and then releasing it with a delay, adding to the turbulence. However, Baldocchi and Meyers (1988) 

observe that this can distort the turbulent eddies, hence the flow may no longer be homogeneous and 

isotropic. Pedersen and Langreder (2007) note that this process also leads to a reduced flow speed within the 

canopy, and so a small UAV would perceive a reduced turbulence intensity, due to its flight velocity raising 

the relative flow speed. Above the canopy, the turbulence intensity drops rapidly, Pedersen and Langreder 

(2007) recording no effect beyond five times the average tree height in elevation. The integral length scale 

below the foliage may reach 10 m, but Amiro (1990) notes this is highly dependent on tree spacing. 
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2.4 Effects of Onset Turbulence on Low Reynolds Number Aerofoils 
There have been several studies into the effect of onset turbulence on low Reynolds number wings since the 

1930s, to assess the performance of wind tunnels. As UAV technology has miniaturised, more focus has 

been placed on the flow nature around, and the performance of, the test aerofoil and explaining the causes 

of these changes. Many studies have used flat plates, which provide the simplest, most repeatable geometry 

and allow basic flow effects to be seen. Symmetrical aerofoils have also been tested for similar reasons, and, 

as with flat plates, can be easily compared to historic studies for their general nature. Cambered aerofoils 

offer a wider range of less standardised test specimens. 

The significance of onset turbulence at low Reynolds numbers primarily lies with its impact on the LSB. As 

the LSB is governed by the nature of its separation and transition, which in turn, Schlicting et al. (2017) 

stress, are both strongly dependent on the Reynolds number and onset turbulence, it is evident that the low 

Reynolds number aerofoil in turn will be highly dependent on both parameters. 

2.4.1 Flat Plates 
Flat plates are a simple and easily-comparable test case, and so are useful test specimens. As part of his study 

of the performance of low aspect-ratio flat and curved plates at Reynolds numbers below 200,000, Mueller 

(2000) assessed the impact of a small increase in turbulence on the flat plate shown in Figure 2.15. He 

concluded that at Reynolds numbers of 60,000 and 120,000, for a flat plate with an aspect ratio of 1.5, there 

was no significant difference in performance when the turbulence intensity was increased from 0.25% to 

1.5% (Mueller 2000). 

 
Figure 2.15: Flat Plate test aerofoil 

Loxton (2011) employed the same aerofoil section for his research, with an onset turbulence intensity ranging 

from 1.5% to 11.5% at a Reynolds number of 100,000, matching his measurements of atmospheric 

turbulence under simulated MAV flight conditions. He found that increasing turbulence significantly delayed 

stall and decreased the lift slope, particularly supressing non-linearities in the lift slope, due to its effect of 

accelerating transition and thus shrinking the LSB. This is demonstrated in Figure 2.16 showing the lift 

coefficient against AoA, with a distinct non-linearity after 6° AoA and a peak lift coefficient at 14° for 

Iu = 1.5%. This contrasts with the higher turbulence intensities where there is no plateauing evident at 

maximum lift and the slope is more linear. From Shyy et al. (2007), this is a result of the transition process 

entraining more fluid, allowing the flow to remain attached to the surface against a higher APG as the AoA 

increases. Ravi et al. (2012b), however, observed the formation and shedding of intermittent vortices from 

the wing leading edge, transiently producing high suction peaks and so increasing lift at AoA beyond static 

stall. Biler et al. (2019) similarly noted, for a flat plate wing in discrete gusting, that the lift coefficient was 

raised by the presence of vortices which would shed and leave separated flow, dependent on the effective 
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AoA of the wing interacting with the gust. This is comparable to the observations of Carr (1977) for dynamic 

stall situations, albeit lacking the periodic cycle.  

 
Figure 2.16: Change in Lift Coefficient with Turbulence Intensity (Data from Loxton (2011)) 

One reason for the difference between the data gathered by Mueller (2000) and Loxton (2011) is likely not 

only a result of the lower range of turbulence intensities used by Mueller (2000) but also due to wing tip 

effects. While both used a finite-span, Mueller (2000) measured his data with a force balance, on a wing 

with an aspect ratio of 1.5. Loxton (2011), however, had a semi-infinite wing with an effective aspect ratio 

of four, and derived his lift coefficient from local pressures via pressure taps. Hence, Mueller’s (2000) data 

includes the effect of wing tip vortices, known to reduce the influence of an LSB, while Loxton (2011) 

demonstrated in his work that the tip effects were negligible at the point of the pressure taps. 

Watkins et al. (2010a), using the same wing at a Reynolds number of 75,000, also saw that increasing the 

turbulence intensity flattened the lift slope. This is observed in Figure 2.17, where the lift slope reduces with 

each increase in turbulence intensity. It is also seen that the maximum lift coefficient increases as the 

turbulence intensity is increased. Ravi et al. (2012b) described the effect of turbulence at low AoA as minimal 

on time-averaged data, primarily suppressing the growth of the LSB. Interestingly, in Figure 2.17, a reduced 

lift slope can be seen at around 0° AoA, before increasing to a slope greater than the higher turbulence flow. 

A similar effect was seen by Selig et al. (1996) for symmetrical aerofoils for a range of Reynolds numbers 

of 40,000 to 100,000; this was attributed to the LSB switching between aerofoil surfaces at these low AoA 

and so reducing the lift slope. At higher turbulence intensities, this non-linearity is not evident, indicating 

the LSB is supressed at all AoA. Ravi et al. (2012a) also observed that, even at these lower AoA, high 

turbulence intensities result in highly dynamic flow effects, with the flow instantaneously separating and 

reattaching from the aerofoil, under the influence of rapid local pitch angle changes caused by the flow 

fluctuations. This is not observable in time-averaged loads, but is of importance for UAV controllability, as 

the vehicle will have to fly through such oscillations.  

Ravi (2011) further noted that longer length scales result in a stronger suction peak than shorter length scales. 

This is clear in Figure 2.17 when observing the increase in the maximum lift coefficient at 12% turbulence 

intensity between the differing length scales. Tieleman (2003), assessing the effect of turbulence on scale 

building models, noted that higher peak pressures arise with longer integral length scales, a result of vortices 
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being able to develop more before shedding, while smaller scales forced early convection of the vortex. 

However, as Roadman and Mohseni (2009a) conclude, significantly larger integral length scales are seen as 

quasi-static by the wing. Thus, the effects of increasing the integral length scale much beyond the size of the 

wing is of less interest than increasing the turbulence intensity.  

 
Figure 2.17: Lift Coefficient against AoA (Data from Watkins et al. (2010a)) 

From these flat plate results, it is clear that, through their impact on the LSB, turbulence intensity and the 

integral length scale both have an impact on flat-plate aerofoil performance at Reynolds numbers below 

200,000. An increase in the turbulence intensity results in a delay in the AoA at which stall arises, and so 

raises the time-averaged maximum lift coefficient, albeit with a reduced slope. Increasing integral length 

scale increases the lift slope, but does not delay the maximum lift AoA, and so can cause a more rapid stall. 

This is summarised in Figure 2.18, highlighting the need for both to be considered. Furthermore, dynamic 

stall-type events may be in progress, requiring the transients to be thoroughly assessed. 

 
Figure 2.18: General influence of Iu and Lxx on the time-averaged Cl for a flat plate 

2.4.2 Symmetrical Aerofoils 
While flat plates are a useful tool for theoretical assessments, they are often not practical for design use as 

there is little thickness, reducing structural stiffness. This is clear in the work of both Loxton (2011) and Ravi 

(2011), in which support wires were required to stiffen the wing, and would be increasingly a problem as the 

flow becomes less steady at high turbulence intensities. Furthermore, a thick aerofoil allows for more internal 
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volume for equipment, which, for a volume-constrained MAV in particular, would be useful for improving 

capability. Symmetrical aerofoils, like flat plates, have no camber, but add a greater thickness distribution, 

often smoother and with a larger leading edge radius. One example is the NACA0012, a useful benchmark 

for many studies; indeed, Tank et al. (2017) observed that the NACA0012 has been a standard test aerofoil 

for 80 years. 

There have been several studies at Reynolds numbers well below 50,000 for the NACA0012. While this is 

below the range of interest for small UAVs, the effects of turbulence on the LSB, and the subsequent change 

in aerofoil behaviour, are evident. At a Reynolds number as low as 5,300, Li et al. (2011) saw no stall, just 

a lift plateau, with a turbulence intensity of 0.6%, as the flow could not remain attached and so no LSB 

formed. Increasing turbulence intensity to 6% brought about a sharp stall, after almost double maximum lift 

coefficient of the lower turbulence intensity, as an LSB was able to form at low AoA, then burst as AoA 

increased. This was similar to the results of Wang et al. (2014) between a Reynolds number of 5300 and 

20,000, who concluded that raising the turbulence intensity produced similar effects to raising the Reynolds 

number. Tsuchiya et al. (2013) also reached this conclusion, finding that the maximum lift coefficient and 

the maximum lift angle for a NACA0012 are the same at a Reynolds number of 25,000 with 1.3% onset 

turbulence intensity and Re = 47,000 when Iu = 0.5%. They determined this comparison held also true for 

the wing at a Reynolds number of 11,000 with 1.5% onset turbulence intensity compared to the same wing 

when Re = 25,000 and Iu = 1%. Plateauing seen in the lift coefficient curve around 0° was also evident in 

their data at the lowest Reynolds numbers. While these examples are below a Reynolds number of 50,000, 

and so Carmichael (1981) indicates the flow naturally lacks an LSB, the major conclusions of these studies 

at lower Reynolds numbers are still important; they highlight the importance of onset flow to the nature of 

the LSB and hence aerofoil performance. 

Thick aerofoils, those above 6% thickness-to-chord ratio according to the definition of Mueller and 

DeLaurier (2003), see a considerably greater change in performance with onset turbulence at low Reynolds 

numbers compared with a thin flat plate. Laitone (1997) compared the NACA0012 against a thin wedge and 

cambered thin plate. Laitone (1997) observed that the round-nosed NACA0012 was more sensitive than flat 

plates to an increase in turbulence intensity from 0.02% to 1.06% at a Reynolds number of 20,700. This was 

most evident through the loss of a sharp non-linearity in the lift slope above 3° AoA as the turbulence 

intensity was increased, as shown in Figure 2.19b. A similar, but less prominent, observation was made at a 

Reynolds number of 42,100.  

While Re = 20,700 is below the Reynolds number range of interest to this study, Selig et al (1996) also saw 

thickness as worsening the effects of LSBs below a Reynolds number of 300,000 due to steepening of the 

pressure recovery regime and hence elevating the adverse pressure gradient, and so this effect is likely seen 

over a range of low-Reynolds numbers. Laitone (1997) assessed that the round leading edge was 

unfavourable and the trailing edge geometry irrelevant at very low Reynolds numbers; in fact, the 

NACA0012 performed better when reversed. He identified this as due to a leading edge separation vortex 
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forming, which Ravi et al. (2012b) suggested provides greater circulation than an LSB, and so transitions 

more rapidly and accelerates pressure recovery. While these findings may suggest a sharp leading edge 

would be favourable for small UAVs, this would reduce the available internal volume, and furthermore may 

be fragile, limiting operational practicality. Huang and Lee (1999) suggest that high onset turbulence 

intensities cause significant changes in the surface flow behaviour of the NACA0012 in this Reynolds 

number range, accelerating reattachment similar to raising the Reynolds number, hence potentially 

mitigating any disadvantages associated with a large leading edge radius. 

 
Figure 2.19: Comparison of (a) Lift-to-Drag ratio and (b) Lift against AoA at a Reynolds Number of 20,700 [Reprinted with permission from 

Springer Nature (Laitone 1997)] 

Using a thicker NACA0018 aerofoil at a Reynolds number of 100,000, Istvan et al. (2016) noted the 

maximum lift coefficient and stall angle increased as the turbulence intensity was raised from 0.01% to 

0.53%, with the length of the LSB decreasing simultaneously. This agrees with the findings of Watkins et 

al. (2010a) for a flat plate, despite the larger leading edge radius which Laitone (1997) found inferior. 

Hoffman (1991) also observed an increase in the maximum lift coefficient, by as much as 30%, for a 

NACA0015 via increasing the turbulence intensity from 0.25% to 9% at a Reynolds number of 250,000. 

This was identified as due to the flow remaining attached at higher AoA due to an accelerated flow transition, 

and this process also removed the hysteresis loop associated with the LSB. Hoffman (1991) also observed 

that, while shear stresses increase with turbulence, any increase in frictional drag is offset by the pressure 

drag reduction from delaying separation. This demonstrates that the effects of turbulence on the LSB are still 

strong with an increase in the Reynolds number. Furthermore, the value of 9% turbulence intensity is much 

closer to what small UAVs and MAVs would encounter in flight, from the data of Milbank et al. (2005), 

than many of the symmetrical aerofoil studies, which typically use lower turbulence intensities. 
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2.4.3 Cambered Aerofoils 
Cambered aerofoils are of interest due to their superior lift-to-drag ratio, Mueller (2000) highlighting this as 

making them more suited for UAVs than un-cambered surfaces. Pelletier and Mueller (2000) found, that for 

a flat plate at Reynolds numbers below 200,000, adding 4% circular-arc camber improved the maximum lift-

to-drag ratio by around 60%, for a two dimensional aerofoil, as seen in Figure 2.20. Pelletier and Mueller 

(2000) also observed, however, that the cambered aerofoils presented less linear behaviour in both the lift 

and pitch moment against AoA curves than a symmetrical form, due to the presence of a large LSB. Laitone 

(1997) observed that a cambered thin plate could have a lift slope exceeding the theoretical 2π per radian 

AoA change predicted by thin aerofoil theory. This suggests the change in pressure distribution due to 

camber does impact the LSB behaviour at low Reynolds numbers, which may result in definable differences 

from a symmetrical aerofoil. Shyy et al. (2007) note that cambered aerofoils perform better universally, but 

are more sensitive to AoA and suffer significant drag increases at low Reynolds numbers if the maximum 

camber point is moved aft along the chord. This drag increase is due to the worsening adverse pressure 

gradient, as the maximum suction point moves aft with the camber, risking LSB separation at lower AoA. 

 
Figure 2.20: Maximum Lift-to-Drag ratio against Reynolds Number for 4% cambered plate at various aspect ratios (Data from Pelletier and 

Mueller (2000)) 

Laitone (1997), testing a plate with 5% circular-arc camber, saw a small increase in maximum lift coefficient 

at a Reynolds number of 20,700 when raising the turbulence intensity from 0.02% to 0.1%. This is consistent 

with the findings for a flat plate, and suggests the trends in Figure 2.18 are relevant as camber is added. This 

suggests that camber may not be a significant factor in the general response of an aerofoil to onset turbulence, 

at least for sharp-edged thin plates.  

As with thick symmetrical aerofoils being a flat plate with thickness, a thick cambered aerofoil can be 

considered a curved plate with thickness. Hence, for a given thickness distribution, it may also be possible 

to link the effects of a thick symmetrical aerofoil to a thick cambered aerofoil at low Reynolds numbers. 

While with a symmetrical aerofoil only the thickness distribution needs to be specified, for a cambered 

aerofoil the camberline must also, as both impact the pressure distribution. This leads to a much greater 

variety of cambered aerofoils tested, and the lack of testing with a common thickness distribution leads to 

an inability to isolate whether the recorded data is a result of the camber itself or the particular thickness 

distribution instead. 
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Studying a Lissaman 7769 at a Reynolds number of 150,000, Mueller et al. (1983) found that, while a large 

hysteresis loop was observed for both the lift and drag coefficients when plotted against AoA for a turbulence 

intensity of 0.08%, it was no longer evident when Iu = 0.3%, as shown in Figure 2.21. This would be a 

significant behavioural change for aircraft control, in particular stall recovery, and is linked to the behaviour 

of the LSB. A hysteresis loop showing dependence on camber, therefore, would be an important 

consideration for a UAV design. As Selig et al. (1996) also observed on an FX 63-137, a small change in 

Reynolds number can dramatically change the nature of the hysteresis loop. Mueller et al. (1983) also saw 

that increasing the Reynolds number to 300,000 closed the hysteresis loop on the Lissaman 7769. This 

supports the argument that raising the Reynolds number and turbulence intensity produce similar effects on 

the LSB; increasing either the Reynolds number or turbulence intensity suppresses the LSB hysteresis at stall 

for this aerofoil. Indeed, at the higher turbulence intensity, Mueller et al. (1983) observed rapid boundary 

layer transition near the wing leading edge, bypassing the LSB. However, in each case, these trends are only 

apparent for the particular aerofoil tested, and so the differences between their tolerance, or lack of, to 

turbulence cannot be attributed to either the difference in camber or thickness or the combination of both. 

  
(a) (b) 

Figure 2.21: Lift (Top) and Drag (Bottom) against AoA at (a) 0.08% Iu and (b) 0.3% Iu for Lissaman 7769 [Reprinted with permission from 
Springer Nature (Mueller et al. 1983)] 

By means of comparison, Cao (2010) tested an S1223 aerofoil at Reynolds numbers ranging from 55,000 to 

100,000. At a turbulence intensity as high as 4.1%, a hysteresis loop was still evident on this aerofoil, as seen 

in Figure 2.22, drawn with data from Cao (2010). As Cao (2010) focused on assessing the individual effects 

of turbulence intensity and integral length scale, it can be seen that the general behaviour of this cambered 

aerofoil follows that of the flat plate studied by Ravi (2011) for the lift slope. Figure 2.22a shows a slightly 
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lower lift slope for the higher turbulence intensity of 9.5%, as expected, but unusually a lower maximum lift 

coefficient than lower turbulence intensities with the same integral length scale. This goes against the results 

of flat plate research, showing a differing mechanism and hence flat plates may not be indicative of thick 

aerofoils. However, the gentler stall is shown after the maximum lift is attained, suggesting a slower 

separation process. Conversely, Figure 2.22b, which compares the effects of integral length scale, 

demonstrates that the maximum lift coefficient is higher, but the stall more sudden. Cao (2010) deduced that 

the smaller length scales were more efficient at transferring momentum to the boundary layer, comparable 

to Ravi (2011) assessing that the larger length scales became quasi-static flow over the wing.  

 
Figure 2.22: Influence of (a) turbulence intensity and (b) integral length scale on the lift coefficient (Data from Cao (2010)) 

One aspect notable in the prior studies is the low turbulence intensities, with few reaching or exceeding 10%. 

This was also noted by Devinant et al. (2002), who tested a NACA 654-421 aerofoil up to a turbulence 

intensity of 17.1%, in the context of small wind turbine applications. Due to this, their AoA range reached 

as high as 90°. They noted that there was a significant impact due to the high onset turbulence, reducing the 

lift coefficient slope but delaying stall as per the lower turbulence intensity studies. However, what Devinant 

et al. (2002) saw at the highest intensities was a negligible effect of the Reynolds number, with the freestream 

turbulence dominating the flow to the point that they hypothesised the aerofoil boundary layer was forming 

as a turbulent boundary layer. The Reynolds range tested in this study was higher, being from 100,000 to 

700,000, which raises the question of whether this holds true at lower Reynolds numbers, where the LSB is 

prominent. This study also focused on the time-averaged performance coefficients, and so changes in 

transient behaviour were not assessed. 

From these studies, it can be seen that there are similar general trends comparing cambered aerofoils to 

symmetrical aerofoils. With fewer variables involved for a symmetrical aerofoil, these are preferred test 

specimens, either as flat plates or from the symmetrical members of the NACA four-digit series. However, 

this does not bridge the gap to practical aerofoil usage, in which cambered surfaces are preferred. Where 

cambered aerofoils are tested, it is difficult to relate their performance across a family of aerofoils, as the 

variation in performance could be due to a wider variety of factors. 
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2.5 Discussion 
It is clear that there is a need to develop further understanding of the aerodynamics of low Reynolds number 

aerofoils in a real-world environment, particularly due to the continued development of small UAVs and 

MAVs in a greater variety of roles. These aircraft cannot rely on existing manned aircraft data, not only due 

to their lower inertia and so greater gust susceptibility, but also due to the difference in flow nature over their 

wings at low Reynolds numbers. For mission effectiveness, the aircraft needs to be efficient and controllable, 

allowing maximum endurance and load at minimum size and with the greatest probability of success. In 

order to do this, the aerofoil employed in the wing design must be understood. Not only does this involve 

assessing the behaviour of the aerofoil in idealised flow, but also in real-world conditions. In most aerospace 

wind tunnel testing, it is desired to eliminate turbulence to evaluate the performance of the aerofoil in 

isolation of all other flow effects. Studies at low turbulence intensities reveal that a low Reynolds number 

aerofoil produces considerably different behaviour to the same aerofoil at higher Reynolds numbers. 

This smooth flow, however, does not match the real-world ABL in which small UAVs must fly. Hence, it is 

important to test in conditions matching those in which such an aircraft may fly, although, as noted by Sytsma 

and Ukeiley (2011), real-world turbulence is unpredictable and not repeatable, and so reliable testing cannot 

be conducted outdoors. Hence, controlled generation of turbulence within a wind tunnel is required to allow 

repeatable testing. While this brings restrictions on both the turbulence intensity and integral length scale, 

research to date has found these to be acceptable as the turbulence generated is still sufficiently large, relative 

to the model, to replicate the major effects of onset turbulence (Roadman, Mohseni 2009a, Milbank et al. 

2005).  Furthermore, the length scales which transfer the most energy to the boundary layer are those similar 

to the thickness of the boundary layer (Choudhry et al. 2015, Cao 2010). However, it first must be proven 

that the turbulence within the wind tunnel is representative of the flight environment of a small UAV, 

requiring profiling of the generation methods and comparison to environmental studies. 

Millikan and Klein (1933) noted that initial testing at low Reynolds numbers with onset turbulence was 

incidental, due to the low power of early wind tunnels, limiting speeds and producing poor flow quality, 

leading to the desire to determine why tests differed from reality. More recent testing in onset turbulence has 

been deliberate, due to the development of MAVs and small UAVs. These studies which have focused on 

and controlled the onset turbulence condition, however, have mostly focused on experimentally ideal 

surfaces, such as flat plates and symmetrical aerofoils, to enable comparison to existing studies as a reference 

and isolate the Reynolds number effects. These aerofoils are of limited practical use, where structure and 

equipment require volume and lift requirements exceed what is possible with a thin, un-cambered surface, 

such as a volume-constrained MAV.  

Where cambered studies have been conducted, they are also either thin plates with little volume or single 

aerofoils of various series tested in isolation. Furthermore, even these studies are limited, with turbulence 

intensities rarely exceeding 10% and Reynolds numbers mostly below 80,000. There has been no direct 

investigation to determine the impact of increasing the camber for a thick, low Reynolds number aerofoil 
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from a standard family, in onset turbulent flow. This raises the question of, what is the effect of camber on 

the response of an aerofoil to onset turbulence? These aerofoils create a greater suction, generating a higher 

lift coefficient for a given AoA than the equivalent symmetrical form. Is this suction field more or less 

susceptible to onset unsteadiness than a lower-lift symmetrical aerofoil? This presents implications for the 

load carried by the UAV and its endurance, and so it is important to isolate the effects of camber from those 

of thickness and the Reynolds number. These effects are most readily determined in the wind tunnel. This 

provides the ability to test a large range of test flow conditions, although the number of aerofoils is limited 

by their manufacturing complexity. 

It is not only important to determine whether the addition of camber changes the response of the aerofoil, 

but also whether these effects can be predicted. While there is limited knowledge on aerofoils in random 

turbulent flow, there is more data available for regular pitching, through dynamic stall studies on helicopter 

rotors and wind turbines. Can parallels be drawn between these effects, and so can the performance of an 

aerofoil in turbulent flow be approximated from its performance in periodic dynamic stall? While it would 

be hoped for that this knowledge could be transferred to studies of aerofoils in highly turbulent flows, it must 

be remembered that dynamic stall studies are typically conducted in regular cycles with a constant sinusoidal 

motion, lacking the randomised, three-dimensional behaviour of turbulence. Furthermore, the spread of 

frequencies simultaneously impacting the aerofoil may alter the structure of vortices formed, reducing 

regularity. Hence, the effects of turbulence on an aerofoil are unlikely to so readily collapse into cyclic 

behaviour. However, are the similarities in the main flow features sufficient to outweigh the differences? 

From this, given the existence of low-cost models for dynamic stall, can these be adapted to predict the 

performance of a UAV wing, without using a wind tunnel or computationally-costly CFD? This would allow 

a wider range of aerofoils to be rapidly assessed, and prove valuable for design and flight evaluation. 

This work aims to determine whether camber is a significant variable in the response of a UAV to a range 

of onset turbulence intensities. This involves comparing the changes in the time-averaged and transient lift, 

pitch moment and drag coefficients for a cambered and symmetrical form as the turbulence intensity is 

varied. These variables are also assessed with the aerofoil pitched sinusoidally to determine whether a link 

exists, and if dynamic stall models may be viable for turbulence loading estimation. 
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3 Wind Tunnel Replication of the 
Atmospheric Boundary Layer 

 

 

 

 

 

  

 

3.1 Introduction 
The ABL, through which a small UAV must fly, is inherently rough, and so one of the key control parameters 

of this study is the behaviour of the onset flow. Ideally, the turbulence statistics of the ABL would be 

replicated exactly for physical testing, but this is impaired by wind tunnel limitations. These limitations have 

led to a variety of methods to generate turbulence being trialled over the years, each bringing different 

advantages. 

The facilities available and the alternative methods of generating turbulence are first examined. The nature 

of turbulence generated in the wind tunnel is then assessed to determine whether the wind tunnel can 

adequately generate the turbulent properties of the ABL in the context of testing small UAV wings. 
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3.2 Turbulence Generation 
An inherent issue with wind tunnels for low-Reynolds number testing, outlined by Carmichael (1981), is that 

a certain degree of turbulence is always produced by the nature of their wall roughness, noise and fan motion. 

This background disturbance has been noted to cause issues for low Reynolds number testing. Boutilier and 

Yarusvych (2011) note that, despite improvements in wind tunnel design and quality, no two facilities 

produce the same data for a nominally same set-up. Most wind tunnels are designed for the lowest possible 

turbulence intensity, for which Barlow et al. (1999) note turbulence screens and honeycombs as the most 

common tools. Dryden and Kuethe (1931a) record that the larger the wind tunnel, the harder it is to reduce 

the background turbulence. 

Controlled elevated levels of turbulence can nevertheless be generated when needed. The means of 

generation defines the quality and statistical properties of the flow. This can either be passive, in which the 

turbulence generators are fixed and are not supplied with energy (nor do they supply energy to the flow), or 

active, in which energy is added to the flow. While both methods can be used to generate a flow profile, such 

as a scaled ABL, this work looks only at constant-profile methods. This is because the size of a small UAV 

is insignificant compared to the depth of the ABL, and hence the turbulence statistics only need to be 

replicated for one flight condition at a given time across the entire tunnel section. 

3.2.1 Passive Methods 
Liu et al. (2004) note the most common means of generating turbulence in a wind tunnel remains the passive, 

static grid, consisting of overlapping horizontal and vertical bars, also known as a biplane grid. Due to their 

simple nature, these grids are cheap and easy to make, hence their popularity. Biplane grids can be defined 

by their bar cross-sectional geometry, bar size and bar spacing. Vickery (1965) found the turbulence 

generated by these grids to be similar in nature to atmospheric turbulence above the roughness height of the 

terrain. In the context of UAV flight conditions, Milbank et al. (2005) found the turbulence generated 

downstream of a grid to satisfactorily match their measurements of atmospheric turbulence, albeit without 

the largest length scales. This is because, while Roach (1987) states that the integral length scale is governed 

by the bar depth, Roadman and Mohseni (2009a) add the further constraint that it is also limited to a 

maximum of 90% of the mesh size. This results in a trade-off between the maximum length scale desired 

and the blockage required to give a desired turbulence intensity.  

The solidity, or blockage, of the grid directly impacts turbulence intensity, as the flow is forced into bluff-

body separation, with a higher blockage resulting in a higher turbulence intensity at a given distance 

downstream from the obstruction. This creates wake flows and an uneven velocity distribution, the latter of 

which is not ideal for replicating homogeneous turbulence across the section of the wind tunnel. Vickery 

(1965) found that the profile was adequately uniform for such testing eight mesh sizes downstream, although 

Roach (1987) suggests a distance of ten meshes is necessary for effective stabilisation of the wake jets. 

However, the maximum blockage, and thus turbulence intensity, is limited not only by the mesh opening 

requirements for a large integral length scale, but also by the wind tunnel fans; increasing the blockage too 
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far can lead to stalling of the fans (Roadman, Mohseni 2009a). Roach (1987) further suggests that grids with 

greater than 50% blockage should be avoided, due to the resulting flow instability. Within these constraints, 

Van Fossen et al. (1994) summarise that a passive grid can produce suitably homogeneous and isotropic 

turbulence, with inhomogeneity usually below 50%. 

Liu and Ting (2007) highlight the importance of bar geometry in the nature of vortices formed and their 

relation to flow velocity, with circular bars suffering from Reynolds number effects. Hence, for any testing 

over a range of Reynolds numbers, circular bars would be problematic, as the nature of vortex shedding may 

change across the tests, leading to incomparable flows. In comparison, Roach (1987) observed that the fixed 

separation points for a square-edged cross section allow for consistent downstream flow behaviour as the 

test velocity is varied. 

A variant of passive grids is the orificed plate, which Liu and Ting (2007) suggest can produce better 

uniformity than the bar grids, but with the trade-off of increased cost. Furthermore, in the same way that the 

mesh opening limits the integral length scale on a biplane grid, Liu et al. (2004) note that orificed plates are 

limited in integral length scale by the hole diameter. Thus, any passive means of generating turbulence is a 

trade-off between turbulence intensity and integral length scale, due to the need for both high blockage, but 

not so high as to stall the fans, and large openings. 

3.2.2 Active Generation 
Alternatively, active grids, in which vanes are rotated at random, can provide homogeneous turbulence more 

rapidly and with greater intensity (Sytsma, Ukeiley 2011). Roadman and Mohseni (2009b) demonstrated that 

active grids can increase the integral length scale to 40% of the smallest tunnel dimension, rather than being 

constrained by the mesh size, as well as increasing the turbulence intensity due to the added energy in the 

system. Makita and Sassa (1991) reached turbulence intensities around 30%, comparable with intensities 

Kato et al. (1992) observed in Tokyo. However, these grids require careful tuning, as rotating the vanes at 

too high of a frequency results in length scale “clipping”, while too slow effectively acts as a passive grid 

(Roadman, Mohseni 2009b). While Milbank et al (2005) concluded an active grid is necessary for high 

turbulence intensities and length scales over 1 m, Ravi (2011) notes that the cost and complexity of such 

systems is prohibitive for many studies. 

An alternative active system uses a flap to generate larger length scales, as tested by Cheung et al. (2003), 

and was found to increase the maximum length scale by a factor of six. However, even with an active 

turbulence generator, the size constraint of the wind tunnel cross section itself limits the length scales which 

can be generated. Vickery (1965) also considered the introduction of mixing jet flow, but, as with other 

active methods, the cost of construction and calibration is too high. Furthermore, Tieleman et al. (1978) 

deemed the flow generated by mixing jets as unsuitable for replicating the properties of the ABL for large-

scale models. This would include small UAV testing, which is conducted at full-size. 

As a compromise, the use of semi-active generation was considered via the use of flags attached to a passive 

turbulence grid. Terekhov et al. (2003) used flags on a perforated plate to aid heat transfer, increasing the 
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freestream intensity from 8% to 15%, but with an increase in spatial velocity variation across their 200 mm 

by 200 mm section. Schukin et al. (1995) attained a turbulence intensity of 22% solely through the use of 

100 mm long flags, with an aspect ratio of 7.7. Gallegos and Sharma (2017), studying a flag with an aspect 

ratio of 1 in a channel, attained intensities eight times that of the freestream flow, while the Reynolds stresses 

increased by a factor as great as 45 in the transverse direction normal to the flag plane. An analogue in the 

natural environment to this is the waving of foliage, with Amiro (1990) recording turbulence intensities as 

high as 400% within forest canopies. However, as recorded in Kay et al. (2019), the use of flags sufficiently 

light so as not to degrade wind tunnel performance produce negligible change in the turbulence statistics 

and, as with round-bar passive grids, display Reynolds number variability. 

3.2.3 Length Scale Limitations 
Due to the limitations on generating large integral length scales, full-scale wind tunnel tests lack the high-

energy longer-length scales seen in atmospheric turbulence. Scaling an MAV specimen to a small enough 

size to replicate the full interaction of the aircraft with these larger scales would be impractical for 

manufacturing reasons, and the small magnitude of the forces generated would be lost in the background 

noise. However, Roadman and Mohseni (2009a) conclude that any length scale over an order of magnitude 

larger than the wingspan would behave as a slowly-changing mean flow. This is comparable to the work of 

Niemann and Hölscher (1990), who noted that any length scales larger than ten times the diameter of a 

circular cylinder would be quasi-steady, thus having little impact on the assessment of unsteady effects. 

Furthermore, Choudhry et al. (2015) conclude that the disturbances with length scales similar in magnitude 

to the boundary layer thickness had the most significant impact on flow transition, and hence LSB structure. 

This places the focus on the generation of small-scale eddies. Cao (2010), testing an S1223 aerofoil, also 

believed there to be greater transfer of momentum to the boundary layer via these smaller-scale eddies. For 

the purposes of two-dimensional performance testing, where UAV controllability issues due to gusts is not 

a focus, this implies that length scales much larger than the wing dimensions are not critical. For these 

reasons, testing for small-scale UAV wings does not involve reproducing the largest length scales, despite 

their high energy content. However, it is still desirable to generate the largest scale possible to maximise 

similarity to real-world flows. 

3.3 Wind Tunnel Profiling 
It was necessary to characterise the turbulent statistics throughout the wind tunnel to assess its suitability for 

replicating the ABL turbulence characteristics in the context of small UAV flight. This involved finding the 

turbulence intensities and integral length scales generated by the tunnel in its clean and turbulent conditions 

at intervals along the test section. This also allowed for an assessment of turbulence decay and isotropy. 

3.3.1 Test Facility 
The wind tunnel employed was the University of Auckland Closed Loop Wind Tunnel (CLWT). This is a 

low-speed, general-purpose wind tunnel capable of reaching test velocities of 20 m s-1, driven by two 1.8 m 

diameter fans, each powered by a 90 kW electric motor (Wind Engineering Group 2017). The test section 
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has an internal length of 20 m from the contraction to the furthest downstream test station, with a width of 

3.7 m and depth of 2.5 m. This size allows for large eddy generation, limited by the turbulence grid 

employed. 

The CLWT is equipped with two turntables, designated as the “Bike” and “Building” test stations, as shown 

in Figure 3.1. The length of the test section is to allow for the development of a model-scale ABL profile 

when testing scaled-down building models, in conjunction with floor roughness elements. For this research, 

no floor roughness was employed. A passive biplane grid can be installed 5 m upstream of the “Bike” station, 

20 m from the “Building” station. Flow straightening is achieved by the use of turning vanes and two 

turbulence screens are employed upstream of a contraction to minimise turbulence in the test section when 

turbulence generators are not in use. 

 
Figure 3.1: Layout of the CLWT 

3.3.2 Turbulence Generation 

The CLWT large turbulence grid is a biplane construction, with rectangular MDF members 9 mm thick. The 

grid is shown in Figure 3.2, with the reinforcing members visible on the back, which reduce grid deflection 

at higher test speeds. The square mesh size, M, is 800 mm with all members having a depth, d, of 200 mm 

and a resulting gap width, g, of 600 mm by 600 mm, with these dimensions defined in Figure 3.3. This 

produced a blockage of 44%. The grid can be installed 5 m upstream of either test station, but is typically 

located near the bike station, immediately downstream of the contraction, as shown in Figure 3.1. 
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Figure 3.2: CLWT Passive Biplane Turbulence Grid 

 
Figure 3.3: Primary Dimensions for a Square Biplane Turbulence Grid 

For a biplane turbulence grid with square-edged members, Roach (1987) suggests the correlations presented 

in Equations 3.1 and 3.2, for the streamwise turbulence intensity, Iu, and integral length scale, Lxx, 

respectively, at distance x downstream from the grid. C and I are scaling constants, for which Roach (1987) 

recommended values of 1.13 and 0.2, respectively, and d is the bar depth as defined in Figure 3.3. It should 

be noted that these equations are applicable once the turbulent flow has stabilised to being homogeneous and 

isotropic, requiring an initial decay length from the grid. 
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(3.1) 

 𝐿𝐿𝑥𝑥𝑥𝑥 = 𝐼𝐼√𝑥𝑥𝑑𝑑 (3.2) 

3.3.3 Test Instrumentation 

All testing employed a single Turbulent Flow Instrumentation (TFI) Cobra Probe to measure the flow 

velocity in all three axes simultaneously. From the manufacturer datasheet (TFI 2015b), the Cobra Probe is 

capable of measuring these velocities within a 45° cone, for speeds between 2 m s-1 and 100 m s-1, and output 

frequencies up to 2000 Hz. While a hot wire anemometer can provide high-resolution measurements at lower 

speeds and higher frequencies than the Cobra Probe, hot wire sensors are very fragile and do not provide 
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flow direction in the simple single channel. Hence, the robust Cobra Probe is more suited for this profile in 

highly unsteady flow, which requires frequent repositioning and three-axis measurement. Measurements are 

conducted by pressure ports on the head, shown in Figure 3.4, which presents little flow blockage, being 

2 mm long. While Watkins et al. (2006) determined this blockage is still too high to permit Cobra Probes to 

replace hot wire arrays for fine measurements, such as boundary layer flows, they also noted the much greater 

robustness of the Cobra Probe, making it suitable for harsh environments and heavy loading. In the case of 

wind tunnel profiling, the blockage of the Cobra head is negligible on the scale of the wind tunnel. 

 
Figure 3.4: Cobra Probe 

The Cobra probe was fixed into a single-axis traversing rig. While this rig provided an angular inaccuracy 

of up to 2° in pitch in the arm supporting the Cobra probe, this was removed during post-processing with the 

supplied TFI software, to orient the data to the mean flow. Elevation accuracy was ±5 mm and calibrated 

prior to each vertical traverse. 

3.3.4 Test Parameters 
The test parameters for this study are listed in Table 3.1. The range of velocities was selected on the basis of 

the minimum Cobra speed being 2 m s-1, while the wind tunnel has an upper safe velocity of 10 m s-1 with 

the turbulence grid installed. At 15 m s-1, fan stall was noted due to the high blockage of the turbulence grid. 

These speeds also provide a convenient range of test Reynolds numbers for a full-scale, 300 mm-chord wing 

of a small UAV, namely 50,000, 100,000 and 200,000.  

Table 3.1: Test parameters for CLWT profiling 

Test Parameter Values Unit 

Mean Freestream Velocity, U 2.5     5.0     10 m s-1 

Downstream Distance from Grid, x 5     8     10     15     20 m 

Vertical Range from centreline, y ±750 mm 

Horizontal Range from centreline, z ±750 mm 

The x locations, or distance downstream from the turbulence grid location, at 5 m and 20 m correspond to 

the position of the two existing turntables, with the grid immediately downstream of the contraction. 

Intermediate positions to assess decay were located every five meters, with an additional point at the 10 

meshes position of 8 m. From the reference position of the tunnel centreline, the velocities were sampled at 

a separation of 250 mm vertically and horizontally. The vertical extent of data collection was 1.5 m due to 

travel limitations of the traversing rig. The horizontal extent was also 1.5 m, due to the fact that the test 

specimen for a two-dimensional wing study would not exceed this span in this tunnel. At both turntables, for 



CHAPTER 3 
 

 
 

50 
 

the clean wind tunnel and unmodified grid, additional samples were subsequently taken in a grid 20 mm and 

40 mm vertically above and below the centreline, and 50 mm horizontally either side, to provide a higher 

resolution of the areas to be occupied by the wing pressure measurement section in testing. 

Three-axis velocity data was gathered at a frequency of 2048 Hz, with an output rate of 512 Hz, an 

oversampling factor of two on the Nyquist Rate to reduce aliasing. The majority of data was collected for 

33 s for initial profiling, while tunnel centreline data, where the primary assessment of decay and test rig 

positioning was made, was collected for 60 s. The data was exported and processed in Matlab to derive the 

turbulence intensities, integral length scales and velocity spectra for each data point.  

The turbulence intensity at each point was directly calculated from the time-history velocity data, as detailed 

in Equation 2.6. For calculating the turbulence integral length scale, the auto-correlation method was 

employed, as described in Equations 2.7 and 2.8, due to its ease of implementation in Matlab. The estimates 

from this method were, however, checked subsequently by fitting a von Karman curve derived from the 

turbulence intensity and integral length scale estimates, to improve confidence in this estimate. Power 

Spectral Densities (PSD) were generated using Welch’s (1967) method via the default Matlab function, with 

eight sampling windows at 50% overlap to reduce signal noise. 

3.3.5 Measurement Error 
The primary sources of error were from working near the lower limit of the Cobra probe range and the 

traverse rig arm offset. TFI (2015a) states the accuracy in velocity of the Cobra Probe as 0.5 m s-1, with a 

flow angle error of up to ±1°, for a velocity range of 2.0 m s-1 to 100 m s-1. However, this latter angular error 

is filtered out by the TFI software as an angular correction to align the x-axis (u velocity) output with the 

mean freestream flow direction. This results in the signal mean errors listed in Table 3.2. 

Table 3.2: Error Estimates of Turbulence Statistics 

Variable 
Error, % 

2.5 m s-1 5.0 m s-1 10 m s-1 

U 20 10 5 

σ(u’) 1.1 1.1 1.1 

Iu 20.0 10.1 5.1 

The error associated with the standard deviation, σ(u’), also in Table 3.2, is estimated via Equations 3.3 and 

3.4, using the methods of Benedict and Gould (1996). In these equations, Ʌ is an intermediate variable and 

n the number of samples. The number of samples, rather than the number of timescale passages, is used; 

with a minimum integral time scale, Txx, of 0.01 s, when U = 10 m s-1 and Iu = 1.3%, the criterion of sampling 

rate exceeding half of this is met. This results in the overall turbulence intensity error estimate presented in 

Table 3.2. Txx, however, is difficult to determine a suitable error for. This is due to the fact the autocorrelation 

is best considered an estimate. Hence, for the purposes of comparison, the same error is used in length scale 

plots as the turbulence intensity. However, validation of this variable is only via spectral fit. 
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There is, however, also error associated with the PSD. As with the integral length scale, this is less readily 

quantified, and so is mitigated through the use of eight Hamming windows with 50% overlap. In order to 

reduce the risk of aliasing, a second-order Butterworth filter was implemented, with cut-off at the Nyquist 

frequency for the data, 256 Hz in this case. As the PSD are primarily for comparative purposes, with the 

form of primary interest, the data was considered suitable for this purpose. 

3.4 Results 
The results are divided firstly into an assessment of the turbulence intensity, followed by the integral length 

scale, and finally a comparison of the velocity spectra. 

3.4.1 Turbulence Intensity 
It is firstly apparent in Figure 3.5 that there is little change in turbulence intensity in the wind tunnel with an 

increase in flow velocity, both in the clean and turbulence-generating conditions. This is beneficial for testing 

at a range of Reynolds numbers as it reduces test variability with a change in Re. For the clean wind tunnel, 

the background turbulence intensity maintains a constant value of 1.3% along the test section length. The 

flow behind the turbulence grid, however, presents a sharp decay from Iu = 15% at 5 m from the grid to 

Iu = 5% at 20 m downstream. 

Compared to the literature on the ABL, particularly in forest canopies and large cities, the maximum Iu of 

15% is low. However, higher turbulence intensities cannot be generated without the costly implementation 

of an active turbulence grid, which was prohibitive. Furthermore, it must be remembered that the turbulence 

intensity also depends on vehicle velocity, and so a moving UAV will perceive a lower turbulence intensity 

for a given flow field than a static probe, such as those typically used in urban environments. Thus, this data 

covers a significant range of the intensities measured by Watkins et al. (2006) for vehicle velocities relevant 

to a small UAV, which reached as high as 33% when within the centre of Melbourne, Australia. In addition, 

this intensity range compares favourably to previous wind tunnel studies on low Reynolds number wings 

which, when considering fundamental physics, reach only a few percent, such as Mueller (2000), or when 

looking at applications, rarely reach over 10%, such as Loxton (2011) at 11.5%. 

Additionally, Figure 3.5b makes a comparison to the model proposed by Roach (1987) as Equation 3.1. 

While the -5/7 turbulence intensity decay with distance from the grid is indeed seen to be suitable beyond 

8 m, the recommended scaling value of C as 1.13 did not fit the values generated by the grid. Instead, a C 

value of 1.3 was found to be appropriate for all velocities. Between 5 m and 8 m, the model does not hold. 

This is because Equation 3.1 is intended for fully-stabilised flow, as would be seen beyond eight meshes 
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according to Vickery (1965), or 6.4 m for this grid. As such, the measured turbulence intensity observed at 

5 m is higher than modelled by Equation 3.1, due to the flow potentially not being completely stabilised. 

 
Figure 3.5: Turbulence Decay Profiles 

A measure of isotropy of the turbulence generated can also be found by comparing the streamwise turbulence 

intensity to the transverse turbulence intensities. This comparison is made in Figures 3.6 and 3.7 for the clean 

wind tunnel and turbulence grid, respectively, on the tunnel centreline. Ideally, homogeneous flow would be 

produced by the grid, resulting in a ratio between the streamwise and transverse turbulence intensities of 1.0. 

Sreenivasan (1995) suggests values near this are readily attainable, provided there is no sustaining force to 

influence the high-intensity streamwise turbulence generated by the grid downstream, thus allowing rapid 

energy decay and loss of any significant isotropy within a short distance.  The work of Van Fossen et al. 

(1994), however, found biplane grids produce ratios as high as 1.42, while Roach (1987) observed a range 

from 1 to 1.5, with 1.25 being considered typical for a biplane grid.  

The clean wind tunnel in Figure 3.6 is seen to produce inconsistent isotropy with distance from the 

contraction and also with flow speed. At all flow speeds, the transverse turbulence intensities increase with 

downstream distance relative to the streamwise value. For the two highest flow speeds, this changes from a 

transverse-dominated anisotropy of 0.7 to streamwise-dominated anisotropy up to 1.4 for the 10 m s-1 case 

at 20 m and isotropic for the 5 m s-1 data. In the case of the 2.5 m s-1 data, the streamwise turbulence intensity 

is greater in all cases, increasing from 1.2 at 5 m up to 1.5 at 20 m. While such high anisotropy is not ideal, 

this is within the 50% anisotropy considered by Roach (1987) as typical. Furthermore, it must be remembered 

this is compared with a baseline turbulence intensity of 1.3%, resulting in a range from 0.91% to 1.95% in 

the transverse directions. 
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Figure 3.6: Ratio of streamwise to transverse turbulence intensities for the Clean Wind Tunnel 

The maximum anisotropy seen for the turbulence grid in Figure 3.7 is 1.25, which occurs in the vertical 

orientation 8 m from the grid, with an average ratio of 1.15 in all conditions. It is significant that the 5 m 

point is no less isotropic than further along the tunnel, given it is less than the recommended downstream 

distance for stabilised isotropic jet mixing (Vickery 1965). This indicates that the 5 m distance, despite its 

proximity to the grid, has acceptable isotropy. 

 
Figure 3.7: Ratio of streamwise to transverse turbulence intensities for the Biplane Turbulence Grid 

Overall, the turbulence grid provided satisfactory turbulence intensity characteristics for the proposed 

testing. With a turbulence intensity of 5% and 15% for the unmodified grid at the “Building” and “Bike” test 

stations, respectively, the existing turntables could be used for testing. Also notable is the near-constant 

performance with changing test speeds. This is due to the rectangular section of the bars in the turbulence 

grid, which do not suffer the Reynolds number effects of circular bars (Roadman, Mohseni 2009a). It is also 

seen that acceptable turbulence isotropy is attained at 5m from the grid, which is 1.4 m within the eight 

meshes downstream position recommended by Vickery (1965) for uniform turbulence.  

3.4.2 Integral Length Scale 

The Integral Length Scale in Figure 3.8 behaves in the opposite manner to the turbulence intensity, growing, 

rather than decaying, with distance downstream from the turbulence grid. Roach (1987) attributed this to the 
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rapid decay of the smaller-scale, high-frequency eddies, resulting in a larger overall average length scale. 

The large error bars are associated with the nature of the autocorrelation method of determining Lxx, an 

approximation relying on the flow being homogeneous and isotropic. 

 
Figure 3.8: Increase in Integral Length Scale with tunnel length 

The clean wind tunnel presents short integral length scales, particularly near the contraction, being below 

0.1 m at all three test speeds. However, this increases with tunnel length, the two higher flow speeds peaking 

10 m from the grid, where Lxx = 0.2 m before settling back to 0.1 m. The 2.5 m s-1 case, however, continues 

to climb, reaching Lxx = 0.33 m at 20 m downstream from the contraction. This case, however, has the 

greatest error associated with it, due to the small fluctuation magnitudes involved and the Cobra probe 

characteristics, in addition to being the least isotropic case, as was seen in Figure 3.6. 

To validate the integral length scale for the clean wind tunnel, a comparison was made via a spectral fit. 

Using an estimated integral length scale of 0.1 m from the 5 m s-1 case in Figure 3.8, which is overlapped by 

the error bars of both the 2.5 m s-1 and 10 m s-1 cases, a von Karman spectrum was generated from the 

measured turbulence intensity and overlaid with the raw velocity spectrum. This produced a satisfactory 

match, as seen in the example in Figure 3.9, and so the 0.1 m integral length scale was accepted. 
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Figure 3.9: Comparison of measured and derived velocity spectra for the clean wind tunnel, 20 m, u = 5 m s-1 

The turbulence grid data, as expected by Roach (1987), sees a gradual rise in the integral length scale with 

distance downstream from the grid, from 0.25 m at 5 m to 0.37 m at 20 m. One exception is the 2.5 m s-1 

case at 15 m, although this is within the expected error of the approximation. Compared with the trend from 

Equation 3.2, the growth in Lxx is more rapid in the near field, less than 10 m downstream, and more gradual 

further downstream than this. However, the expected curve from Roach (1987) remains within the error of 

the data, and in this case no coefficients were adjusted. 

The values produced by the autocorrelation estimate are compatible with the limitations of Roadman and 

Mohseni (2009a), being comparable to the bar depth of 0.2 m in the near-field, while remaining below 90% 

of the mesh opening size. As with the clean wind tunnel, a von Karman curve, generated with the measured 

turbulence intensity and estimated Lxx from the autocorrelation was plotted with the raw spectra to assess the 

validity of the Lxx estimate. This is seen in Figure 3.10 to provide a good agreement between the two curves, 

the more isotropic grid signal providing a good fit to the -5/3 energy decay expected from homogeneous and 

isotropic turbulence. The stronger signal from the turbulent flow also has caused the PSD to be two orders 

of magnitude higher than the clean tunnel at low frequencies. 

 
Figure 3.10: Comparison of measured and derived velocity spectra for the turbulence grid 20 m upstream of the Cobra Probe, u = 5 m s-1 

3.4.3 Final Tunnel Configurations 

From the turbulence decay in Figure 3.5 and change in the integral length scale in Figure 3.8, suitable 

replication of small UAV flight conditions can be attained 5 m and 20 m downstream from the turbulence 

grid. This allows the integral length scale to be within an order of magnitude of the wingspan of a small 
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UAV and a range of turbulence intensities from 5% to 15%. This is presented in Table 3.3, with the clean 

wind tunnel data taken as 20 m from the contraction due to the superior angular accuracy of the “Building” 

station turntable. The behaviour of the flow at these positions is assessed further for consistency across the 

flow region swept by the test wing, to confirm suitability for further work. 

Table 3.3: Test State Turbulence Conditions 

Flow State Iu Lxx Distance from Grid Grid 

Low Turbulence 1.3% 0.1 m N/A No 

Medium Turbulence 5% 0.37 m 20 m Yes 

High Turbulence 15% 0.25 m 5 m Yes 

3.4.4 Flow Consistency 

Figures 3.11 to 3.13 show the normalised velocity across the region of interest for the test wing, at all three 

velocities and turbulence intensities. In each case, the value at each point is normalised by the mean velocity 

across the test section. There is little change in velocity across the test section, at most deviating by ±10%. 

The minimum velocity recorded was 90% of the mean at 2.5 m s-1 in Figure 3.11a and rising to 110% at the 

same velocity in Figure 3.13. This is unsurprising, given the low velocities involved and the proportionally 

higher error associated with the Cobra probe near its lowest velocity limit, and is within the error expected 

in Table 3.2. Hence, the velocity deviation cannot be said to be significant. At the higher test speeds, in all 

cases the maximum deviation is less than 5%, this peak arising at 5 m s-1 under highly turbulent flow in 

Figure 3.13b. 

 
Figure 3.11: Normalised Velocity in the “Low Turbulence” Test Case 
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Figure 3.12: Normalised Velocity in the “Medium Turbulence” Test Case 

 
Figure 3.13: Normalised Velocity in the “High Turbulence” Test Case 

In comparison, the turbulence intensity varies by up to ±20%, as shown by Figures 3.14a and 3.15a, with a 

peak of 120% of the mean value, and Figure 3.16a at a minimum of 80%. As with the normalised velocity, 

this occurs primarily at 2.5 m s-1 where the data is nearest to the Cobra probe limit, although Figure 3.14b 

shows at 5 m s-1 there is also a peak 118% of the mean turbulence intensity. Again, this is primarily attributed 

to the low data magnitude compared to the sensitivity range of the Cobra probe, as this is the lowest 

turbulence intensity. At 2.5 m s-1, a 20% deviation on a 1.3% mean turbulent intensity is an absolute Iu of 

1.56%. This corresponds to a change in fluctuation magnitude of 0.039 m s-1, within the experimental error. 

In all other test cases, where the test velocities are higher, the variation in turbulence intensity is seen to be 

less than 10% of the mean.  
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Figure 3.14: Normalised Iu in the “Low Turbulence” Test Case 

 
Figure 3.15: Normalised Iu in the “Medium Turbulence” Test Case 

 
Figure 3.16: Normalised Iu in the “High Turbulence” Test Case 
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3.4.5 Isotropy 
A further assessment of isotropy can be made by assessing the velocity spectra, comparing the fluctuation 

intensities in all three velocity axes. Theoretically, homogeneous and isotropic turbulence produces the -5/3 

decay in the inertial subrange proposed by Kolmogorov (1991b). Furthermore, Kaimal et al. (1972) state that 

the spectra should follow the same -5/3 decay curve in all three axes.  

Figure 3.17 shows for the low-turbulence case that the isotropy of the clean wind tunnel is poor, particularly 

at 2.5 m s-1. The transverse v and w orientations display good similarity to each other and a decay comparable 

to the -5/3 decay curve proposed by Kolmogorov (1991b) for much of the frequency range presented, albeit 

with excessive low-frequency power. However, the streamwise spectrum shows a more constant power 

across the frequency range tested. This is more apparent as the flow velocity increases, as illustrated in Table 

3.4, comparing the PSD decay between 0.3 Hz and 250 Hz at the lowest and highest test speeds. 

Table 3.4: PSD decay in the “Low Turbulence” Test Case 

u, m s-1 Su (0.3 Hz), m2 s-2 Hz-1 Su (250 Hz), m2 s-2 Hz-1 

2.5 10-3 10-6 

10 3 × 10-4 10-4 

It must be remembered, however, that this is a low-energy signal, and little can be done to control it, being 

the baseline tunnel flow behaviour. Furthermore, the potential for the Cobra Probe to detect additional noise, 

such as the tunnel acoustic signal, is more evident in this condition. Hence, despite not conforming to the 

von Karman ideal, this is accepted as the low-turbulence reference case. 

Figures 3.18 and 3.19, the medium and high turbulence cases, respectively, show that the u-velocity spectra 

follow the theoretical von Karman curve at all speeds, albeit with a higher energy content above 100 Hz at 

10 m s-1 for the medium turbulence intensity case. This latter situation reflects the flatter energy distribution 

seen in the clean wind tunnel at this speed, a signal which is not eliminated by the grid, but added to by the 

grid signal. In all other cases, the strong turbulent signal from the grid obscures that seen in the clean tunnel, 

the ideal curve following on from the observations of Vickery (1965) regarding biplane grids producing 

suitably isotropic flow.  

Unlike the low turbulence intensity case in the clean wind tunnel, these two cases also show near-ideal 

behaviour in the v and w velocity components, the stronger signal producing a much more regular decay. 

However, there is less energy below 1 Hz in all the cases, where an energy reduction occurs, leaving the 

peak around 1 Hz.  
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Figure 3.17: u, v and w-velocity Spectra compared with the von Karman Spectra at Iu = 1.3% 
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Figure 3.18: u, v and w-velocity Spectra compared with the von Karman Spectra at Iu = 5% 



CHAPTER 3 
 

 
 

62 
 

 

Figure 3.19: u, v and w-velocity Spectra compared with the von Karman Spectra at Iu = 15 % 
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3.4.6 ABL Spectral Replication 
A further important aspect for replicating the ABL is to ensure that the non-dimensionalised spectra from 

the wind tunnel correspond to those from real atmospheric data. This is because, while the turbulence decay 

with elevated turbulence intensities may match the ideal von Karman curve, the energy distribution and 

peaks may not correspond to that of the ABL. Non-dimensionalising the spectra allows for a direct 

comparison to existing atmospheric data, regardless of integral length scale and speed. Hence, Figures 3.20 

and 3.21 non-dimensionalise the spectra for the elevated turbulence test cases, which are intended to replicate 

the ABL. The method recommended by Richards et al. (2007) is used, where f is the frequency, c is the 

reference wing chord of 0.3 m, S is the raw PSD for a given frequency and U is the mean flow speed. A 

comparison to real-world data has been generated through the data of Teunissen (1980), who recorded 

turbulence intensities of 12% with an integral length scale of 180 m in winds averaging 9.2 m s-1 at 11 m 

elevation in an open field near Toronto. A von Karman curve was generated from this reference using 

Equation 2.9, and then non-dimensionalised. 

In the 5% turbulence intensity PSD, shown in Figure 3.20, the slope of the energy decay is similar to that of 

Teunissen (1980). This is due to the reasonable fit to the -5/3 energy decay seen in the dimensioned spectra 

in Figure 3.18, but still does not match the atmospheric data. The primary differences are that the signal 

power is still below that of the atmospheric data and the frequency peak is too high. In this case, the latter is 

at a dimensionless frequency of 0.1, the atmospheric data peak being 0.04.  Also apparent here is the reduced 

slope of the spectra with increasing velocity. This effect is discussed by Flay and Jackson (1992) as being 

due to the perceived frequency, with an increase in flow speed allowing events to pass the probe more rapidly. 

The most direct comparison is seen in the high turbulence condition (Figure 3.21), when the tunnel Iu = 15% 

compared with 12% for Teunissen (1980). The data fit has improved, with the measured spectra fitting the 

data of Teunissen (1980) from the measured peak dimensionless frequency of 0.2. At higher frequencies, 

however, the reduced slope with increasing speed produces excessive energy. Below the peak frequency, the 

wind tunnel data produces a weaker signal with decreasing frequency. This shows a deficiency in low-

frequency energy compared to the real-world ABL. This is unsurprising in the wind tunnel environment, as 

the size of the wind tunnel physically constrains the length scales possible. This may, however, not present 

a limitation in the context of UAV research. Flay and Jackson (1992) suggest that a yacht, as a vehicle 

suspended in fluid, moves with the fluid and so acts to filter out low frequencies. A similar situation may 

apply to a UAV passing through turbulent air. Furthermore, Roadman and Mohseni (2009a) as well as 

Milbank et al. (2005) note that higher frequencies, those with length scales of an order of magnitude of the 

wingspan, have the greatest influence on a UAV. Hence, the loss of low frequency energy may be acceptable 

in the context of UAV research. 
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Figure 3.20: non-dimensionalised u -velocity spectra, Iu = 5%, compared with data from Teunissen (1980) 
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Figure 3.21: non-dimensionalised u -velocity spectra, Iu = 15%, compared with data from Teunissen (1980)  
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3.4.7 Instantaneous Pitch 
Due to the transverse velocities produced in turbulent flow, while the mean flow angle is maintained 

throughout the duration of testing, the instantaneous flow angle varies transiently. For a two-dimensional 

aerofoil test, an important angle change is that of the pitch angle, as this can lead to dynamic stall conditions. 

For this reason, a sample of transient history of the pitch angle and pitch rate are presented in Figure 3.22. 

Due to the varying flow speeds, these have been non-dimensionalised both in time and pitch rate. The 

timescale is the convective time, Tc, defined in Equation 3.5, in which t is the physical time in seconds, U 

the mean flow velocity and c a reference length. A value of 0.3 m was used for c, representative of the chord 

of a small UAV test wing. Similarly the pitch rate is non-dimensionalised in Equation 3.6, in which �̇�𝛼 is the 

pitch rate in degrees per second. This is important for assessing dynamic stall, which depends on the reduced 

pitch rate exceeding a value of 0.01 (Sheng et al. 2006). 

 𝑇𝑇𝐶𝐶 =
𝑆𝑆𝑈𝑈
𝑆𝑆

 (3.5) 

 𝑞𝑞 =
�̇�𝛼𝑆𝑆
2𝑈𝑈

 (3.6) 

Throughout the ten Tc window presented in Figure 3.22, it is immediately apparent that the instantaneous 

pitch angle does vary significantly with time, more so at higher turbulence intensities. This is to be expected, 

as the turbulence intensity depends on three-dimensional velocity fluctuations, and so the corresponding 

flow angle varies as a result. The magnitude of these changes are quantified in Table 3.5 as the maximum 

deviation from the mean flow, αIu, max, and the standard deviation of the instantaneous pitch angle, σ(αIu). As 

a result of the limited change in turbulence intensity with increasing flow speed, little change can be seen in 

the pitch angle range in Figure 3.22 and the statistics represent all flow speeds. 

Table 3.5: Turbulence Statistics 

Parameter Values 

Iu, % 1.3 5 15 

αIu, max, ° 2.7 12.3 31.3 

σ(αIu), ° 0.67 2.4 6.9 

These angle ranges are significant as this represents a range of instantaneous AoA for a test wing being held 

at a single mean AoA. The large AoA range at Iu = 15% is beyond the linear lift regime of most aerofoils, 

and so presents a situation where a wing will be instantaneously stalling regardless of the mean AoA. This 

meets the first criterion specified by Carr et al. (1977) for dynamic stall to occur, with the second, the pitch 

rate, seen to be met in Figure 3.22, with q reaching as high as 10 when Iu = 15%. This therefore suggests the 

onset flow could induce dynamic stall events on the wing as the turbulence intensity is increased, albeit 

without the regular, periodic cycle typically observed in traditional dynamic stall, such as by Carr et al. 

(1977). It is also of note that q, being dependent on the flow speed, reduces as the flow speed increases. This 
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is similar to how the addition of UAV flight speed would reduce the perceived turbulence intensity and so 

indicates there may be variation in the wing loads with a change in the Reynolds number of the UAV wing. 

 

Figure 3.22: Instantaneous pitch angle and reduced pitch rate at all velocities for each turbulence intensity 
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3.5 Discussion 
While the wind tunnel does not produce high enough turbulence intensities to model a large city or forest 

canopy, the maximum intensity of 15% is still significant. It is high in comparison to prior studies on low 

Reynolds number aerofoils, with only Devinan et al. (2002) exceeding this level from the literature, and it is 

within the turbulence intensity range Milbank et al. (2005) found to be relevant to small UAVs. Two elevated 

turbulence intensities can be obtained using the existing grid positions in the CLWT and the “Building” 

station turntable, namely 5% and 15% at 20 m and 5 m upstream from the turntable axis, respectively. The 

clean wind tunnel provides a low turbulence intensity benchmark. 

All grid positions produced an integral length scale between 0.2 m and 0.4 m. While this is much smaller 

than the length scales seen in the ABL, it is within an order of magnitude of the span of a small UAV, as 

suggested by Roadman and Mohseni (2009a) and Milbank et al. (2005) as being the most significant range. 

Hence, the wind tunnel and turbulence grid is suitable for use without any modifications. 

The unsteady flow produces an irregular pitching component in the flow, which varies with a high pitch rate. 

This is likely to induce dynamic stall events for a rigidly-mounted UAV wing, particularly as the turbulence 

intensity is increased. 
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4 Physical testing of Low Reynolds Number 
Aerofoils in Onset Turbulence 

 

 

 

 

 

 

  

 

4.1 Introduction 
Wind tunnel testing remains the primary research tool for aerodynamics, enabling direct measurement of the 

test case under controlled conditions. As Barlow et al. (1999) assessed, this remains the fastest and most 

reliable means of acquiring aerodynamic data, with predictions from the 1970s of Wind Tunnels being made 

obsolete by simulation yet to be realised. Until models can be validated, wind tunnels remain the core of data 

acquisition. 

This chapter outlines the test procedure used for evaluating the impact of turbulence on low Reynolds number 

aerofoils, comparing a symmetrical form to a cambered equivalent. The scope and methods of data 

acquisition are outlined, along with their associated trade-offs. The results are then presented, firstly in the 

form of surface pressures and then the net loads on the test wing, both time-averaged and transient, supported 

by flow visualisation. From this, the influence of camber on the response of a low Reynolds number aerofoil, 

as applicable to a small UAV, is assessed. 
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4.2 Test Procedure 
This physical testing was conducted in the CLWT, and forms the bulk of the data collection. This 

encompassed the testing of two wings at three Reynolds numbers and three turbulence intensities. The 

surface pressure data forms the bulk of the experimental results from this study. 

4.2.1 Scope 
Four non-dimensionalised parameters were selected as inputs to the study. The first is the Reynolds number, 

covering a range of typical small UAV flight Reynolds numbers, namely from 50,000 to 200,000, reported 

to the nearest 1000. The camber was selected to provide a symmetrical baseline for comparison to existing 

flat plate data and a higher-camber aerofoil of the same thickness distribution. The turbulence intensity was 

primarily dictated by what was permissible with the equipment, but nonetheless provides a useful range of 

turbulence intensities, from 1.3% to 15%, comparable to the ABL in which a small UAV must fly. The AoA 

tested were selected to cover most normal flight configurations and including stall. The range of -6° to 20° 

encompasses this scope. The values of these parameters are listed in Table 4.1. Data was recorded for both 

increasing and decreasing AoA, to observe any hysteresis as recorded in the data of Selig et al. (1996). Data 

was recorded for 120 s at each AoA, after a 10 s hold to allow transients, associated with rotating the aerofoil 

for AoA changes, to pass. The wind tunnel was left running at constant speed during each AoA change. 

Table 4.1: Research Input Parameters 

Parameter Values 

Reynolds Number 50,000      100,000     200,000 

Camber 0%            4% 

Turbulence Intensity 1.3%         5%            15% 

Angle of Attack -6° to +20° (2° steps) 

Two test aerofoils were selected; the NACA0012 and NACA4412. Tank et al. (2017) state that the 

NACA0012 has been the standard test aerofoil for over 80 years, and so this forms a useful reference 

baseline. The NACA4412 provides the higher-camber comparison. For the NACA four-digit series, the first 

digit represents the maximum camber as a percentage of chord, the second digit is the chordwise location of 

the maximum camber in tens of percent of the chord, and the last two digits represent the thickness as a 

percent of the chord. Therefore, a NACA4412 has 4% camber located at 40% chord, with 12% thickness. 

All members of this series share the same thickness distribution, but scaled in depth depending on the last 

two digits. Thus, the NACA0012 and NACA4412 share the same thickness distribution, allowing this 

parameter to be disregarded in the comparison. The thickness distribution of a standard NACA four-digit 

aerofoil is defined by Equation 4.1, where yx is the half-thickness (from the camberline to the surface) at 

location x, ymax is the maximum thickness as a fraction of the chord (0.12 in this case) and x is the chordwise 

location as a fraction of the overall chord length. 
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 𝑦𝑦𝑥𝑥 = 5𝑦𝑦𝑚𝑚𝑚𝑚𝑥𝑥(0.2969√𝑥𝑥 − 0.126𝑥𝑥 − 0.3516𝑥𝑥2 + 0.2843𝑥𝑥3 − 0.1015𝑥𝑥4) (4.1) 

The camberline of the NACA4412, separated from the chordline by height yc, is defined in Equation 4.2, 

where m is the maximum camber and p is its chordwise location, each as a fraction of chord, being 0.04 and 

0.4 for this aerofoil, respectively. 

 

𝑦𝑦𝑐𝑐 = �

𝑚𝑚
𝑝𝑝2

(2𝑝𝑝𝑥𝑥 − 𝑥𝑥2)                                     0 ≤ 𝑥𝑥 ≤ 𝑝𝑝

𝑚𝑚
(1− 𝑝𝑝)2

(1− 2𝑝𝑝 + 2𝑝𝑝𝑥𝑥 − 𝑥𝑥2)       𝑝𝑝 < 𝑥𝑥 < 𝑆𝑆
 

(4.2) 

Table 4.2 lists the numerical outputs of the study and their definition, conducted for each sample instance 

throughout the time-history. As with the inputs, these are non-dimensionalised and reflect the defining 

performance parameters of the UAV wing. As surface pressure taps were used for data acquisition, in this 

derivation dx is the length as a fraction of net chord between adjacent pressure taps and l is the distance from 

the tap to the quarter chord as a fraction of c. Note that, with the reference flow velocity given by a pitot-

static system, the stagnation and static pressures, Pstag and P0, respectively, are used. This is instead of 

deriving the dynamic pressure via the velocity, which also requires monitoring the air pressure and 

temperature, in order to estimate the air density. It is important to note that the drag coefficient, being derived 

from the pressure taps on the aerofoil, represents solely the pressure component. Additional to the time-

averaged values, the statistical properties of these were monitored for change in amplitude and frequency of 

the transient component. This focused on the standard deviations of these quantities and the associated PSD. 

Table 4.2: Research Output Parameters 

Parameter Derivation 

Pressure coefficient, Cp, at tap i 𝐶𝐶𝑃𝑃,𝑖𝑖 =
𝑃𝑃𝑖𝑖 − 𝑃𝑃0

𝑃𝑃𝑠𝑠𝑝𝑝𝑚𝑚𝑠𝑠 − 𝑃𝑃0
 

Normal Force Coefficient, Cn 𝐶𝐶𝑛𝑛 = −�𝐶𝐶𝑃𝑃,𝑖𝑖𝑑𝑑𝑥𝑥𝑖𝑖

𝑛𝑛

𝑖𝑖=0

 

Chordwise Force Coefficient, Cc 𝐶𝐶𝑐𝑐 = �𝐶𝐶𝑃𝑃,𝑖𝑖𝑑𝑑𝑦𝑦𝑖𝑖

𝑛𝑛

𝑖𝑖=0

 

Lift Coefficient, Cl 𝐶𝐶𝑙𝑙 = 𝐶𝐶𝑛𝑛𝑆𝑆𝑐𝑐𝑐𝑐(𝛼𝛼) − 𝐶𝐶𝑐𝑐sin (𝛼𝛼) 

Pressure Drag Coefficient, Cdp 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝐶𝐶𝑛𝑛𝑐𝑐𝑠𝑠𝑛𝑛(𝛼𝛼) + 𝐶𝐶𝑐𝑐cos(𝛼𝛼) 

Quarter-chord Pitch Moment Coefficient, Cm, c/4 𝐶𝐶𝑚𝑚,𝑐𝑐/4 = �𝐶𝐶𝑃𝑃,𝑖𝑖𝑑𝑑𝑥𝑥𝑖𝑖𝑙𝑙𝑖𝑖

𝑛𝑛

𝑖𝑖=0

 

Qualitative flow effects were also to be monitored via fog visualisation. This allowed for visual monitoring 

of flow separation, to assist in defining effects observed from the numerical data. 
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4.2.2 Test arrangement 
Figure 4.1 shows the general set-up of the wind tunnel testing involved for the numerical outputs of this 

research. An upstream pitot-static probe was used for recording the reference static and stagnation pressures. 

This was fed into the pressure modules located in the wind tunnel turntable, which also recorded pressures 

from the test wing. This data was then communicated through Labview to Matlab, in which all data was 

subsequently processed. The wind tunnel turntable was used to adjust the mean AoA, driven by an electric 

motor with encoder feedback, providing ±0.1° accuracy. The zero-angle was attained via the symmetrical 

pressure distribution of the NACA0012. Shown in Figure 4.2 is the flow visualisation set-up. This was 

conducted separately to the pressure data acquisition to avoid the risk of contaminating the pressure taps.  

  
Figure 4.1: Experimental Test Set-Up, Pressure Acquisition 

 
Figure 4.2: Experimental Test Set-Up, Flow Visualisation 

The 30-probe rake, with 10 mm nozzle-spacing, was placed near the wing leading edge and orientated with 

the nozzles parallel to the flow, the rake axis normal to the span. This allowed the flow over both surfaces to 

be observed, in the immediate vicinity of the wing and at a distance, without producing any cross-flow 

component. Narrow-beam LED lighting was mounted normal to the camera axis for maximum contrast with 
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continuous filming. Images were recorded for 10 s at each AoA via a Sony Xperia XZ2 camera phone at 

30 fps. Matlab was used to extract frames from the recorded videos and post-process them. Fog visualisation 

was only possible at 2.5 m s-1, or Re = 50,000, due to fog dispersal at higher flow rates and the relatively low 

camera frame rate. Visualisation was conducted for both wings at all AoA and Iu. 

4.2.3 Test Wings 
The test wings were primarily machined from aluminium, and were identical in design and assembly. Each 

wing consisted of three sections, each 300 mm span and 300 mm chord, two without pressure taps and one, 

the centre section, with the pressure taps located as far from the splitter plates as possible. The overall span 

of 900 mm was a compromise of maintaining a low flow blockage, high rigidity and meeting manufacturing 

constraints, but maximising span to reduce wing tip effects. Each section was formed from an upper and a 

lower shell, split along the camber line, machined to 3 mm thickness with 2 mm thick reinforcing ribs. These 

were assembled as the tapped centre section first, before mating the outer skins on half-spars and guiding the 

tubing through end-holes. For manufacturing reasons, the trailing edge is 1 mm thick, cut normal to the 

chord. Maintaining the remainder of the aerofoil profile, this reduces the chord length by 0.75 mm. 

 
Figure 4.3: NACA0012 Test Wing Assembly, showing complete wing, internal ribbing and trailing edge block 

The ends were capped with splitter plates to eliminate three-dimensional wing tip flow effects, as the 

assembled wing had an aspect ratio of three and so significant end effects would otherwise be expected. Each 

splitter was three chords in diameter and centred at the wing quarter chord. The edges had a 30° chamfer and 

were designed to the recommendations of Boutilier and Yarusevych (2011). As the wings were mounted in 

the vertical orientation, with the span traversing the height of the tunnel, the wing was attached to a mounting 

mast through the lower splitter, through which the tubes for the pressure taps also passed. This mast held the 

splitter plate 700 mm from the floor, above the floor boundary layer. This placed the pressure taps 1150 mm 

above the wind tunnel floor. The wing was mounted by the quarter chord axis to maintain this chord position 

in the centre of the tunnel as the AoA increased. This was also to allow for later pitching the aerofoil about 

this axis.  

The splitter plate attached to the mounting mast was painted matt black to aid contrast for fog visualisation. 

As the camera for visualisation was mounted above the wing, this necessitated the top splitter plate to be 
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transparent. This is seen in Figure 4.4, demonstrating the overall test set-up for pressure data acquisition. 

With an overall blockage of 3% in the worst-case scenario of 20° AoA, flow velocity corrections due to test 

rig blockage were not required. This is well below the 10% limit recommended by Barlow et al. (1999), 

beyond which corrections are necessary. 

 
Figure 4.4: NACA0012 Test Wing in CLWT at the “Building” Station, Grid at Inlet 

Figure 4.5 shows the distribution of the pressure taps on each aerofoil form, with tap numbering starting 

from the wing trailing edge on the upper surface and ending at the same chordwise location on the wing 

lower surface. There were 37 taps each on the upper and lower surface and one on the leading edge, with a 

5 mm chordwise spacing over the forward 100 mm of the aerofoil, where the LSB and pressure change were 

expected to be most evident, and 10 mm spacing over the remainder. To minimise the influence of any wake 

generated from the surface roughness of the preceding tap, the taps were staggered to ensure there is greater 

than one tap diameter offset. These taps were connected to Scanivalve VINL-063 flexible tubing to link the 

taps to the pressure modules, the tube having a diameter of 1.59 mm, ±0.051 mm. 

 
Figure 4.5: Pressure Tap Distribution, (Top) NACA0012, (Bottom) NACA4412 

In addition, the trailing edge of the pressure tapped centre section was 3D-Printed in Visijet EX200 polymer 

on a 3DSystems Projet 3500HD Plus rapid prototyping machine. The printer accuracy was 0.025 mm with a 
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375 DPI minimum resolution, and tubes were printed within this section to the same diameter as the flexible 

tubes used for connecting to the pressure modules. This allowed the pressure taps to continue to the trailing 

edge by being manufactured integral to the model, with the ports for the tubes at the thickest point of the 

printed section. Although the work of Yoshida et al. (2001) and Marino et al. (2015) found the tubing 

frequency response to be relatively insensitive to all but the most severe constrictions, with bends having 

limited influence, it is still desirable to maintain as uniform a diameter of a tube as possible; hence bends 

were given the maximum radius possible within the confines of the wing. To machine these taps would have 

been impossible due to the reducing thickness of the wing; to prevent tube collapse with too tight a bend 

radius, a minimum depth of 4 mm was required for the standard tube fit. This would have prohibited the use 

of tubes over the trailing 15% of the chord, whereas the integral tubing could reach to within 10 mm of the 

trailing edge. This assembly is shown in Figure 4.3, with the upper half of the centre section hidden to show 

the details of the trailing edge block and internal structure. The entire assembly was polish-finished after the 

trailing edge tap block was installed for a continuous and smooth surface. 

4.2.4 Data Acquisition 

4.2.4.1 Force Balance compared with Surface Pressure Taps 

The use of a force balance provides a simple output of the forces and moments experienced in each axis of 

the wing, making it an efficient measuring tool. Testing at low Reynolds numbers, however, results in low 

forces due to the low dynamic pressures involved. The small wing area employed when full-size testing 

MAVs exacerbates this issue when tested at its design flight velocity. Mizoguchi and Itoh (2013) found that 

these forces were of the order of the resolution of their force balance, resulting in elevated uncertainty. When 

systems of sufficient resolution are utilised, the signal output may still be insufficient to be processed by the 

data acquisition system, as Torres and Mueller (2001) found with strain gauge output voltages. Hence, if one 

part of the system needs to be higher resolution, the rest of the system needs to be upgraded to suit. This adds 

cost, which is prohibitive when the number of studies requiring such small-scale measurements is limited.  

Furthermore, as noted by Shields and Mohseni (2011), higher-resolution sensors often have a lower force 

limit, which may be exceeded at higher angles of attack. This further adds to the cost, due to the need to 

replace or repair sensors frequently, as may be required in highly turbulent flows, in which the loading is 

also expected to vary widely. Lyon et al. (1997) used a lever arm, allowing the force balance to be 

repositioned to allow it to operate within the design load limits. This permits the same balance to measure 

high and low forces without removing the majority of the test set-up. However, this adds complexity and 

requires each position to be calibrated to ensure accurate results. Hence, a force balance was undesirable. 

Pressure taps can be used as an alternative to force balances, to directly measure the local surface pressure. 

As this determines the pressure at a known position, flow effects, such as changes in the LSB, may be seen, 

providing an added benefit at low Reynolds numbers over a force balance, which can only capture the net 

loading. Furthermore, as the velocity is increased, and thus the dynamic pressure increases proportional to 

the velocity squared in response, the output resolution can be improved. As there is no dependence on area 
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through directly measuring pressures, the decrease in test specimen size to maintain Reynolds number 

similarity does not impact the data, unlike the force balance.  

However, as the taps only measure at their set location, there is no resolution in between. This requires 

approximation through interpolating between data points to estimate the overall force. For improved 

resolution, a more complex model is required with a greater number of taps at reduced spacing. It is also 

impossible to measure friction drag from surface pressure taps, which is more significant for a streamlined 

body, such as an aerofoil at low AoA, than pressure drag. Pressure taps can be used in conjunction with a 

single-axis force balance or a wake rake to overcome this limitation. The former, however, retains the 

limitations of the use of a force balance at low Reynolds numbers. The latter works on the principle of 

measuring the stagnation pressure in the wake of the wing, and, compared with the stagnation pressure 

upstream, is used to estimate drag via momentum deficit (Barlow et al. 1999). However, as a pitot system, 

accuracy is poor in highly vorticial flows, such as turbulence, due to the flow angle at the tube opening. 

A further concern, as noted by Ravi et al. (2012b), is the risk of pressure leakage and losses due to poor seals 

or tearing of the connection between the tap on the wing and the transducer. Furthermore, Loxton (2011) 

noted that tubing should be of minimum length with few sharp bends to improve frequency response. The 

internal geometry of the model can prevent taps being installed in the desired location due to the depth 

required to mount the connecting tubes. However, the effects of the tubing length can be mitigated by the 

correct application of a filter or design of the tube system, and novel manufacturing methods, such as 3D-

Printing pressure tubes, can allow geometric difficulties to be overcome. Hence, pressure tapping is preferred 

for assessing a low-Reynolds number aerofoil in turbulent flows, as there is more information available on 

the flow over the aerofoil, in addition to overcoming the force resolution issues seen with a force balance. 

For this reason, the output parameters listed in Table 4.2 are derived from surface pressure integration. 

4.2.4.2 Pressure Modules 

The surface pressure taps were connected to locally-manufactured pressure transducer boxes, one transducer 

per tap, with a data output rate of 400 Hz and differential pressure range of ±650 Pa. The transducers are 

Honeywell XSCL04DC differential pressure transducers with a 10V DC analogue output and ±0.25% full-

scale error. As these boxes have 64 transducers each, two boxes were used, connected to a common ambient 

reference pressure and feeding data through a ±10 V National Instruments PCI-6254 Data Acquisition Card. 

Calibration of these pressure transducers was performed at the beginning and end of each AoA sweep via a 

Druck DPI615 pressure calibration unit and five-point linear best-fit regression.  

400 Hz was sufficient to capture the primarily low-frequency wind tunnel turbulence effects, which peak 

around 1 Hz. Loxton (2011) and Ravi (2012b), able to record up to 3000Hz, also considered below 100 Hz 

as the primary focus, with higher frequencies primarily recording noise. While microphone systems can add 

higher frequency resolution, such as those used by Gerakopulos and Yarusevych (2012) and Mish and 

Devenport (2003), they are hindered by only measuring fluctuating pressures, not the mean. This would also 

have greatly increased the cost of the test wings as both pressure transducers and microphones would need 
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to be incorporated, the latter unable to use an external module. Furthermore, microphones are less sensitive 

to low frequencies, and so would not be suitable for detecting changes in the low frequency flow interaction. 

4.2.4.3 Pressure Tubing Correction 

Due to the limited internal clearance of the wing and cost of pressure transducers, the wing could not be 

fitted with integral sensing. Hence, 1500 mm of flexible tubing was required to connect from the wing 

pressure taps to the turntable-mounted pressure modules. This was the minimum length required to reach 

from the taps in the wing to the floor-mounted transducer box. For the 3D-printed trailing edge taps, flexible 

tubing was added to the 3D-Printed length, maintaining a constant 1500 mm length for each tube system.  

Jones and Howland (1962) observed that the use of tubing to transmit pressure signals introduces significant 

signal distortion. While Gerstoft and Hansen (1987) found that, for frequencies below 100 Hz, the effect is 

negligible if the tube length is less than 100 mm, such a short length is impractical for this case. The distortion 

due to the tube can be modelled by the theoretical model of Bergh and Tijdman (1965), breaking the 

distortion into a transfer function with gain and phase varying as a function of frequency. Figure 4.6a, an 

output of this model, demonstrates that if the tube diameter is increased, with all other variables (tube length 

and transducer volume) maintained constant, the resonance peak is amplified and shifts to a higher frequency, 

correspondingly slowing the phase shift and increasing non-linearity. Increasing the tube system length 

reduces the magnitude of the resonance peak but brings it to a lower frequency, and causes significant high-

frequency attenuation, as seen in Figure 4.6b. 

 
Figure 4.6: Example tubing response predicted by the Bergh-Tijdman (1965) single-tube system model 

Gumley (1984) presented a method of applying flow restrictors to adjust the signal distortion to a constant 

gain and phase shift across the frequency range of interest. Gerstoft and Hansen (1987) suggested a controlled 

leak may be a better option, eliminating the closed-end resonance by allowing pressure to escape. However, 

such methods are tedious in calibration, and so post-processing by characterising the tubing transfer function 

are more popular. 

Irwin et al. (1979) introduced an intuitive and popular spectral method. For this, a transfer function is created 

for the desired tube, using the ratio of signals at each frequency measured from the desired tube and a 
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reference short tube from a common pressure source. This characterises the phase and gain change in the 

common signal due to the long tube at each frequency within the desired range. Thus, a scaling transfer 

function is applied to any signal measured through the long tube, correcting for the nature of the tube. 

However, this must be applied in the frequency domain, increasing computational load as the signal must 

have a Fourier transform applied prior to correction, and an inverse Fourier transform subsequent to filter 

application to arrive at the output signal. 

In this research, the alternative digital correction filter detailed by Halkyard et al. (2010) was applied. This 

filter works in the time-domain, rather than the frequency-domain of the Irwin et al. (1979) filter, reducing 

computational time in processing the data. The derivation and application of this filter are discussed in 

Appendix A. A comparison of a set of temporal pressure data is shown in Figure 4.7, comparing the short 

reference and long tube signal, as well as the long tube signal with the filter applied. The difference in signal 

phase and amplitude can be seen in the raw data, while the filter amends most of this. For comparison, the 

error in the dynamic signal standard deviation was 1.9% with filtering, versus 24.8% without. The filter had 

a minor impact on the mean pressure, the sum of the filter scaling coefficients, shown in Figure 4.8, being 

1.01. More details of this method are available in Kay et al. (2020a). 

 
Figure 4.7: Temporal Response for Short Tube, Uncorrected Long Tube, and Filtered Long Tube pressure data 

 
Figure 4.8: Digital Filter Coefficients for 1500 mm tube, 400 Hz sampling 

4.2.4.4 Flow Visualisation 

Visualisation is a useful tool for understanding the flow effects which cause the changes in aerofoil 

performance. Mueller (1983) noted the benefit to design and development of being able to see the flow, to 

determine the cause of behaviour of a test wing, and also for assisting the development of models. 

Visualisation can either focus on surface-based methods, or examine the entire free flow. Barlow et al. (1999) 

outline the following basic methods of visualisation: 
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• Tufting: small strands of light material taped to a surface. Simple, cheap and easy to use for 

observing flow direction near a surface 

• China Clay: clay suspended in oil, which runs and dries as testing progresses, depositing the clay 

and so allowing surface flow distributions to be seen 

• Smoke: smoke is admitted to the flow upstream of the test specimen, either as a point or line, to 

allow streaklines to be observed 

Tufting allows for surface flows to be observed on the wing, indicating separation and flow reversal. These 

tufts are fine strands of flexible material, which Pankhurst and Holder (1952) suggest should be kept to a 

minimum size and weight to reduce their impact on the flow. However, while tufts can also show surface 

motion and are simple to use, as Barlow et al. (1999) noted, they add roughness, a particular concern for 

testing at low Reynolds numbers, where a laminar boundary layer can be expected. Hence, tufts are not a 

favoured solution. Surface oil can similarly allow for surface flow observations, but with less roughness than 

tufting. However, this oil needs to be re-applied for each run, which can lead to inconsistency in application 

as well as presenting cleaning requirements. Furthermore, with the wing mounted vertically, there is a risk 

of oil running spanwise due to gravity. 

Barlow et al. (1999) observed that smoke is a favoured technique for aerodynamic testing, as it allows for 

separation, transition and reattachment to be observed, The smoke can either be generated by burning oil on 

a wire or as an outlet releasing pre-generated smoke (Mueller 1983). However, as with any method, 

limitations do exist. Kirk and Yarusevych (2017) noted that the Reynolds number of the distributor should 

be maintained below 40, to minimise any flow interference from vortex shedding. Pankhurst and Holder 

(1952) also stressed the importance of any particles introduced being sufficiently light that gravity is 

negligible. However, the particles still need to be large enough to be visible, necessitating powerful lighting 

and a contrasting background. Smoke can also cause issues in a closed-loop wind tunnel, which Barlow et 

al. (1999) recommend be purged periodically to clear smoke residue from any components.  

Fog was used in this work as it allowed for the benefits of smoke visualisation without the oil residue. 

Furthermore, the vapour is non-toxic, a significant safety improvement in an enclosed laboratory over 

burning oil-based solutions. The fog was distributed from 30 tubes with 10 mm spacing, held by a 

streamlined body to reduce flow disturbance. This was mounted normal to the wingspan upstream of the test 

wing in order to allow any large-scale separation effects to be observed. The resolution was, however, 

inadequate for viewing the LSB. Due to safety limitations on the use of lasers, Particle-image Velocimetry 

(PIV) was not available for this work. 

4.2.4.5 Measurement Error 

The primary sources of error relevant to this work were those of the mean AoA (±0.1°) and the pressure 

transducer error (±0.25% full-scale error), which is the Cp error estimate as the worst-case deviation.  

The typical error is estimated as listed for each variable in Table 4.3. These were attained through applying 

the worst-case pressure and AoA error to the raw pressure data for each case and carrying through the 
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derivations listed in Table 4.2 for the derived variables. Note that this not only includes the error associated 

with the reading at the individual tap, but also the deviation in the pitot stagnation and static lines, as well as 

the AoA error for the derived variables. For each of the derived variables, the worst-case error was estimated 

as all pressure taps simultaneously loaded in the same bias. For example, for lift this means all taps loaded 

in unison with a negative pressure deviation on the suction surface and positive deviation on the pressure 

surface to attain the positive error, while for the pitch-moment this pressure is based on uniform deviation 

loading about the quarter-chord axis, and drag. This is demonstrated in Figure 4.9. For clarity, subsequent 

plots do not feature error bars. 
Table 4.3: Research Output Error Estimates, time-averaged values 

Parameter 
Error Estimate 

Re = 50,000 Re = 100,000 Re = 200,000 

Cp ±0.18 ±0.06 ±0.02 

Cl ±0.08 ±0.03 ±0.01 

Cm ±0.01 ±0.01 ±0.01 

Cd ±0.02 ±0.01 ±0.01 

 
Figure 4.9: Error Estimate Cp deviation distribution 

For the standard deviations of each variable, the same method was used as for the turbulence characterisation, 

as presented in Equations 3.3 and 3.4 in Chapter 3. Added to this is the 2.1% error in σ(Cp) associated with 

the tubing frequency correction, as recorded by Kay et al. (2020) for this tubing configuration and digital 

filter. This carries through the unsteady derived variables. The resulting error is observed in Table 4.4. 

Table 4.4: Research Output Error Estimates, standard deviation 

Parameter 
Error Estimate 

Re = 50,000 Re = 100,000 Re = 200,000 

Cp ±2.2% ±2.3% ±2.3% 

Cl ±2.3% ±2.3% ±2.3% 

Cm ±2.3% ±2.3% ±2.3% 

Cd ±2.4% ±2.3% ±2.3% 
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As with the turbulence spectra, it is difficult to accurately estimate the error associated with the PSD. Hence, 

the same measures have been taken for the PSD presented in this chapter. These are block averaging across 

23 Hamming windows (4000 samples per window) with 50% overlap, and a second-order Butterworth filter 

with a cut-off frequency of 200 Hz. The primary use of these spectra are for observing the changes in 

distribution form, and so this level of accuracy is deemed acceptable. 

4.3 Influence of Turbulence on the Surface Pressure Coefficients 
The surface pressure coefficients control the resultant loads on the aerofoil, and are hence examined first. 

These are broken down to the statistical behaviour (time-average and standard deviation of the pressure 

coefficients) and the transient loads. The former is useful for assessing trends, but it is the latter which reflects 

the unsteady forcing of turbulence. These pressure coefficients can show whether the onset turbulence and 

Reynolds number have similar effects on an aerofoil, and whether camber presents any difference. 

4.3.1 Influence of Turbulence Intensity at Re = 50,000 

4.3.1.1 Statistics of the Surface Pressure Coefficients 

The time-averaged negative surface pressure coefficients for a Reynolds number of 50,000, presented in 

Figure 4.10, relate to the upper surface of each aerofoil. These are presented as surface plots, with the 

chordwise position, as a percent of chord, on the y-axis, and mean AoA on the x-axis. The pressure 

coefficient itself arises as a colour-scale on the z-axis. As these are negative Cp plots, a darker red corresponds 

to a strong suction, while dark blue is a positive pressure. All plots are presented for the case where the AoA 

is increasing during testing. 

At the lowest turbulence intensity, in Figures 4.10a and 4.10b, the effect of increasing camber is evident in 

the stronger time-averaged suction on the cambered aerofoil. The NACA4412 has a stronger suction peak at 

all AoA, and typically is further aft along the chord, as highlighted with the black dotted line. This latter 

aspect is particularly evident at low AoA, such as at 2°, with the NACA0012 suction peak at 4% chord 

compared with the NACA4412 at 20% chord. The LSB is also seen to be further aft for the NACA4412, and 

longer, the plateau length evident as the contour progressing from the trailing edge of the aerofoil at -4° 

along the white dashed line to 60% chord at 14° in Figure 4.10b. Pelletier and Mueller (2000) also observed 

that the addition of camber to a flat plate increased the size of the LSB, and so this difference is expected. 

This stronger suction is expected of the cambered aerofoil, providing greater lift at low AoA and hence the 

interest in these aerofoils. 
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Figure 4.10: Surface plots of time-averaged Cp against increasing AoA, Re = 50,000, (left) NACA0012, (right) NACA4412 

Increasing the turbulence intensity presents a significant change in the pressure distribution on both aerofoils 

at this Reynolds number. Regardless of camber, the time-averaged suction peak strengthens with an increase 

in turbulence intensity, resulting in a greater range of AoA seeing Cp < -2.5. However, the chordwise extent 

of this suction reduces, with the leading 20% of the aerofoil experiencing Cp < -2.5 for the NACA4412 in 

Figure 4.10b, but only 10% in Figure 4.10f. The change in the chordwise extent of the suction peak between 

Figures 4.10a and 4.10e is not as prominent, as the NACA0012 suction peak was confined to the leading 

edge at the lower turbulence intensity. However, the change in the LSB plateau is more notable on the 

NACA0012, with there being no strong evidence in Figure 4.10c of the LSB, while this feature can still be 

observed on the NACA4412 in Figure 4.10d. Hence, while increasing the onset turbulence intensity 

significantly alters Cp on both aerofoils, the effect of camber is still discernible, primarily due to the further 

aft peak and correspondingly further aft LSB on the NACA4412. 
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The change in turbulence intensity is also seen to have a marked effect on stall. At the lowest turbulence 

intensity, Iu = 1.3%, both aerofoils exhibit a rapid and complete separation, accompanied by the collapse of 

the leading edge suction peak, seen at 12° on the NACA0012 and 18° for the NACA4412 in Figures 4.10a 

and 4.10b, respectively. McCullough and Gault (1951) identify this leading-edge type stall as typical of this 

Reynolds number regime. As the turbulence intensity is increased to 5%, however, this separation growth 

becomes more gradual in the time-average, particularly evident on the NACA0012 in Figure 4.10c, spreading 

gradually from 40% chord at 12° to the full chord length by 20°. This behaviour is comparable to thin aerofoil 

stall described by McCullough and Gault (1951), and is similar to the stall observed by Loxton (2011) on a 

flat plate in turbulent flow. When Iu = 15%, this growth of the separated region has further slowed to reaching 

60% chord by 20° on the NACA0012 in Figure 4.10e. Hence, onset turbulence can be seen to significantly 

alter the time-averaged behaviour of stall for each aerofoil. What the time-averaged data lacks, however, is 

transient detail. Ravi et al. (2012b) recorded that the time-averaged stall of a flat plate became more gradual 

as a result of the growth of leading edge vortices, generated by the pitching component of the turbulent flow. 

This cannot be observed in time-averaged data. 

The standard deviation of the pressure coefficients, σ(Cp), however, does provide a measure of the magnitude 

of unsteadiness on the aerofoil surface. Figure 4.11 presents σ(Cp) in the same manner as the time-averaged 

pressure coefficients, as a contour against the chord length and AoA. As expected from Ravi et al. (2012b) 

observing leading edge vortices in turbulent flows, there is a strong growth in σ(Cp) at the wing leading edge 

as the turbulence intensity is increased. This is most evident in Figures 4.11e and 4.11f, where σ(Cp) can be 

seen to exceed 0.9 when Iu = 15%, compared with Figures 4.11a and 4.11b for Iu = 1.3%. This unsteadiness 

decays along the chord length, which is expected not only due to the growth of vortices at the wing leading 

edge, but also because, as noted by Crouch (1992), the receptivity process occurs near the aerofoil leading 

edge. However, this decay slows with increasing AoA, producing a gradual chordwise growth in 

unsteadiness from low AoA. This aligns with the delayed growth in separation in the time-averaged Cp curves 

as the turbulence intensity is increased. Hence, the apparently more gradual changes in the pressure 

coefficient observed in the time average are in reality an increasingly unsteady process, but with reduced 

definition in the effect of AoA. This latter point can be observed as due to the less consistent AoA observed 

by the aerofoil due to the rapidly pitching component of the flow as the turbulent eddies pass the aerofoil. 

With increasing turbulence intensity, the range of instantaneous AoA deviations from the mean, observed 

by the aerofoil, is increased. As this unsteady range increases, the relative effect of a change in mean AoA 

becomes less apparent. 
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Figure 4.11: Surface plots of σ(Cp) against increasing AoA, Re = 50,000, (left) NACA0012, (right) NACA4412 

The LSB is also apparent in Figure 4.11, with the reattachment region evident as a line of increased 

unsteadiness. As with the plateau associated with the LSB in the time-averaged surface pressures, this feature 

is most apparent on the NACA4412 in Figure 4.11b when Iu = 1.3%. As was also observed in the time-

averaged pressure coefficients, the NACA4412 more clearly retains its LSB than the NACA0012 when 

Iu = 5%. Additionally, the cambered NACA4412 shows greater leading-edge unsteadiness than the 

NACA0012. This may be due to its greater curvature exposing more of the suction surface to the onset 

unsteady flow at low AoA. Furthermore, with a stronger time-averaged suction than the NACA0012, there 

appears to correspondingly be a greater range of motion. Hence, camber is seen to influence not only the 

time-averaged influence of turbulence, but also the unsteady response. 

4.3.1.2 Unsteady Response of the Surface Pressure Coefficients 

While σ(Cp) can provide a measure of the magnitude of the aerofoil unsteadiness, it provides little detail on 

how the unsteady flow is behaving. The following time-series data present the transient surface pressures, 
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compared with the associated flow above the aerofoil suction surface. The former is presented as surface 

plots of the instantaneous pressure coefficient against the chord length and time, while the latter is provided 

by frames from flow visualisation. In each case, convective time is used instead of physical time. The mean 

AoA presented are reflective of those around stall, which showed marked changes in the time-averaged 

pressure coefficients. 14° was selected for flow visualisation, due to being in the middle of this AoA range. 

When Iu = 1.3%, as seen in Figure 4.12, the influence of camber is seen in the pressure distribution over the 

surface of each aerofoil. Both aerofoils present a steady peak at 10° AoA, representing the pre-stall condition 

seen in the time-averaged pressure coefficient. As in the time-averaged Cp, the suction plateau of the LSB 

on the NACA4412 is seen to extend further aft than its symmetrical counterpart. The sudden loss of suction 

at stall is also evident, with the NACA0012 fully-separated by 14°; no suction peak is visible and the entire 

aerofoil experiences Cp ~ -0.75.  

 
Figure 4.12: Surface plots of -Cp against time, 80 Tc sample, Re = 50,000, Iu = 1.3% (left) NACA0012, (right) NACA4412 

For the NACA4412, this occurs later, being separated at 18°. This is confirmed in Figure 4.13 showing the 

flow over the upper surface of the aerofoil. For the NACA0012, the flow is seen to separate at the aerofoil 

leading edge, remaining clear of the entire aerofoil chord. In contrast, the NACA4412 remains fully attached 
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at all instances. Hence, the influence of camber at low turbulence intensities is seen to shift the suction peak 

aft along the chord and delay complete separation of the flow from the suction surface. 

 
Figure 4.13: Fog visualisation at Re = 50,000, Iu = 1.3%, α = 14° (a) NACA0012, (b) NACA4412 

With an increase in turbulence intensity to 5%, in Figures 4.14 and 4.15, the increased leading edge 

unsteadiness observed in σ(Cp) is seen to be due to irregular pressure fluctuations. This is most evident in 

the transient changes in the NACA0012 pressure distribution. At 10°, both aerofoils still present attached 

flow in Figure 4.14, as seen when Iu = 1.3%. However, the leading edge pressure field is altered by the higher 

onset unsteadiness. For the NACA0012, bursts of Cp < -3.5 are readily evident up to 20% chord followed by 

dips of reduced suction, Cp ~ -2, notably when Tc = 40. This compares to a steady peak suction of Cp = -2.5 
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when Iu = 1.3%. The cambered NACA4412 also exhibits these peaks, but confined to the leading 10% of the 

chord and with a lower instantaneous pressure range. 

 
Figure 4.14: Surface plots of -Cp against time, 80 Tc sample, Re = 50,000, Iu = 5% (left) NACA0012, (right) NACA4412 

At higher AoA, the difference between the cambered and symmetrical forms becomes more apparent as the 

aerofoils begin to exhibit intermittent stall behaviour. As when Iu = 1.3%, at 14° the flow over the 

NACA4412 is still fully-attached, albeit with greater variability in the leading edge suction peak. Hence, the 

LSB plateau is still observed. In contrast, the NACA0012 is past its static stall AoA, but, unlike the lower 

turbulence intensity, still presents bursts of considerable suction. This suction is irregular, not displaying 

periodicity or consistent form. At Tc = 49 in Figure 4.14c, the flow is fully separated, with no suction peak, 

as seen when Iu = 1.3%. This is, however, shortly followed by a strong leading edge suction, as seen at 10° 

and intermittently present as the AoA increases. While some of these suction changes could result from a 

change in the flow velocity, Thompson et al. (2011) noted this was a minor contributor to aerofoil loading 

compared to the pitching flow component, by a factor of up to 100. Jones and Biler (2020) confirmed that, 

for vortex gusts, such as in turbulent flows, the effective AoA change provided the primary aerofoil loading.  

Highly prominent are the travelling events, such as seen at Tc = 60. These correspond to the leading edge 

vortices observed by Ravi et al. (2012b). These are seen to convect along the aerofoil chord at approximately 
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30% of the mean flow speed, in agreement with the vortices observed by Carr et al. (1977) for periodic 

dynamic stall. This can be observed from the fact it takes three convective times to pass from the leading 

edge to the trailing edge of the aerofoil. This vortex convection is apparent in Figure 4.15a, the circle from 

Tc = 0.56 tracking a vortex over the NACA0012.  

 
Figure 4.15: Fog visualisation at Re = 50,000, Iu = 5%, α = 14° (a) NACA0012, (b) NACA4412 

As the AoA is increased to 18°, the NACA4412 is also past its static stall AoA. The suction peak in Figure 

4.14 is intensified, but broken by periods of separation, as on the NACA0012 Yet, it does not as readily enter 

the cycle of vortex passage followed by full separation. This also is a reflection of dynamic stall knowledge, 

Carr et al. (1977) observing that the addition of camber diffuses vortex growth. Fincham and Friswell (2015) 

attribute this to sharper leading edge suction peaks, such as on the NACA0012, promoting separation and 
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hence the vortex growth process. Therefore, this intermittent stalling could be seen to be a form of irregular 

dynamic stall, lacking periodicity, but encountering greater loads than the static aerofoil as a vortex forms 

past the static stall AoA. At this AoA, the NACA0012 is fully-separated, but remains unsteady. 

At the highest turbulence intensity, 15%, shown in Figure 4.16, this intermittent stalling behaviour is present 

on both aerofoils. The higher-suction peaks arise more frequently on each aerofoil, but also for a shorter 

duration at each AoA. This is also in agreement with dynamic stall. Bhat and Govardhan (2013) show that a 

larger oscillating amplitude results in deeper stall penetration, and thus ensuring dynamic stall arises. In this 

case, as the turbulence intensity is increased, so is the pitching angle range perceived by the aerofoil. Hence, 

the static stall angle can also be exceeded over a greater range of mean AoA.  

 
Figure 4.16: Surface plots of -Cp against time, 80 Tc sample, Re = 50,000, Iu = 15% (left) NACA0012, (right) NACA4412 

As when Iu = 5%, travelling vortices are more apparent on the NACA0012, with Figure 4.17 showing a 

vortex passing the NACA0012 at 14°. The cambered NACA4412 experiences no vortices in the interval 

recorded at this AoA, but does encounter intermittent separation. Thus, the changes in the time-averaged 

pressure coefficient, while representing the changes to mean loads on the wing, do not show the highly 

unsteady loading, which increases with increasing turbulence intensity. This loading is critical to the 

survivability of the UAV, as it is seen to represent an irregular form of dynamic stall, producing intermittent 
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loads considerably exceeding the static loading. As with regular dynamic stall, the cambered aerofoil is noted 

to be less susceptible to this phenomenon than its symmetrical counterpart. 

 
Figure 4.17: Fog visualisation at Re = 50,000, Iu = 15%, α = 14° (a) NACA0012, (b) NACA4412 
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4.3.1.3 Frequency Response of the Surface Pressure Coefficients 

The Power Spectral Densities, PSD, allow for examination of the power content of the signal at each 

frequency, and how this develops along the aerofoil. As the data was sampled at 400 Hz, the following PSD 

present data up to 200 Hz, corresponding to the Nyquist Frequency. Watkins et al. (2006) noted there was 

little energy of interest above 250 Hz, and so this covers an acceptable range of frequencies. These are also 

presented as surface contours, to allow examination of the frequency content along the chord. In this case, 

the aerofoil chord is on the x-axis, frequency on the y-axis and PSD as a colour scale, all axis scales being 

common across the figures. For brevity, PSD are only presented in increments of 6°, from -6° to +18°, with 

the AoA increasing. 

At the lowest turbulence intensity, 1.3%, shown in Figure 4.18, the greatest signal strength at all AoA is 

observed below 1 Hz. This is not a narrowly-defined peak, but a broad signal which decays along the chord 

length. This is due to the nature of the onset flow in the CLWT seen in Figure 3.17 to be low-frequency 

dominated. The decay with chord length was also observed in σ(Cp), representing the receptivity region at 

the aerofoil leading edge having the greatest intake of energy from the unsteady onset flow, damping down 

with distance along the aerofoil. Hence, prior to stall, the low frequency energy content is governed by the 

onset flow nature rather than the aerofoil form. 

A feature prior to stall which does not relate to the onset flow energy, however, is the LSB. As with the time-

averaged Cp and σ(Cp), the progress of the LSB reattachment region can be tracked in the PSD. This is 

evident in Figures 4.18d, 4.18f and 4.18h for the NACA4412, and 4.18e for the NACA0012. The LSB is 

presented as a band of elevated signal power at frequencies up to 50 Hz at 0°, increasing to 61 Hz at 12° on 

the NACA4412 and highlighted by the white dashed box. This further highlights the greater persistence of 

the LSB for the cambered aerofoil, and its slower progression along the aerofoil than its symmetrical 

counterpart. It is interesting to observe that the low-frequency energy observed at the leading edge persists 

under the length of the LSB, with little energy conveyed downstream of its reattachment. This is likely due 

to shear layer flapping, as observed by Hain et al. (2009), the detached region of the flow moving under the 

LSB, in response to upstream disturbances. 

As each aerofoil stalls, the signal power becomes more uniform with chord length, although remaining low-

frequency dominated. As the flow is entirely separated with no suction peak, there is little to distinguish any 

point along the chord from another. However, a band of elevated power is seen from 30% chord on each 

aerofoil around 5.3 Hz after stall (Figures 4.18i and 4.18j). This produces a Strouhal number of 0.21, defined 

in Equation 2.5 and using the projected aerofoil depth, as suggested by Chen and Fang (1996). This 

represents the natural vortex shedding of each aerofoil, corresponding to the bluff-body vortex shedding of 

a cylinder as observed by Niemann and Hölscher (1990). The primary influence of the aerofoil form post-

stall is thus the angle at which the aerofoil stalls, and so how deeply stalled the aerofoil is. 
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Figure 4.18: Surface plots of upper surface pressure coefficient PSD against chord length, Re = 50,000, Iu = 1.3%, AoA increasing, (left) 

NACA0012, (right) NACA4412 
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At a higher turbulence intensity of 5%, shown in Figure 4.19, it is evident that the onset flow signal continues 

to dominate the unsteady response of the aerofoil. This is most apparent at low AoA, where the leading edge 

signal peak has increased an order of magnitude from 10-3 Hz-1 for Iu = 1.3% to 10-2 Hz-1 when Iu = 5%. On 

both aerofoils, this peak remains below 1 Hz, decaying gradually as the frequency increases, as was seen in 

the wind tunnel velocity spectra. As at the lower turbulence intensity, this energy decays with chord length, 

the highest energy being seen at the aerofoil leading edge. Hence, the primary unsteady signal can be seen 

to be due to the onset flow, rather than the aerofoil form. 

However, the camber of the aerofoil does have some influence on the unsteady response. While the unsteady 

peak is focused at the aerofoil leading edge, it extends further aft on the NACA4412. The cambered aerofoil 

experiences fluctuating signals exceeding 10-2 Hz-1 reaching to 40% chord, compared with only 20% chord 

on the NACA0012 at -6° in Figures 4.19b and 4.19a. This aligns with the further aft suction peak on the 

NACA4412, indicating the greatest unsteadiness aft of the receptivity region lies with the suction peak.  

A further difference between the two aerofoils is evident in the LSB. Figure 4.11d showed the reattachment 

region of the LSB on the NACA4412 at this turbulence intensity as a region of elevated σ(Cp); this is also 

visible in Figures 4.19d and 4.19f as a band of elevated energy up to 100 Hz, highlighted by the white dashed 

box. This is, however, less-readily distinguished against the background signal than the equivalent when 

Iu = 1.3% in Figure 4.18; where the low turbulence intensity shows a clearly-elevated signal at all frequencies 

up to 100 Hz, for the elevated turbulence intensity the elevated energy is only apparent below 3 Hz, the onset 

flow peak, and around 100 Hz. This latter high-frequency component becomes less distinct as the AoA 

increases, and so the LSB shortens. In contrast, the NACA0012 only shows faintly this higher-frequency 

component, highlighted in Figure 4.19e. Hence, camber has an influence both on the spread of low-frequency 

energy through the location of the suction peak, as well as on the persistence of the LSB, reducing the 

influence of the onset flow on this latter feature. 

The influence of camber on stall primarily appears as the stall AoA, which is 12° for the NACA0012 and 

18° for the NACA4412, in Figures 4.19g and 4.19j respectively. As with the lower turbulence intensity, stall 

presents a more uniform chordwise energy distribution, with a low frequency signal peak and decay at higher 

frequencies. However, with the elevated onset flow, both aerofoils present a more clearly defined peak 

frequency at 0.7 Hz, highlighted with a black-dotted line. This is the same for both aerofoils, despite their 

differing AoA. This does not represent a constant Strouhal number, with St = 0.02 for the NACA0012 at 12° 

and St = 0.03 for the NACA4412 at 18°. Instead, this aligns with the peak frequency in the wind tunnel flow, 

indicating that this is the forcing parameter. Hence, the main energy contribution at post-stall AoA can be 

taken to be the onset flow, as opposed to the aerofoil geometry. A point of interest, however, is the energy 

band at frequencies up to 100 Hz present on both aerofoils between 10% and 20% chord. This is the region 

observed in the time-series data as presenting the strong, intermittent leading edge suction events. This broad 

range of frequencies highlights that, unlike regular dynamic stall, these events are irregular, reflecting the 

irregular onset flow. 
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Figure 4.19: Surface plots of upper surface pressure coefficient PSD against chord length, Re = 50,000, Iu = 5%, AoA increasing, (left) 

NACA0012, (right) NACA4412 
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With the turbulence intensity raised to 15%, as seen in Figure 4.20, the onset flow again shows its dominance 

in the unsteady response. The leading edge signal at low AoA on both aerofoils is increased by up to an order 

of magnitude, reflecting the stronger fluctuations in the onset flow. As with the lower turbulence intensities, 

however, this decays with increasing distance along the chord, but the peak frequency remains unchanged. 

As also seen when Iu = 5%, the NACA4412, with its further aft suction peak, propagates this energy more 

effectively than the NACA0012. At -6°, in Figures 4.20a and 4.20b, while the NACA0012 has fluctuating 

signals reaching 10-3 Hz-1 between 0.2 Hz and 2 Hz reaching to 60% chord, the same can be seen on the 

NACA4412 up to 80% chord. This again is likely due to the further aft suction peak on the cambered aerofoil. 

Thus, at low AoA, the effect of increasing the turbulence intensity is to simply increase the leading edge 

signal, in a similar manner to the increase of the onset flow PSD, although camber may assist the propagation 

of this energy along the aerofoil chord. 

One difference apparent prior to stall, however, is the absence of the LSB on either aerofoil. The energy band 

associated with reattachment is not present at any frequency, the energy distribution thus remaining similar 

at all pre-stall AoA. The exception to this similarity is the growth in the strength of leading edge fluctuations 

as the AoA increases, the stronger suction peak also becoming less steady. Notably, the absence of the LSB 

is not simply the background fluctuating signal becoming stronger than that of the LSB, the signal above 

10 Hz near the trailing edge on both aerofoils remains around 10-4 Hz-1, as seen at lower turbulence 

intensities. Instead, the LSB process has been bypassed, as observed by Saric et al. (2002), who saw unsteady 

forcing flows bypassing a long transition region. Hence, in absence of the LSB, not only is the change in the 

frequency signal for a change in AoA reduced, but so too is the influence of camber. 

At the highest AoA of 18°, in Figures 4.20i and 4.20j, some difference due to camber is more readily 

apparent. This is, as with the lower turbulence intensities, a reflection of the static stall angle and how deeply 

stalled the aerofoil is. The NACA0012 presents strong fluctuations along its chord with a peak frequency of 

1 Hz, as seen in the wind tunnel PSD. The NACA4412, not as deeply stalled, still appears more as per lower 

AoA, with a strong energy decay along the chord length, compared with the more uniform chordwise energy 

seen at lower turbulence intensities at this AoA. This is consistent with the reduction in the effect of changing 

the mean AoA, as a result of the greater range of instantaneous AoA, observed in the pressure coefficients. 

Hence, post-stall, the primary influence of camber, again, is apparent through the static stall AoA, and how 

deeply stalled the aerofoil is. 
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Figure 4.20: Surface plots of upper surface pressure coefficient PSD against chord length, Re = 50,000, Iu = 15%, AoA increasing, (left) 

NACA0012, (right) NACA4412 
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4.3.2 Influence of the Reynolds number on the Surface Pressure Coefficients 

4.3.2.1 Statistics of the Surface Pressure Coefficients at higher Reynolds numbers 

In contrast to raising the turbulence intensity for a given Reynolds number, Figures 4.21 to 4.23 present the 

time-averaged pressure coefficient to compare the influence of raising the Reynolds number for a given 

turbulence intensity. These pressure coefficients relate to the upper surface of the aerofoil for an increase in 

AoA between each data point. 

Figure 4.21 shows that raising the Reynolds number does influence the surface pressure distribution at the 

lowest turbulence intensity of 1.3%. On both the NACA0012 and NACA4412, the time-averaged stall is 

delayed by 2° as the Reynolds number is increased from 50,000 to 200,000. Furthermore, the leading edge 

suction peak, shown by the black dotted line, on each aerofoil intensifies, with Cp decreasing from -2.5 at 

10° at the NACA0012 leading edge in Figure 4.21a to -3.5 at 12° in Figure 4.21e. Hence, an increase in the 

Reynolds number at low turbulence intensities is seen to enhance the suction pressures generated on the 

aerofoil, regardless of camber. Lissaman (1983) noted this to be due to the boundary layer being more robust 

against the risk of separation. 

The LSB is also influenced by the increase in Reynolds number, reducing in length on each aerofoil as shown 

by the white dashed lines. This is unsurprising, given the Reynolds number is a significant factor in the 

formation of an LSB. The most evident example of this is in comparing changes in the NACA4412. Between 

Figures 4.21b and 4.21f, the end of the plateau advances from 68% chord to 46% at 6° AoA. While the LSB 

on the NACA0012 is also seen to advance along the chord, this does not remain as pronounced at the higher 

Reynolds numbers, and so suggests that the LSB on the cambered aerofoil is not only larger, but also more 

resilient to flow changes. Hence, at low turbulence intensities, the Reynolds number is a significant factor, 

and its influence does vary with camber, primarily due to the LSB. 

With a higher turbulence intensity of 5%, as seen in Figure 4.22, the influence of the Reynolds number is 

less marked than at the lower turbulence intensity. As the Reynolds number increases from 50,000 in Figures 

4.22a and 4.22b to 200,000 in Figures 4.22e and 4.22f, neither aerofoil shows changes as significant as when 

Iu = 1.3% in either the pressure distribution or their magnitudes. The AoA at which Cp reaches -2 remains at 

6° for the NACA0012 and 8° for the NACA4412, regardless of Reynolds number, with a peak chordwise 

extent of approximately 20% chord. Unlike the lower turbulence intensity, the stall AoA does not change 

with Reynolds number.  

There is, however, some Reynolds number sensitivity observed in the LSB on the NACA4412. While the 

LSB plateau is still observable in Figure 4.22b at Re = 50,000, its definition is almost removed at 

Re = 200,000 in Figure 4.22f. A minor distortion in the Cp = -1 contour can be seen in the latter case at 4° 

and 50% chord, as opposed to the advancement of the reattachment point from the trailing edge at -4° to 

60% chord at 6° when Re = 50,000. This is again highlighted with a white dashed line. The leading edge 

suction region also advances along the chord prior to stall, with the chord length experiencing Cp = -3.5 

shrinking from 9% chord to 6%. Thus, at a higher turbulence intensity, the influence of the Reynolds number 
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is less significant than when Iu = 1.3%, but the influence of camber, in particular in preserving the LSB, 

means that the cambered NACA4412 does still show some sensitivity to the Reynolds number. 

 
Figure 4.21: Surface plots of time-averaged Cp against increasing AoA, Iu = 1.3%, (left) NACA0012, (right) NACA4412 
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Figure 4.22: Surface plots of time-averaged Cp against increasing AoA, Iu = 5%, (left) NACA0012, (right) NACA4412 

The highest turbulence intensity of 15% shows the least dependence on Reynolds number, as seen in Figure 

4.23. Unlike when Iu = 5%, no LSB is evident on either aerofoil, and so this Reynolds number-dependent 

feature is no longer a factor. Given that a key contribution of the Reynolds number is this transition process, 

which is bypassed by the highly-unsteady flow, the reduction in the influence of the Reynolds number is 

unsurprising. Devinant et al. (2002), also noted Reynolds number independence on the NACA 654-421 in 

elevated freestream turbulence at Reynolds numbers between 100,000 and 700,000. There is, however, still 

a tendency for the leading edge suction region to advance towards the aerofoil leading edge and strengthen 

on both aerofoils, although this is less prominent than when Iu = 1.3%. Hence, the influence of turbulence 

intensity dominates that of the Reynolds number, and so when Iu = 15%, both aerofoils tend towards 

Reynolds number independence. 
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Figure 4.23: Surface plots of time-averaged Cp against increasing AoA, Iu = 15%, (left) NACA0012, (right) NACA4412 

Comparing σ(Cp) across the Reynolds number range tested when Iu = 1.3%, as shown in Figure 4.24, the 

influence of the Reynolds number is again evident in the LSB. On both aerofoils, the fluctuating strength of 

the LSB decreases with each increase in Reynolds number, and the length of the LSB is seen to decrease, 

reattachment marked with white dashes. The LSB remains more apparent on the NACA4412 than on the 

NACA0012, as was seen in the time-averaged Cp curves. Both aerofoils show increased unsteadiness at stall, 

although the NACA0012, when Re = 50,000, also shows elevated unsteadiness over the AoA range in which 

the LSB is prominent. This aspect is not present on the aerofoil at higher Reynolds numbers in Figures 4.24c 

and 4.24e. As with the time-averaged Cp, the primary Reynolds-number dependency therefore remains LSB-

related. 
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Figure 4.24: Surface plots of σ(Cp) against increasing AoA, Iu = 1.3%, (left) NACA0012, (right) NACA4412 

With a higher turbulence intensity of 5%, the influence of the Reynolds number is more apparent in σ(Cp) 

than the time-averaged Cp, as seen in Figure 4.25. As with the time-averaged Cp, the LSB is seen to be 

effectively non-existent on the NACA0012, with only mild evidence of the reattachment point in Figure 

4.25a, such as at 4° and 60% chord, highlighted with white dashes. The LSB remains more evident on the 

NACA4412, but less so as the Reynolds number increases. However, the mild increase in time-averaged 

suction, and forward-shift of the suction peak, in the time-averaged Cp leaves a more pronounced fluctuating 

footprint. This is particularly evident on the NACA4412, with the maximum σ(Cp) increasing from 1.0 to 

1.5 between Re = 50,000 in Figure 4.25b and Re = 200,000 in Figure 4.25f. Furthermore, a band of 

fluctuating signal near the static stall AoA at 15% chord on both aerofoils when Re = 50,000 advances to 5% 

chord when Re = 200,000. This is associated with the leading-edge suction activity seen in the time-series 

pressure coefficients, and so the increasing Reynolds number effectively compresses this unsteady response 
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into a stronger, but shorter process at the aerofoil leading edge. Hence, the effect of the Reynolds number is 

stronger on the fluctuating behaviour of the pressure coefficient than the time-average, but the primary 

influence of camber remains the LSB and the static stall AoA. 

 
Figure 4.25: Surface plots of σ(Cp) against increasing AoA, Iu = 5%, (left) NACA0012, (right) NACA4412 

The highest turbulence intensity of 15% continues the trend seen at lower Iu, where increasing the Reynolds 

number strengthens the peak fluctuating signal, but reduces the chordwise extent of these effects. Figure 4.26 

shows that this change is independent of camber, due to the absence of the LSB, and the distribution of the 

unsteadiness is unchanged beyond the leading-edge interaction. Hence, this turbulence intensity shows itself 

again to be the least Reynolds number-dependent case. 
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Figure 4.26: Surface plots of σ(Cp) against increasing AoA, Iu = 15%, (left) NACA0012, (right) NACA4412 

4.3.2.2 Frequency Response of the Surface Pressure Coefficients at higher Reynolds numbers 

As the major changes with Reynolds number noted in the time-averaged pressure coefficient, and the 

standard deviation of this parameter, related to the LSB and stall, the following spectra are presented for 

only two AoA, 6° and 18°. These provide an angle at which the LSB is apparent and one at which both 

aerofoils are stalled. Progression of the spectra at higher Reynolds numbers in 6° steps can be found in 

Appendix B for further comparison to the Re = 50,000 case. 

At 6° AoA in Figure 4.27, with the LSB present, the Reynolds number has a noticeable effect on the Cp 

spectra. Increasing the Reynolds number shortens the LSB, evident through the chordwise location of the 

band of energy at reattachment, highlighted with a white dashed box. Furthermore, the chordwise extent of 

this LSB reattachment energy narrows, while the maximum frequency increases for each increase in the 
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Reynolds number. This increase in frequency was identified by Cooper (1984) as a result of the increased 

rate of events perceived by a model due to the increased relative speed of the air. The more persistent LSB 

of the cambered NACA4412 is also evident, maintaining a signal strength greater than 10-3 Hz-1 at all 

Reynolds numbers, in comparison to the NACA0012 LSB which decays into the background signal. There 

is little change, however, in the leading edge signal on either aerofoil, and hence the main contribution of 

both the Reynolds number and camber to the frequency response of the aerofoil at this AoA is via the LSB. 

 
Figure 4.27: Surface plots of upper surface pressure coefficient PSD against chord length, Iu = 1.3%, α = 6°, AoA increasing, (left) NACA0012, 

(right) NACA4412 

Figure 4.28 shows that increasing the onset turbulence intensity to 5% at 6° AoA does produce a difference 

in the leading edge unsteadiness, as a result of increasing the Reynolds number. As was seen in σ(Cp), 

increasing the Reynolds number reduces the chordwise extent of the fluctuating region. On the NACA0012, 

the chordwise extent of fluctuations exceeding 5×10-3 Hz-1 reduces from 25% chord in Figure 4.28a at 

Re = 50,000 to 15% chord when Re = 200,000 in Figure 4.28e. The NACA4412 shows further sensitivity to 

the Reynolds number via the LSB, boxed with white dashes, still present on its suction surface. This shrinks 

with an increase in the Reynolds number. This feature is not present on the NACA0012, and shows camber 

adds an extra aspect of Reynolds number sensitivity in its response to onset turbulent flow. 
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Figure 4.28: Surface plots of upper surface pressure coefficient PSD against chord length, Iu = 5%, α = 6°, AoA increasing, (left) NACA0012, 

(right) NACA4412 

At the highest turbulence intensity, Iu = 15%, it is seen in Figure 4.29 that the trends for increasing the 

Reynolds number are much the same as when Iu = 5%. On both aerofoils, an increase in the Reynolds number 

reduces the extent of the leading edge fluctuating region, with the NACA4412 more effectively carrying this 

energy along the chord. However, the NACA4412 no longer presents the energy associated with LSB 

reattachment at any Reynolds number. 

Overall, at low AoA, the effect of onset turbulence is more prominent than that of the Reynolds number on 

the pressure coefficient spectra. Increasing the turbulence intensity both increases the overall fluctuating 

response on the aerofoil, most notably at the wing leading edge, and supresses the LSB. In contrast, 

increasing the Reynolds number has a slight effect on reducing the length of the leading edge fluctuating 

region, while its influence on the LSB is not as marked, particularly on the NACA4412. The addition of 

camber allows the LSB to persist more readily, regardless of the Reynolds number, and more effectively 

carries the leading edge unsteadiness along the chord. 
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Figure 4.29: Surface plots of upper surface pressure coefficient PSD against chord length, Iu = 15%, α = 6°, AoA increasing, (left) NACA0012, 

(right) NACA4412 

At the higher AoA of 18°, shown in Figure 4.30, the NACA0012 is fully stalled at all Reynolds numbers 

when Iu = 1.3%. While there is little change in the overall distribution of energy with increasing Reynolds 

number, the strength of the signal is reduced with an increase in Re. It must be remembered that these PSD 

are derived using the pressure coefficient, rather than the raw pressure. Hence, for a fluctuating field, if the 

fluctuations in the pressure remain constant, the increasing velocity reduces the perceived coefficient 

fluctuations, as noted by Flay and Jackson (1992). For the NACA4412, the change with Reynolds number 

is more notable for this AoA. This is because, as seen in the time-averaged Cp, the stall angle increases from 

16° to 18°. Hence, at Re = 50,000 the NACA4412 appears in Figure 4.30b as similar to the NACA0012 in 

Figure 4.30a, but at higher Reynolds numbers presents a more defined leading edge suction field, with 

corresponding strong fluctuations. Hence the cambered aerofoil is more sensitive to the Reynolds number at 

this AoA and turbulence intensity due to changes in its stall behaviour. 
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Figure 4.30: Surface plots of upper surface pressure coefficient PSD against chord length, Iu = 1.3%, α = 18°, AoA increasing, (left) NACA0012, 

(right) NACA4412 

With an increase in turbulence intensity, to 5% in Figure 4.31, there is less variation with the Reynolds 

number than when Iu = 1.3%, following the same trend as with the lower AoA of 6°. In all cases, the 

fluctuating signal has increased compared to the lower turbulence intensity, although the reduction in signal 

strength is still apparent in the NACA0012. The NACA4412 still shows some difference with Reynolds 

number, but at this turbulence intensity there are strong fluctuations along the chord regardless of Reynolds 

number. As seen in the time-averaged Cp, an increase in the turbulence intensity reduces the distinction in 

the pressure distribution with a change in AoA. In a similar manner, the difference in low-turbulence 

intensity stall AoA becomes less apparent as the turbulence intensity increases. However, as with the 

NACA0012, the greatest energy is apparent in the lowest Reynolds number case. Therefore, while the 

Reynolds number still has some influence on the cambered aerofoil, this has decreased with the increase in 

onset turbulence. 
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Figure 4.31: Surface plots of upper surface pressure coefficient PSD against chord length, Iu = 5%, α = 18°, AoA increasing, (left) NACA0012, 

(right) NACA4412 

The highest turbulence intensity of 15%, shown in Figure 4.32, shows the least Reynolds number 

dependence, corresponding with the observations of the time-averaged Cp and σ(Cp). Both aerofoils were 

seen to be intermittently stalling at Re = 50,000 at this AoA, and this same energy distribution is seen 

regardless of Reynolds number. The effect of increase in the Reynolds number, or rather the flow velocity, 

is apparent in the reduction of the spectral power, as at lower turbulence intensities. However, neither aerofoil 

shows strong dependence on the Reynolds number for the distribution of this energy along the chord or in 

terms of frequencies: the shape of the spectra shows little dependence on the Reynolds number. The form of 

this distribution does, however, differ between the two aerofoils. The two aerofoils do still differ in their 

power distributions with chord and frequency, indicating that camber still has some influence. 
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Figure 4.32: Surface plots of upper surface pressure coefficient PSD against chord length, Iu = 15%, α = 18°, AoA increasing, (left) NACA0012, 

(right) NACA4412 

4.3.3 Influence of Turbulence and the Reynolds number on the LSB 
Although the LSB may be observed in surface contours, its size is more readily apparent in line plots at 

selected AoA, which show the separation, transition and reattachment locations with clarity. Figures 4.33 to 

4.38 focus on the 8° mean AoA case for all turbulence intensities at Re = 50,000, and all Reynolds numbers 

for Iu = 1.3%, as this AoA is one where the LSB is clear on both aerofoils. 

The cambered NACA4412 features a longer LSB than the symmetrical NACA0012 in the low-turbulence 

case when Re = 50,000, as is apparent in Figure 4.33. On both aerofoils, separation occurs in a region with 

an adverse pressure gradient, downstream of the suction peak. For the NACA4412, this peak is further along 

the chord at 4%, compared with 1% for the NACA0012. The sharper pressure recovery results in early 

separation on the NACA0012 at 8% chord, with the gentle pressure recovery on the NACA4412 delaying 

separation to 30% chord. The transition length on the NACA4412 is also similarly extended, the NACA4412 

requiring 28% of the chord length to reach from separation to transition compared with 14% for the 

NACA0012. Saric et al. (2002) note that stronger adverse pressure gradients, such as seen on the 
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NACA0012, promote more rapid instability growth. Similarly, reattachment is also longer on the cambered 

NACA4412, requiring 11% chord between transition and reattachment compared with 6% on the 

NACA0012. McCullough and Gault (1951) note that increased curvature, such as is present on the suction 

surface of the NACA4412 compared to the NACA0012 due to the addition of camber, increases the distance 

of the shear layer from the surface at the point of transition, protracting reattachment. Hence, camber has a 

strong influence on the size of the LSB in low-turbulence intensity flows. 

 
Figure 4.33: Cp distribution over the NACA0012 and NACA4412 at 8° AoA, Iu = 1.3%, Re = 50,000 

A feature of note in Figure 4.33 on the NACA0012 is the presence of hysteresis in the LSB. The decreasing 

AoA case presents a longer LSB than for increasing AoA, with transition delayed by 4% chord, as seen by 

the hollow markers, and consequently flow reattachment is also delayed. This may be associated with the 

lift stall hysteresis observed by Selig et al. (1996), specifically the “clockwise” mode in which the LSB takes 

longer to reform post stall than it did to burst. The NACA4412 displays no such hysteresis, which may be in 

part due to the relatively high freestream turbulence intensity of 1.3%. 

With an increase in turbulence intensity to 5%, shown in Figure 4.34, there is no evidence of the LSB on the 

NACA0012, as was seen in the surface pressure contours. The LSB on the NACA4412, which was evident 

in the time averaged pressure coefficient plots, and more notably in σ(Cp), is barely discernible in Figure 

4.34. A plateau can be noted from 33% chord to 55% chord, representing the separation and transition points, 

respectively. The former point represents little change from the case when Iu = 1.3%, when separation 

occurred at 30% chord. This matches the observations of Lou and Hourmouziadis (2000), who recorded that, 

under the influence of an oscillating freestream, the separation point remained fixed while transition and 

reattachment varied in response to the flow. The time-averaged transition has, however, progressed along 

the chord, requiring 22% chord to transition compared with 28% when Iu = 1.3%, with the reattachment 

region reduced from 11% chord to 7%. This is likely due to the higher freestream energy allowing more 

rapid growth of instabilities in the separated shear layer, and so accelerating transition and reattachment. 
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Figure 4.34: Cp distribution over the NACA0012 and NACA4412 at 8° AoA, Re = 50,000, Iu = 5% 

The reason for the absence of the time-averaged LSB on the NACA0012 in Figure 4.34 is evident in Figure 

4.35, presenting a short time series for each aerofoil at an AoA of 8°, Re = 50,000 at each turbulence 

intensity. In Figures 4.35a and 4.35b, both aerofoils show a steady pressure distribution, leading to the clear 

LSB plateau in the time-averaged Cp in Figure 4.33. This plateau is highlighted with a white short-dashed 

line. With Iu = 5%, the NACA4412 still presents a reasonably constant form in Figure 4.35d, with the LSB 

constantly present, although the transition and reattachment points do move, as suggested by Lou and 

Hourmouziadis (2000).  

In contrast, the NACA0012 in Figure 4.35c does not continuously present an LSB. Instead, intermittent 

suction peaks arise, separated by the loss of suction, as was seen in Figure 4.14a at 10°. When these peaks 

are present, an LSB plateau can be observed on the NACA0012, such as when Tc = 10, typically separating 

at 6% chord, transitioning at 15% and reattaching at 20%. As with the time-averaged LSB on the NACA4412 

when Iu = 5%, this represents little change in the separation point, with a small decrease in the transition 

length. However, the LSB on the NACA0012 also presents a stronger suction under its plateau in elevated 

turbulence, with Cp = -2.5 when Iu = 5% compared with Cp = -1.5 for Iu = 1.3%. This corresponds to the 

stronger suction peaks induced by the unsteady flow, reaching a maximum of Cp = -3.8 in the elevated 

turbulence. However, when these peaks are removed, so is the LSB, such as seen in Figure 4.35c at Tc = 5 

with the red dashed line. Hence, this reduces the appearance of the LSB in time-averaged data to the point 

of not being evident. Nevertheless, the time-series shows that an LSB is indeed still present on the 

NACA0012 when Iu = 5%, but not continuously. This shows that camber does act to preserve the LSB in 

some turbulent flows, allowing the LSB to be consistently present through its more stable suction peak. 
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Figure 4.35: Surface plots of -Cp against time, 20 Tc sample, Re = 50,000, α = 8°, (left) NACA0012, (right) NACA4412 

When Iu is raised to 15% in Figure 4.36, there is no LSB visible on either aerofoil. Furthermore, the time-

averaged suction peaks are reduced compared to when Iu = 5% in Figure 4.34. The reason for this can be 

seen in the time-series surface pressures in Figures 4.35e and 4.35f. Both aerofoils more frequently 

experience a loss of their suction peaks, while strong suction events become shorter in duration, reducing the 

time-averaged peak. The NACA0012 displays more frequent and stronger peaks than the NACA4412, 

adding to the similarities with regular dynamic stall; Carr et al. (1977) saw that the addition of a cambered 

leading edge to a NACA0012 produced weaker and less frequent vortices. Furthermore, the LSB is unable 

to develop on these peaks due to their short duration; as such no plateau is observed. In this case, the LSB is 

bypassed by the elevated turbulence, as suggested by Saric et al. (2002). Hence, under the least steady 

condition, the LSB does not exist, not even intermittently. Some shifting is evident, however, in the 

chordwise location of the suction peak, but any growth in the peak is offset by the periods of separated flow. 
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Figure 4.36: Cp distribution over the NACA0012 and NACA4412 at 8° AoA, Re = 50,000, Iu = 15% 

In contrast to raising the turbulence intensity, increasing the Reynolds number at the lowest turbulence 

intensity is seen in Figure 4.37 to produce a readily-apparent LSB on the NACA0012 at all Reynolds 

numbers. As with raising the turbulence intensity, the LSB is seen to shorten as the Reynolds number 

increases, with the suction plateau rising. This has led to literature such as Cao (2010) and Tsuchiya et al. 

(2013) suggesting that raising the onset turbulence intensity is equivalent to raising the Reynolds number. 

Indeed, the separation, transition and reattachment points for Re = 100,000 do coincide with those for the 

same aerofoil at this AoA when Re = 50,000 and Iu = 5%. However, the LSB is steady with the increase in 

the Reynolds number, as opposed to the turbulent flow case, in which the LSB was not evident in the time-

averaged data. Furthermore, the increase in the suction plateau and leading edge suction are not as 

pronounced for the elevated Reynolds number compared with the increased turbulence intensity. The LSB 

plateau suction reaches Cp, = -1.8 at the higher Reynolds number, compared with Cp = -2.5 for Iu = 5% at the 

lower Re. Hence, while raising the Reynolds number and turbulence intensity may have comparable effects 

on the length of the LSB, when it is present, in turbulent flow the LSB is often not observed, presenting a 

significantly flatter time-averaged pressure curve and very different transients. 

 
Figure 4.37: Cp distribution over the NACA0012 at 8° AoA, Iu = 1.3%, increasing Reynolds number 
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In a similar manner, raising the Reynolds number for the NACA4412 in Figure 4.38 presents a more readily-

visible LSB than increasing the turbulence intensity at Re = 50,000. This indicates, as with the NACA0012, 

that the LSB is more consistently present than in the turbulent case, and steadier in its form. However, the 

effect of raising the Reynolds number on the transition length of the LSB is more significant than raising the 

turbulence intensity. At Re = 200,000, the transition length covers only 12% of the aerofoil chord, compared 

with 28% at Re = 50,000. However, unlike the highest turbulence intensity, the LSB is not bypassed 

altogether. Hence, increasing either the onset turbulence intensity or Reynolds number do not provide the 

same effect as the other on the cambered aerofoil. 

 
Figure 4.38: Cp distribution over the NACA4412 at 8° AoA, Iu = 1.3%, increasing Reynolds number 

4.3.4 Summary 
Onset turbulence has a significant impact on the surface pressure coefficients of aerofoils at low Reynolds 

numbers. At low AoA, increasing the onset turbulence intensity can allow the LSB, a prominent flow feature 

at these Reynolds numbers, to be bypassed. However, when Iu = 5%, the LSB is still present, but only 

intermittently. This leads to the absence of its corresponding features in the time-averaged pressure 

distribution. The continued presence of the LSB is only revealed in the σ(Cp) contours and the time series 

data, as the intermittent loss of the LSB removes it from the time-averaged contours. This effect is not 

equivalent to that obtained by raising the Reynolds number, contrary to suggestions in the literature. With 

an increase in Re, the LSB is shortened in length, but remains steady. 

At higher AoA, a further impact of onset turbulence is the production of leading edge vortices, which are 

seen to irregularly convect along the suction surface. This represents an irregular form of dynamic stall, 

unlike that obtained from a regular, periodic pitching of the aerofoil. This behaviour is believed to arise from 

the arrival of strong turbulent gusts, almost instantaneously changing the flow angle past the static stall AoA, 

equivalent to a rapid pitching action of the aerofoil. This induces a vortex which sheds and leaves the aerofoil 

in a fully separated state. These events, however, vary in nature, and some suction events are confined to the 
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aerofoil leading edge region. At higher turbulence intensities, the range of the instantaneous AoA, from the 

pitching action of the turbulent flow, increases, reducing the effect of a change in mean AoA. While 

increasing the Reynolds number may also delay the time-averaged stall, this is not associated with the highly 

unsteady suction seen in turbulent flow. 

The effect of the Reynolds number on the surface pressure coefficient is less significant than raising the onset 

turbulence intensity. At low turbulence intensities, the Reynolds number is seen to influence Cp via changes 

in the LSB. As the turbulence intensity is increased, the effect of changing the Reynolds number decreases. 

By the time Iu is raised to 15%, the flow tends towards being Reynolds number-independent, over the range 

of Reynolds numbers tested. The primary difference is observed in the PSD, which, through using pressure 

coefficients rather than raw pressures, show a reduction in fluctuation strength at a given frequency for an 

increase in flow speed. 

The effect of camber on Cp, however, is more notable. The cambered NACA4412 retains its LSB for a greater 

range of turbulence intensities than the symmetrical NACA0012. Notably, at Iu = 5%, the LSB is 

continuously present on the cambered aerofoil, unlike the symmetrical form. This is because the sharper 

suction peak of the symmetrical form is more readily induced to separate under the unsteady onset flow, and 

so removing the LSB. This is also reflected in the generation of travelling vortices, a more regular occurrence 

on the symmetrical aerofoil. Conventional dynamic stall research, such as Carr et al. (1977), record similar 

conclusions, the sharper suction peak of a symmetrical aerofoil more willingly entering a dynamic stall state. 

The cambered aerofoil also shows more sensitivity to the Reynolds number due to its more prominent LSB. 

Hence, camber is a significant factor in the response of the pressure field over an aerofoil to onset turbulence 

at Reynolds numbers relevant to small UAVs. 

4.4 Influence of Turbulence on the Lift Coefficient 

4.4.1 Time-Averaged Lift Coefficient 
The time-averaged lift coefficient is first assessed for its sensitivity to onset turbulence intensity and 

Reynolds number, for both aerofoils, in Figures 4.39 to 4.46. These coefficients were derived from 

integrating the surface pressure coefficients measured on each aerofoil, as listed in Table 4.2, and averaging 

across each 120 s sampling interval. 

4.4.1.1 Influence of turbulence at Re = 50,000 

Figure 4.39 compares the time-averaged Cl for both aerofoils at a Reynolds number of 50,000, for the three 

onset turbulence intensities. The results of Tsuchiya et al. (2013), obtained at a Reynolds number of 47,000, 

but a lower turbulence intensity (Iu = 0.5%), show a good fit to the low-turbulence data for the NACA0012, 

confirming all key features of the lift curve have been adequately captured. As is expected from a cambered 

aerofoil, the NACA4412 produces a higher lift coefficient for a given AoA in the low-turbulence regime. Its 

stall is also at a higher AoA than the symmetrical NACA0012, maintaining a higher Cl at all AoA, but with 

a sharper loss of lift at stall.  
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Figure 4.39: Cl against AoA with increasing Iu, Re = 50,000 

With data shown for both an increasing and decreasing AoA sweep, neither aerofoil displays the static stall 

hysteresis seen at low turbulence intensities by Selig et al. (1996) at Reynolds numbers below 100,000. 

However, Marcham and Werme (1984) noted the Clark-Y aerofoil, similar in thickness distribution to the 

12% thickness NACA four-digit series, was not prone to hysteresis despite testing at a low turbulence 

intensity of 0.05% and a Reynolds number of 75,000. This indicates that these aerofoils may not be prone to 

such hysteresis, although, additional to this, is the relatively high baseline turbulence intensity of 1.3%.  

Also absent is the lift slope inversion noted by Tank et al. (2017) and Selig et al. (1996) for the NACA0012 

around 0° AoA. This may be due to the coarser AoA resolution of this work reducing the definition of such 

features. Furthermore, Tank et al. (2017) tested at much lower turbulence intensities, Iu < 0.03%, compared 

with Iu = 1.3% in the present work. However, there is nonetheless a lift slope change evident in Figure 4.39 

for the NACA0012 as a local steepening between -2° and 2°. This is more apparent in Figure 4.40, which 

displays the lift slope for both aerofoils at all three turbulence intensities for Re = 50,000. 
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From flat plate literature, such as Watkins et al. (2010a), it is expected that as the turbulence intensity 

increases, the lift slope should correspondingly decrease. This feature is qualitatively evident for both the 

symmetrical and cambered aerofoils in Figure 4.39, the typical lift slope being less than the theoretical 

2π rad-1 slope over a range of AoA, and decreasing with an increase in Iu. Figure 4.40 also allows a 

quantifiable comparison of the local lift slope for the same flow conditions as a fraction of the 2π rad-1 lift 

slope, expected from thin aerofoil theory. Increasing Iu from 1.3% to 5% shows no significant change to the 

lift slope for the NACA0012 prior to stall, although the lift slope for the NACA4412 declines at 0°, reducing 

the discontinuity evident at the lower turbulence intensity. On the NACA0012, the 0° discontinuity remains 

strong when Iu = 5%, peaking at 118% of the thin aerofoil 2π rad-1. For a flat plate, Ravi et al. (2012b) 

attributed this behaviour to the LSB at low AoA as providing “pseudo-camber”, matching Laitone’s (1997) 

observation of greater-than-theory lift slopes at low Reynolds numbers. 

 
Figure 4.40: Local lift slope against AoA for each turbulence intensity, Re = 50,000, a) NACA0012, b) NACA4412 

At this Reynolds number, the typical lift slope for both the aerofoils, excluding the 0° peak, is much lower 

than 2π rad-1, at only 69% of the theoretical value for the NACA0012 and 80% for the NACA4412 when 

Iu = 1.3%. This is in contrast with the findings of Spedding and McArthur (2010), who suggest that the lift 

slope at a Reynolds number of 50,000 should be 95% of the theoretical 2π rad-1. However, the current work, 

with its lower lift slope, is supported by the match to the data of Tsuchiya et al. (2013). The NACA4412 

approaches the 95% of 2π suggested by Spedding and McArthur (2010) at negative AoA, where the LSB 

extends towards the wing trailing edge.  
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More apparent with the increase in turbulence intensity is the increasingly gradual change in the time-

averaged Cl near its maximum value. At Iu = 1.3%, the NACA0012 exhibits a more gradual stall than the 

NACA4412, with the lift slope of the former reaching -56% of 2π rad-1, compared with -140% for the 

NACA4412. With a turbulence intensity of 5%, these values become -32% and -61%, respectively. At the 

highest turbulence intensity, Iu = 15%, both aerofoils demonstrate a reduction in the lift slope which has 

been previously recorded on flat plates, such as by Loxton (2011). This is more evident on the NACA4412, 

which had a higher lift slope when Iu = 1.3% compared to the NACA0012. The pre-stall NACA0012 lift 

slope reduces to 63% of 2π rad-1 while the NACA4412 drops to 58%. At this turbulence intensity, both 

aerofoils attain zero-slope at an AoA of 20°, following a gentle decline from 8°. However, while this time-

averaged data appears gentle, it must be remembered that this was seen from the pressure coefficient data to 

be the result of a highly unsteady process, and so the time-average alone does not show the complete picture. 

The gentle time-averaged stall highlights another feature evident in Figure 4.39: the delayed AoA at which 

the maximum lift coefficient occurs. This is as expected from flat plate literature, such as Watkins et al. 

(2010a) and holds true for both aerofoils. For the NACA0012, the AoA for the maximum lift coefficient 

shifts from 10° when Iu = 1.3% to 14° at Iu = 5% and 20° for Iu = 15%. Similarly, the stall angle shifts from 

14° to 16° and finally 20° for the NACA4412 under the same conditions. Tsuchiya et al. (2013) attribute the 

delay in stall with increasing turbulence intensity to the flow being able to reattach over a greater range of 

AoA, due to its greater energy and increased surface-normal motion. However, an important mechanism is 

the significant increase in instantaneous suction seen in the pressure coefficients due to the development and 

passage of vortices, resulting in a strong rise in the instantaneous lift coefficient. Spedding and Lissaman 

(1998) had previously noted that onset flow unsteadiness could cause the lift generated by aerofoils to 

approach dynamic stall loads, and the time-series pressure coefficients reveal strong suction events similar 

to dynamic stall vortices. 

Dynamic stall requires the static stall angle to be exceeded rapidly. As the turbulence intensity increases, so 

does the range of instantaneous pitch angles produced by the flow motion, increasing the probability of the 

static stall angle being intermittently exceeded. This mechanism is evident in Figure 4.41, a 50 Tc time-

history showing the NACA0012 suction surface pressure coefficients at a Reynolds number of 50,000, 

Iu = 15%, 14° mean AoA, compared with the resultant lift and pitch moment coefficients. From Tc = 39.5, 

one such vortex event is apparent. As with dynamic stall, as the vortex forms at the wing leading edge, the 

lift coefficient increases. Simultaneously, the pitch moment is also seen to become more positive. As the 

vortex convects, the lift coefficient continues to increase, while the pitch moment declines, more rapidly as 

the vortex passes the quarter-chord axis. A peak lift coefficient of 1.77 can be seen at Tc = 40.5, more than 

double the static maximum Cl of 0.82. The lift coefficient also declines as the vortex moves away from the 

aerofoil, leaving an extended period of full separation. This cycle corresponds to that seen with regular, 

periodic dynamic stall, and is sketched in Figure 4.42. Carr et al. (1977) note that this separated state occupies 

a considerable portion of the dynamic stall cycle, thus lowering the time-averaged lift coefficient for a given 

AoA, contributing to the declined lift slope in Figure 4.39. 
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Figure 4.41: 50 Tc time-history for NACA0012 at 14° AoA, increasing AoA, Re = 50,000, Iu = 15% 

 
Figure 4.42: Sketch of vortex shedding process 

However, as the onset flow is not a regular cycle, neither are the resulting pressures, this results in more 

irregularity in the resulting forces than seen in prior, periodic, dynamic stall work. Some leading-edge suction 

events, which do not convect, do continue to increase the lift coefficient without necessarily producing a 

subsequent strong, sudden loss of lift. This excess suction decays rather than being shed. These events are 

still significant in their effect on the aerodynamic performance of the wing, corresponding not only to an 

instantaneous increase in the lift coefficient, but also a more positive pitch moment, due to their localised 

formation at the wing leading edge. As there is no vortex passage subsequent to such leading edge events, 
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the pitch moment also does not experience a sharp decline with the decay of the leading edge suction peak. 

Periods of reduced suction similarly continue to reduce the lift coefficient, but not as severely as total 

separation following the passage of a vortex, and have less influence on Cm. Hence, the resulting forces 

cannot be expected to be cyclic as seen in dynamic stall research, but nonetheless parallels can be drawn 

between the flow features over the aerofoil and consequent unsteady forces and their magnitudes. 

Where this data does deviate from flat plate literature, however, is in the time-averaged maximum lift 

coefficient. In Figure 4.39 it is clear that the maximum lift coefficient at Iu = 15% is lower than at Iu = 5% 

on the NACA4412, in opposition to the conclusions of studies such as Watkins et al. (2010a). However, this 

is not unprecedented; Cao (2010) also saw a decrease in the maximum lift coefficient of a cambered S1223 

aerofoil with an increase in onset turbulence intensity from 4.1% to 9.5%. For both aerofoils, the Iu = 15% 

time-averaged maximum lift coefficient at 20° tends towards the time-averaged lift attained at the same angle 

when Iu = 1.3%, removing the lift peak of the smoother flow prior to static stall. This decrease is quantified 

in Figure 4.43, comparing the maximum lift coefficient against turbulence intensity for all three Re.  

 
Figure 4.43: Maximum time-averaged Cl against turbulence intensity for all Reynolds numbers 

At Re = 50,000 it is seen that the NACA0012 behaves as expected per flat plate literature between Iu = 1.3% 

and Iu = 5%, in that the maximum lift coefficient increases from 0.82 to 0.97. Increasing the onset turbulence 

intensity to Iu = 15%, however, decreases the maximum lift coefficient to 0.88. This is still an increase above 

the clean flow case, but a minor one, and so does not represent the trends of literature, such as Watkins et al. 

(2010a), of continuously increasing the time-averaged maximum lift for an increase in turbulence intensity. 

For Re = 100,000, the trend remains unchanged, but the increase in the maximum time-averaged Cl for 

Re = 200,000 when Iu = 1.3% produces a decline in the maximum time-averaged Cl for any increase in Iu. 

Hence, even with the symmetrical aerofoil, flat plate comparisons are not entirely compatible. 

The NACA4412 presents a more significant deviation at the lowest Reynolds number, with the maximum 

lift coefficient decreasing for each increase in turbulence intensity. Increasing from Iu = 1.3% to Iu = 15% 
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the maximum lift coefficient reduces by 30%, from Cl = 1.53 to Cl = 1.07. The intermediate case of Iu = 5% 

attains a maximum lift coefficient of 1.45. At higher Reynolds numbers, the NACA4412 appears to display 

its maximum Cl when Iu = 5%, as seen with the NACA0012. However, the significant decrease in the lift 

coefficient remains for all Reynolds numbers when Iu = 15%, in contrast to the NACA0012. This suggests 

the importance of the leading-edge suction events in the role of maintaining a high maximum Cl, as these 

were seen in the pressure coefficient time-series to less readily form on the cambered NACA4412 than the 

symmetrical NAA0012. The loss of lift for the cambered aerofoil is much greater than the symmetrical form, 

removing it further from flat plate knowledge. 

The reluctance of the NACA4412 to form travelling vortices is again observed in Figure 4.44. With Iu = 15% 

and an AoA of 14°, this represents the same conditions as seen for the NACA0012 in Figure 4.41. Fewer 

convected vortices are observed for the cambered aerofoil than its symmetrical equivalent, and as a result 

the NACA4412 sees fewer strong increases in the instantaneous Cl, but does still experience losses of lift 

associated with flow separation. One such period of separation is evident around Tc = 44. Whereas the 

symmetrical NACA0012 is able to offset these losses of lift with strong vortex events, the NACA4412 

cannot, resulting in the lower time-averaged lift seen in Figure 4.39 as Iu increases.  

 
Figure 4.44: 5 second sample of time-history data for NACA4412 at 14° AoA, increasing AoA, Re = 50,000, Iu = 15% 
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The cambered aerofoil suffers the effects of separated flow, as does the symmetrical aerofoil, but the latter 

offsets this with the increase in lift generated by the strong vortex events. This allows the NACA0012 to 

generate a higher time-averaged lift coefficient than it did at this AoA when Iu = 1.3%, although this comes 

at the cost of sharper changes in the lift and pitch moment coefficient. Hence, camber is seen to play a role 

in the time-averaged lift coefficient through its transient interactions, less readily entering the irregular form 

of dynamic stall observed on the NACA0012. 

4.4.1.2 Influence of increasing the Reynolds Number 

As evident in Figure 4.45, the Reynolds number has influence on the time-averaged lift coefficient on both 

aerofoils when Iu = 1.3%, most notably at stall. At a Reynolds number of 100,000, stall on the NACA0012 

for this turbulence intensity is delayed from 10° to 12° compared to when Re = 50,000, as seen in Figure 

4.45a. The maximum time-averaged lift coefficient correspondingly increases from Cl = 0.82 to Cl = 0.86, 

further increasing to Cl = 0.95 when Re = 200,000, but with stall remaining at 12°. The maximum time-

averaged lift coefficient generated by the NACA4412 has, however, reduced in Figure 4.45b, decreasing 

from 1.54 to 1.42, the AoA at which this occurs remaining at 14°. This is unchanged with a further increase 

in Re, but its sudden loss of lift is delayed to 18°, with Cl, max remaining at 14°. These changes around stall 

highlight the role of the Reynolds number in the range tested, but only at the lowest turbulence intensity. 

The change in lift slope due to the LSB around 0° is still evident at this turbulence intensity when 

Re = 100,000. The pre-stall lift slope beyond this region reduces mildly to 70% of 2π rad-1 for the 

NACA0012, with the maximum slope remaining unchanged at 0°. For the NACA4412, the lift slope at 

negative AoA reduces to that of positive AoA, aligning with the NACA0012. These low AoA correspond to 

the LSB being near the wing trailing edge, and the increasing Reynolds number reduces the influence of this 

feature. At the highest Reynolds number, Re = 200,000, both aerofoils reach a more constant lift slope of 

1.5π rad-1, although the NACA0012 retains a 0° peak of 2π rad-1. Thus, not only does the Reynolds number 

influence the maximum time-averaged Cl when Iu = 1.3%, but also the lift slope, predominantly via the LSB. 

Camber is also seen to influence both aspects at this turbulence intensity, providing a later stall and greater 

change in the lift slope as the Reynolds number increases. 

At a higher turbulence intensity of 5%, less variation due to the Reynolds number is apparent in Figures 

4.45c and 4.45d than when Iu = 1.3%. On neither aerofoil does the stall AoA change as a consequence of a 

change in Re, nor is there significant change in the maximum time-averaged Cl. However, some difference 

is apparent at low AoA and post-stall. While at Re = 50,000 some trace of the LSB was evident from the 

steeper lift slope on the NACA0012 between -2° and 2° AoA, this is not present at Re = 200,000. This reflects 

the changes seen in the time-averaged Cp contours, with the LSB being removed from the aerofoil as either 

Re or Iu is increased. On the NACA4412, the change in lift slope at negative AoA when Iu = 1.3%, seen in 

Figure 4.45b, is still apparent when Iu = 5%, although less marked as the LSB is less prominent. Post-stall, 

the NACA4412 also shows evidence of higher Cl for higher Reynolds numbers. This follows the delayed 

loss of lift at Iu = 1.3% for the highest Reynolds number. The NACA0012 does not display this sensitivity, 
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which is likely due to its strong, unsteady vortex events dominating the Reynolds number, such events being 

less of a feature on the NACA4412. Thus, the influence of the Reynolds number on the time-averaged lift 

coefficient has declined with an increase in turbulence intensity. 

 
Figure 4.45: Time-averaged Cl against AoA at each Reynolds number for a given turbulence intensity on (left) NACA0012 and (right) NACA4412 

The highest turbulence intensity, Iu = 15%, shows the least Reynolds number dependency in the time-

averaged Cl. Both aerofoils present a constant lift slope, 1.2π rad-1, followed by a smooth rounding off to the 

maximum time-averaged lift coefficient at 20°. Neither aerofoil presents any evidence of LSB effects on Cl. 

The NACA4412 shows a slight increase in this peak at the highest lift coefficient, but both aerofoils show a 
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common lift slope and maximum lift AoA. The only influence of camber in the time-averaged Cl appears as 

a vertical offset in this parameter. 

Due to the maximum time-averaged Cl when Iu = 15% being obtained at the highest AoA tested for both 

aerofoils, 20°, further tests were conducted at all three Reynolds numbers at this turbulence intensity, 

increasing the AoA range to cover from -10° to +30°. This was to confirm Cl, max did occur at 20°, rather than 

a later AoA, and also to assess whether the pre-stall similarities between the aerofoils continued post-stall. 

The resulting lift coefficients, seen in Figure 4.46, confirm that both aerofoils do attain their maximum time-

averaged Cl at 20°. Both aerofoils exhibit a gentle time-averaged loss of lift above this AoA, albeit steeper 

for the NACA4412, which drops from Cl = 1.09 at 20° to 0.89 at 30°. For these AoA, the NACA0012 has 

time-averaged lift coefficients of 0.88 and 0.75, respectively. It must be remembered, however, that this is a 

time-averaged data set, and that this process is far from gentle in reality, the onset turbulence producing a 

highly unsteady loading.  

 
Figure 4.46: Cl against AoA with increasing velocity, Iu = 15% 

For both aerofoils, the lift slope remains linear from -6° to +6°, with a slope of 60% of 2π rad-1. Hence, it 

can be concluded that at high turbulence intensities, the turbulent flow dominates the forces generated. The 

reduced ability of the cambered aerofoil to form strong suction events, compared with its symmetrical 

counterpart, brings its time-averaged lift nearer to the symmetrical form. However, despite the loss of the 
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lift, the cambered aerofoil retains a greater lift generation capacity than its symmetrical counterpart for a 

given mean AoA. 

4.4.2 Unsteady behaviour of the Lift Coefficient 

4.4.2.1 Standard Deviation of the Lift Coefficient 

For both aerofoils at all three turbulence intensities, the fluctuations in the lift coefficient follow a near-

normal distribution. This is seen in Figure 4.47, with the probability density functions (PDF) plotted for both 

aerofoils at all turbulence intensities and Reynolds numbers, using 4° as a pre-stall reference AoA. In all 

cases, increasing the turbulence intensity increases the spread of the data, simultaneously reducing the mean 

Cl peak. This is expected, due to the increasing range of AoA, and as a consequence a greater range of Cl. 

The skewness and kurtosis for each case is listed in Tables 4.5 and 4.6, respectively, to provide a measure of 

how normal each distribution is. A skewness of zero and kurtosis of three correspond to a normal distribution. 

All cases are near to these criteria, with the worst case being the NACA0012 for Re = 200,000 and Iu = 1.3%. 

Due to this near-normal distribution, the lift coefficient unsteadiness is presented as a standard deviation, 

σ(Cl), first, and then the frequency spectra. The use of the standard deviation, rather than the maximum and 

minimum, reduces the influence of outliers in assessing the fluctuation trends. 

 
Figure 4.47: Probability Density Functions for the fluctuating lift coefficient on (left) NACA0012 and (right) NACA4412 
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Table 4.5: Skewness of the Cl Probability Density Functions 

Reynolds Number 
NACA0012 NACA4412 

Iu = 1.3% Iu = 5% Iu = 15% Iu = 1.3% Iu = 5% Iu = 15% 

Re = 50,000 -0.02 0.07 0.12 -0.05 0.00 0.10 

Re = 100,000 -0.32 0.00 0.10 -0.10 0.04 0.15 

Re = 200,000 -0.56 -0.03 0.06 -0.49 0.01 0.11 

Table 4.6: Kurtosis of the Cl Probability Density Functions 

Reynolds Number 
NACA0012 NACA4412 

Iu = 1.3% Iu = 5% Iu = 15% Iu = 1.3% Iu = 5% Iu = 15% 

Re = 50,000 3.17 2.91 3.08 2.99 3.00 3.08 

Re = 100,000 3.38 3.00 3.05 3.10 2.97 3.03 

Re = 200,000 3.93 2.94 3.01 3.73 2.93 3.00 

The standard deviation of the lift coefficient is presented in Figure 4.48 for both aerofoils at all turbulence 

intensities and Reynolds numbers. It is apparent that increasing Iu increases σ(Cl), regardless of AoA, camber 

or Reynolds number, as expected from σ(Cp) and the Cl PDF. As with the time-averaged Cl, the Reynolds 

number is seen to have reducing influence as Iu increases, its primary influence arising at the time-averaged 

stall AoA for a given aerofoil. As the time-averaged stall is later for increasing the Reynolds number, 

particularly on the NACA0012, the peak in σ(Cl) can be seen to shift to higher AoA as Re increases in Figures 

4.48a and 4.48c. When Iu = 15%, however, this distinction is no longer apparent. This peak also demonstrates 

the influence of camber, the σ(Cl) peak on the NACA4412 occurring at higher AoA than the NACA0012. 

The influence of this parameter remains apparent regardless of Iu. Notable, however, is that while the time-

averaged Cl peaked at 20° for both aerofoils, only the NACA0012 in Figure 4.48e shows σ(Cl) reaching a 

maximum at this AoA. The NACA4412 in Figure 4.48f has not reached its peak σ(Cl) by 20° AoA, and is 

still rising in this case. Hence, the Reynolds number again is seen to have less influence than Iu, but camber 

maintains some influence regardless of the flow state. 

The level of the rise in σ(Cl) at stall is seen to depend strongly on Iu. While each increase in Iu increases the 

magnitude of σ(Cl) at stall, the increase in σ(Cl) with AoA becomes more gradual. This follows from the 

pressure distributions showing a reduced influence of AoA as Iu increases, and subsequently the reduced lift 

slope of Cl. The greater unsteadiness in each case is associated with the growth in travelling vortices observed 

in the pressure coefficient, the unsteady flow inducing a highly unsteady response on the aerofoil. Hence, it 

must be remembered that while the time-averaged lift stall becomes more gradual, the flow causing this is 

increasingly unsteady as Iu increases. However, the build-up of this unsteadiness is also more gradual for a 

given change in the mean AoA, as the transient AoA change becomes proportionally greater than that of the 

mean. 
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Figure 4.48: σ(Cl) against AoA at each Reynolds number for a given turbulence intensity on (left) NACA0012 and (right) NACA4412 

A secondary peak is evident on each aerofoil at low AoA. This peak shows greater sensitivity to the Reynolds 

number, being associated with the LSB. Around the zero-lift AoA for each aerofoil, a small rise in σ(Cl) is 

evident in Figures 4.48a to 4.48d when Re = 50,000. This was seen by Tank et al. (2017) to be associated 

with the LSB switching surfaces as the upper surface becomes the suction surface with increasing AoA, or 

the lower for decreasing. The effect of this declines with increasing Reynolds number, as the LSB itself 

becomes less influential in higher Reynolds number flows.  
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The LSB causes further unsteadiness on the NACA0012 in Figure 4.48a between 2° and 10° when 

Re = 50,000. The LSB was seen in Figure 4.33 to be sensitive to the history of the flow, whether the AoA 

was increasing or decreasing, with a longer LSB for the latter case. Figure 4.48a shows that this produces a 

less steady lift coefficient for the shorter, increasing-AoA LSB than the longer, decreasing-AoA case, 

indicating the latter is more stable. This effect is not seen on the NACA4412 or at higher Reynolds numbers. 

Thus, besides the static stall AoA, the influence of the Reynolds number is also felt in the presence of the 

LSB. 

Prior to the static stall AoA, σ(Cl) presents a near-constant magnitude. This appears to be regardless of 

camber or the Reynolds number, but increases with each increase in Iu. The increase in σ(Cl), however, is 

not simply proportional to Iu. When Iu = 1.3%, σ(Cl) is approximately 0.02 for both aerofoils, which rises to 

0.09 for Iu = 5%. For a further increase in Iu to 15%, however, σ(Cl) increases to 0.16; the larger increase in 

Iu has not produced a larger increase in σ(Cl). This is more apparent in Figure 4.49, showing the mean σ(Cl) 

prior to the low-turbulence stall AoA for each aerofoil. Furthermore, the relative lack of influence of the 

Reynolds number is clear in this form, with there being no significant difference in the mean pre-stall σ(Cl) 

due to this variable. Camber also has no significant influence on this mean pre-stall σ(Cl). Hence, prior to 

the static stall AoA, Iu appears to be the sole driving parameter for the mean σ(Cl), the influence of the 

Reynolds number and camber being felt only when the LSB is present or when approaching stall. 

 
Figure 4.49: Pre-stall mean σ(Cl) against turbulence intensity for all Reynolds numbers 

While this unsteadiness may not be linked to the value of the turbulence intensity itself, this may be attributed 

to the unsteady pitching component of the flow perceived by the aerofoil. This perceived pitching increases 

with turbulence intensity, as greater velocity fluctuations are seen in the flow transverse to the mean flow 

direction. Thompson et al. (2011) noted that this was the primary component of unsteady loading, as opposed 

to the velocity variations in the streamwise direction. However, as with the greatest increase in Iu being 

between 5% and 15%, the greatest increase in σ(α), the standard deviation of the instantaneous pitch angle 

recorded during wind tunnel profiling, is also apparent between the two highest turbulence intensities. For 

each Iu of 1.3%, 5% and 15%, σ(α) is 0.67°, 2.4° and 6.9°, respectively, as was recorded in Table 3.5. Thus, 
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an extra parameter is required. Figure 4.50 acts to link σ(Cl) to σ(α) via the time-averaged lift slope for each 

case; σ(Cl) was non-dimensionalised by the product of the time-averaged linear lift slope and σ(α). 

 
Figure 4.50: σ(Cl) normalised by the lift slope and standard deviation of the pitch angle against AoA at each Reynolds number for a given 

turbulence intensity on (left) NACA0012 and (right) NACA4412 

It is interesting to note that all plots in Figure 4.50, excluding effects due to the LSB and stall, collapse to a 

normalised σ(Cl) between 0.3 and 0.4. Figures 4.50c and 4.50d, in particular, tend towards the latter. This is 

because the greater increase in σ(α) at higher turbulence intensities is offset by the reduction in the time-

averaged lift slope as Iu increases. Thus, the product of σ(α) and the time-averaged lift slope does not grow 

as rapidly as Iu and, in consequence, σ(α). This dependence on the lift slope and pitching angle range further 

suggests that this is a significant aspect of the unsteady behaviour, as opposed to the streamwise velocity 



CHAPTER 4 
 

 
 

130 
 

deviation. The latter case would not be expected to show dependence on the lift slope, being proportional to 

Iu directly instead; this would be expected to show a greater rise in σ(Cl) between Iu = 5% and Iu = 15% than 

Iu = 1.3% and Iu = 5%. In all cases, the near-constant pre-stall non-dimensionalised σ(Cl) can be considered 

a form of admittance of the unsteady pitching flow, with 30% to 40% of the potential σ(Cl) produced by the 

product of σ(α) and the time-averaged lift slope being generated by the aerofoil. The collapse of these 

fluctuating loads, combined with the near-normal distribution of σ(Cl), may be convenient for modelling the 

unsteady flow effects, and further emphasises the importance of the pitching component of the turbulent 

flow perceived by the aerofoil. 

As with the time-averaged lift-coefficient, a further assessment has been made for σ(Cl) at higher AoA, 

presented as Figure 4.51, in order to observe post-stall behaviour due to stall occurring at 20°. As was seen 

with lower turbulence intensities, the Reynolds number has little influence on the standard deviation of the 

lift coefficient prior to stall. However, in contrast to the time-averaged Cl, the stall behaviour for these two 

aerofoils is seen to differ in the unsteady response, both due to the Reynolds number and the aerofoil form.  

 
Figure 4.51: σ(Cl) against AoA with increasing velocity, Iu = 15% 

The influence of camber is firstly apparent. As with at lower turbulence intensities, the effect of camber is 

to delay the stall peak in σ(Cl). For the NACA0012, this peak arises between 20° and 22°, compared with 
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24° to 26° on the NACA4412. This maintains the offset seen in the time-averaged stall for Iu = 1.3%, and 

suggests that, while the AoA at which the maximum time-averaged lift coefficient occurs may converge 

regardless of camber, the unsteady process associated with stall still depends on the basic aerofoil behaviour. 

The reason for this can be linked to dynamic stall. Carr et al. (1977) note that a key requirement for dynamic 

stall to occur is that the static stall AoA must be passed during the pitching cycle. For the NACA4412, the 

later static stall allows this condition to be met at higher AoA than the NACA0012, allowing this unsteady 

flow generation to continue to higher AoA and thus delay the maximum σ(Cl). This is a further indicator of 

the importance of the perceived pitching motion in the flow and may indicate potential relationships to be 

made with existing dynamic stall knowledge. 

The spread in the peak σ(Cl) AoA is associated with the Reynolds number, as was seen in the time-averaged 

Cl when Iu = 1.3%. This dependence on the Reynolds number was not noted for any other variable relating 

to Cl at this turbulence intensity, due to the absence of the LSB. It does, however, further reflect the behaviour 

of the static stall of each aerofoil in low-turbulence conditions. An increase in Re was seen to increase the 

static stall AoA. Thus, the criterion for dynamic stall also extends to a higher AoA, and so unsteady vortex 

generation reaches a higher AoA. Therefore, the Reynolds number does have some influence on the unsteady 

response of the aerofoil at stall, even at the highest turbulence intensity. 

4.4.2.2 Maximum Instantaneous Lift Coefficient 

The link to dynamic stall is further seen in Figure 4.52, assessing the maximum and minimum Cl envelope 

of both aerofoils for a Reynolds number of 200,000, when Iu = 15%. While this brings more noise than 

comparing σ(Cl), being more prone to random gusting unique to each test, it is seen that the maximum 

instantaneous lift coefficient arises at the same AoA as the maximum σ(Cl). This is the AoA at which the 

greatest difference is seen between the maximum and minimum lift coefficients. McCroskey (1982) noted 

that the deeper an aerofoil entered dynamic stall, that is, the further it passed its static stall AoA while meeting 

the criteria for dynamic stall, the greater the lift generated and also the larger the hysteresis loop. This results 

in the maximum lift coefficient continuing to grow as the AoA is increased, the aerofoil passing deeper 

beyond its static stall angle. However, as Leishman (1990) noted this is only true as long as the aerofoil is 

still able to return below its static stall AoA to an attached flow state. Thus, this criterion will gradually be 

met less frequently as the AoA is increased further beyond static stall. This results in the maximum lift 

coefficient declining beyond this peak AoA, which is seen later on the NACA4412, for a given unsteady 

flow, due to its later static stall AoA, and so is able to meet this criterion for higher AoA than the NACA0012. 

The minimum instantaneous Cl is seen to attain a near constant value with increasing AoA from the static 

stall AoA. Prior to this, the maximum and minimum remain approximately equal in deviation from the mean. 

As the maximum and minimum lift coefficients diverge above the static stall AoA, σ(Cl) increases from its 

near-constant pre-stall value, until the maximum Cl declines. Figure 4.52 is also useful in highlighting the 

similarities in the time-averaged Cl between the two aerofoils at this highest turbulence intensity, with a near-

constant y-axis offset, the zero-lift AoA for each aerofoil remaining unaltered. 
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Figure 4.52: Comparison of Cl, max and Cl, min with time-averaged Cl at Re = 200,000, Iu = 15% 

4.4.2.3 Frequency Response of the Lift Coefficient 

While σ(Cl) can help indicate the fluctuation magnitude, it does not provide an assessment of the frequencies 

at which these fluctuations arise. Figures 4.53 to 4.57 present the lift coefficient PSD up to 200 Hz for both 

aerofoils in all flow conditions. As with the pressure coefficient PSD, frequency is on the y-axis with the 

colour map presenting the PSD, the x-axis being the AoA. In each case, the PSD is only presented for the 

increasing AoA data. 

Shown in Figure 4.53 are the Cl spectra for a Reynolds number of 50,000. As with the pressure coefficients, 

the peak region below 1 Hz is to be expected, as this is the peak frequency range of the onset turbulent flow.  

When Iu = 1.3%, as with the pressure coefficient PSD, the LSB forms a prominent feature in the frequency 

response. On the NACA0012 in Figure 4.53a, at both +2° and -2°, energy peaks are evident up to 0.3 Hz, 

with a further peak at 25 Hz, exceeding the equivalent signals at other pre-stall AoA by an order of 

magnitude. This corresponds to the AoA range in which the lift slope deviates from being linear, identified 

by Tank et al. (2017) as due to the LSB switching surfaces. A similar feature can be seen on the NACA4412 

around -4° in Figure 4.53b. A fluctuating peak in the lift coefficient, with a signal strength greater than 

10-4 Hz-1, can be seen on the NACA0012 between 87 Hz to 200 Hz between 2° and 10°, where the LSB is 

prominent. This was seen in the pressure coefficient spectra, but such a feature on the NACA4412 is less 

defined. However, it is apparent that the motion of the LSB at low AoA influences the lift coefficient 

unsteady response. 

Following stall, both aerofoils see a sharp rise in the unsteady lift coefficient response at all frequencies, 

corresponding to the rise in σ(Cl) at stall. While this is primarily below 1 Hz, a further band of energy with 

a power of approximately 10-3 Hz-1, decreasing from 6.8 Hz at 14° to 5.3 Hz at 20°, is evident on the 

NACA0012 in Figure 4.53a, highlighted by the white dotted box. Using the projected aerofoil depth normal 

to the flow produces a constant Strouhal number of 0.22, which Niemann and Hölscher (1990) associate with 

bluff vortex shedding, comparable to that of a cylinder. This bluff-body behaviour is to be expected from the 
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stalled aerofoil, a similar feature arising on the NACA4412 from 18° at similar frequencies. Thus, the natural 

stall behaviour of each aerofoil is evident at the lowest turbulence intensity. 

 
Figure 4.53: Surface plots of Cl PSD against increasing AoA, Re = 50,000, (left) NACA0012, (right) NACA4412 

The influence of camber is also evident in the Cl PSD in Figure 4.53. This is firstly through the stall behaviour 

of each aerofoil, the cambered NACA4412 stalling later than its symmetrical counterpart. Furthermore, the 

NACA4412 experiences low-frequency fluctuations, below 1 Hz, over a greater range of AoA prior to stall. 

It was seen in the Cp PSD that this aerofoil more effectively conveyed disturbances below 1 Hz along is 

chord length, and this is likely the cause of this stronger signal. Hence, at the lowest turbulence intensity, 

camber not only influences the unsteady response via the LSB, but also through the low-frequency signal. 

At a higher turbulence intensity of 5%, there is less distinction in the effect of mean AoA on the Cl PSD, as 

was seen with the Cp PSD. There is also little difference in the signal strength and frequency range between 

the aerofoils, with the LSB no longer showing a strong influence. Only a trace of elevated unsteady energy 
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remains on the NACA4412 at -4° up to 30 Hz, highlighted in he dashed white box. This aerofoil was seen 

to more readily retain its LSB. The low-frequency signal dominates the aerofoil response at all AoA. This is 

to be expected, given the low-frequency peak of the onset signal, which was seen in Figure 3.18 to follow 

a -5/3 power-law energy decay, with a peak signal around 1 Hz. The Cl PSD also displays a peak around 1 Hz. 

A point of note is there is no single, easily–defined unsteady frequency, as would be expected from a periodic 

dynamic stall situation. This further reinforces the irregular nature of the unsteady vortices formed around 

stall on each aerofoil. However, the influence of camber is still evident in the stall AoA, the cambered 

NACA4412 stalling later in Figure 4.53d than the symmetrical NACA0012 in Figure 4.53c, although the 

primary influence is the onset turbulence. 

Similarly, when Iu = 15%, the low frequency energy has increased further, with all AoA experiencing near-

constant signal power above 10-4 Hz-1 below 10 Hz. Little variation with AoA is evident, the LSB signal seen 

at low turbulence intensities suppressed. This is similar to both the pressure coefficient standard deviation 

and σ(Cl), where it was seen that the increasingly unsteady flow blurred the distinction of AoA changes. The 

highest strength peak at stall, however, can be seen to extend over a greater range of AoA. Fluctuations 

approaching a strength of 10-1 Hz-1 can be seen to extend from 10° to 20° for the NACA0012 in Figure 4.53e, 

compared with 12° to 16° in Figure 4.53c. This matches the extended rise in σ(Cl), indicating the growing 

range of AoA in which the irregular dynamic stall-type flow can be encountered regularly. This stall peak is 

the only remaining difference between the two aerofoils, a factor influenced by camber. The effects of the 

LSB and natural stall vortex shedding are no longer evident. 

While both aerofoils at the higher turbulence intensities may present a low-frequency peak, which steadily 

decays with increasing frequency, this does not match the -5/3 power law of the onset flow velocity. Figure 

4.54 examines the Cl PSD at 4° mean AoA, in the primary decay region from 1 Hz to 100 Hz. This is 

compared with the PSD for the onset flow u-velocity component and the instantaneous pitch angle multiplied 

by the lift slope, as was used for normalising σ(Cl) in Figure 4.50. It is immediately apparent that the decay 

of the Cl PSD is steeper than either of the onset flow PSD, which both follow a -5/3 power law. Instead, both 

aerofoils decay with an exponential of -3 for both Iu = 5% and Iu = 15%. This results in a much greater loss 

of high frequency energy, both aerofoils reaching a PSD of approximately 2 × 10-7 Hz-1, at 40 Hz for the 

case of Iu = 5% and 70 Hz when Iu = 15%. However, from these frequencies the signal reaches a noise floor, 

plateauing at this signal strength. Thus, the PSD for Cl, while maintaining the low-frequency peak of around 

1 Hz and decaying with increasing frequency, exhibit a more rapid energy decay than the onset flow nature. 
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Figure 4.54: Cl PSD compared with pitch angle and u-velocity PSD, Re = 50,000, (left) NACA0012, (right) NACA4412 

Comparing the effects of the Reynolds number when Iu = 1.3%, in Figure 4.55, the influence of Re on the 

LSB is again apparent. While a strong energy peak can be seen over 87 Hz prior to stall on the NACA0012 

in Figure 4.55a, this fades with increasing Re. Similarly, the energy peaks around the zero-lift AoA on each 

aerofoil becomes less defined with increasing Re. The delay in stall on each aerofoil with increasing Re is 

also apparent in the shifting of the sharp signal rise at higher AoA. However, in each case the thin band of 

energy associated with St = 0.22 remains visible above stall, regardless of Re. Thus, the natural behaviour of 

each aerofoil is influenced by the Reynolds number when Iu = 1.3%, both in terms of the nature of the LSB 

and also the stall behaviour. 

One aspect evident in Figure 4.55, but clearer at the higher turbulence intensity of 5% in Figure 4.56, is the 

reduction of signal strength as the Reynolds number increases. This was noted for the pressure coefficients 

as due to the increasing perceived frequency of unsteady events passing over the surface and their shorter 

duration to influence the aerofoil. Correspondingly, the frequency range for a given PSD strength is seen to 

double as Re is doubled, evident in Figure 4.56 by comparing the frequency extent for PSD > 5 × 10-4 Hz-1. 

Thus, for a higher Re, the signal peak appears diminished, but the frequency bandwidth is increased. 
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Figure 4.55: Surface plots of Cl PSD against increasing AoA, Iu = 1.3%, (left) NACA0012, (right) NACA4412 

Beyond the signal strength and frequency changes, Figure 4.56 shows little change in the general energy 

distribution with increasing Re. As seen when Re = 50,000, all Reynolds numbers exhibit less dependence 

on the mean AoA and lose the influence of the LSB. The effects of camber are still apparent in the stall AoA 

in each case, but the higher turbulence intensity reduces the influence of the Reynolds number on the Cl PSD. 
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Figure 4.56: Surface plots of Cl PSD against increasing AoA, Iu = 5%, (left) NACA0012, (right) NACA4412 

The reduced influence of the Reynolds number as Iu increases is seen in Figure 4.57, when Iu = 15%. The 

increasing Reynolds number again reduces PSD strength but increases the frequency bandwidth for each 

PSD strength. This has the effect of reducing the evidence of the PSD peak at stall, remaining visible through 

the reduction of signal energy at lower AoA. This in turn reduces not only evidence of dependence on the 

AoA, but also on camber. Thus, there is little difference between these two aerofoils at this turbulence 

intensity, with little influence also seen due to changes in the AoA. However, despite the energy loss, the 

change in Reynolds number has not influenced the form of the energy distribution, retaining a broad, low-

frequency peak followed by a rapid energy decay. 
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Figure 4.57: Surface plots of Cl PSD against increasing AoA, Iu = 5%, (left) NACA0012, (right) NACA4412 

4.4.3 Summary 

The lift generated by a low Reynolds number aerofoil is seen to be significantly influenced by the effects of 

turbulence intensity. Overall, the driving parameter is the onset flow itself. An increase in turbulence 

intensity results in a less steady load on the aerofoil, as would be expected. As seen with flat plates, an 

increase in the onset turbulence intensity produces a delay in the time-averaged stall and a reduced pre-stall 

lift slope, regardless of aerofoil form. This decline in the lift slope is associated with greater flow separation 

for a given AoA as the aerofoil intermittently stalls. However, this increasing flow separation results in a 
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difference from flat plate data; a continued increase in the turbulence intensity does not produce a continued 

increase in the time-averaged lift coefficient. 

These effects are seen to be altered by the addition of camber. As the cambered aerofoil less readily forms 

strong suction events than the symmetrical aerofoil, the former loses lift more readily in highly-turbulent 

flow. This results in the peak time-averaged lift coefficient declining 30%, as the turbulence intensity rises 

from 1.3% to 15%, on the NACA4412. In contrast, the symmetrical NACA0012 sees an increase in the time-

averaged lift coefficient when Iu = 5% before declining again to the clean-flow value when Iu = 15%. In all 

cases, however, the NACA4412 retains a higher time-averaged lift coefficient for a given AoA, despite this 

loss of lift with increasing onset flow unsteadiness.  

While this cambered aerofoil may less readily enter dynamic-stall-type behaviour than the symmetrical 

aerofoil, the later static stall allows it to meet the criterion of passing its static stall AoA at higher AoA than 

the NACA0012. In all flow conditions, the time-averaged stall for the NACA4412 is higher than that of the 

NACA0012, although this difference declines with increasing turbulence intensity.  

The trade-off for a cambered aerofoil compared with symmetrical equivalent is that, for the cambered 

aerofoil, while in a given flow condition it maintains a higher lift coefficient than its symmetrical counterpart, 

significant allowance must be built in for its loss of lift. However, the symmetrical aerofoil entering dynamic 

stall more readily, is more likely to encounter the associated strong fluctuations at an AoA nearer to the UAV 

operating envelope, as seen in the earlier rise of σ(Cl). For reasons of controllability, therefore the cambered 

aerofoil is preferable, albeit with sufficient margin for loss of lift. 

Compared with the effects of onset turbulence and camber, the Reynolds number is less significant, 

particularly as the onset turbulence intensity increases. At low turbulence intensities, the effect of the 

Reynolds number may be seen in the LSB, itself also dependent on the aerofoil form. As the Reynolds 

number increases, the effect of the LSB decreases. However, more significant for the LSB is the behaviour 

of the unsteady flow, which dominates the lift time history. Hence, there is no significant difference for either 

aerofoil due to the Reynolds number when Iu = 15%. 

4.5 Influence of Turbulence on the Pitch-Moment Coefficient 
As with the Lift Coefficient, the Pitch-Moment Coefficient is first presented in time-averaged form at each 

AoA, with the standard deviation and PSD subsequently employed to characterise their fluctuating nature. 

The pitch moment is important for UAV controllability, dictating the size and response of control surfaces. 

The moment is defined from the pressure taps as outlined in Table 4.2, with the quarter-chord as the reference 

axis. A positive pitch-moment is defined as one which acts to increase the AoA of the aerofoil. 

4.5.1 Time-Averaged Pitch-Moment Coefficient 

4.5.1.1 Influence of turbulence at Re = 50,000 

At a Reynolds number of 50,000, Figure 4.58 shows a distinct difference from what is expected from a 

quarter-chord pitch moment via inviscid thin aerofoil theory: the pitch moment is not constant prior to stall. 



CHAPTER 4 
 

 
 

140 
 

This is due to the fact the flow cannot be considered inviscid at these low Reynolds numbers, notably with 

LSB present in such conditions. As the AoA increases, the LSB advances along the chord towards the leading 

edge. The suction plateau under the LSB contributes to the pitching moment via its distance from the quarter-

chord axis. As the LSB approaches the leading edge, this distance decreases, and on the NACA0012 reverses 

as the LSB moves forward of the quarter-chord. Counteracting the decreasing chord length is the stronger 

suction of the LSB, as it moves further up the pressure recovery portion of the Cp curve. The result is a more 

positive pitching moment as the AoA is increased, until the flow separates at stall. In all cases, the pitch 

moment is more negative for the NACA4412, as is expected for a cambered aerofoil, with its suction peak 

further from the leading edge than the sharp suction peak on the NACA0012. 

 
Figure 4.58: Time-averaged Cm against AoA with increasing Iu, Re = 50,000 

An increase in turbulence intensity in the onset flow is seen to reduce this viscous effect, both aerofoils 

tending towards a constant pre-stall Cm. This is most evident at the highest turbulence intensity, Iu = 15%, 

for which the NACA0012 approaches Cm = 0 below 10° and the NACA4412 tends towards Cm = -0.06. This 

is due to the decreasing influence of the LSB on the pressure distribution, approaching the inviscid 

assumptions of thin aerofoil theory. As the LSB is removed, the time-averaged pitch moment approaches the 
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mean pre-stall Cm regardless of AoA. However, a constant Cm is still not attained, with each aerofoil 

exhibiting their most positive Cm immediately prior to static stall. It is of interest that, unlike Cl, this peak is 

not delayed with an increase in Iu, remaining constant between 10° and 12° for the NACA0012 and 16° for 

the NACA4412, compared to Cl, for which the peak was delayed to 20° for both aerofoils. While the increase 

in Iu removes some dependence on the AoA, the influence of camber is still apparent in the offset in mean 

Cm between the two aerofoils, as was seen in the time-averaged lift coefficient. Hence, despite the loss of the 

LSB, camber still is seen to influence the time-averaged pitch moment coefficient through the magnitude of 

the mean Cm. 

Camber and turbulence intensity are also seen to contribute to the stall behaviour of Cm, much as they did 

with Cl. When Iu = 1.3%, both aerofoils reach their most-positive Cm, seen within the test AoA range 

immediately prior to stall, as the LSB approaches the wing leading edge. The NACA0012 attains Cm = 0.1 

at 10° compared with Cm = -0.02 at 16° for the NACA4412. With increasing Iu, this peak is decayed to nearer 

the mean Cm for each aerofoil. This is a result of the increasingly unsteady flow reducing the influence of 

AoA, effectively averaging out the AoA range through which the aerofoil is perceived to be pitching. This 

results in a more gradual decline in the time-averaged Cm with increasing AoA post-stall at high Iu, albeit the 

underlying flow motion and moments are highly unsteady. 

The more gradual decline in the time-averaged Cm is also evident in Figure 4.59, which presents the local 

pitch moment slope for the cases presented in Figure 4.58. When Iu = 1.3%, the sharper stall of the 

NACA4412 is evident with a peak negative Cm slope of -0.032°-1 compared with -0.02°-1 for the NACA0012. 

This corresponds with the sharper loss of lift seen for the cambered aerofoil as the suction peak collapses. 

As the turbulence intensity increases, this peak Cm slope reduces in magnitude to around -0.01°-1 for each 

aerofoil at 20°. As with Cl, the drop in Cm at stall occurs later for the cambered NACA4412, following the 

low-turbulence behaviour, irrespective of Iu. 

The influence of the LSB on the NACA0012 is also evident in a distinct reversal of the Cm slope between -2° 

and +2°, compared with the remainder of the Cm curve in Figure 4.58. This is comparable to the kink in the 

Cl curve in this AoA range, and is also associated with the LSB surface-switching noted by Tank et al. (2017). 

The LSB moves from the upper surface, and so contributing a negative moment, to the lower surface, 

producing a corresponding positive moment. At -2° AoA, Cm = 0.020, decreasing to Cm = -0.025 at +2°, 

whereas between +2° and +10° Cm increases to 0.01, rising in a near-linear fashion. Figure 4.59 shows this 

clearly as a peak negative slope of -0.01°-1 at 0°, the pitch moment slope at all other AoA prior to stall settling 

around 0.005°-1. As the turbulence intensity increases, and the time-averaged Cm becomes more constant, 

this low-AoA peak is diminished, and the remainder of the curve reduced in slope, approaching 0°-1 when 

Iu = 15%.  

On the NACA4412, the slower changes in the LSB produce a more gradual change in Cm. Rather than 

presenting a constant Cm slope, the NACA4412 features a gradual change in slope from -0.018°-1 at -6° to 

0.01°-1 at 14°. This removes the abrupt pitch moment reversal seen on the NACA0012 and highlights the 
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role of camber on the pitch moment via the LSB. As with the NACA0012, when Iu = 15%, the pitch moment 

slope tends towards a constant 0°-1. Thus, camber has a strong influence on the pitch moment when the LSB 

is present, which reduces with increasing onset turbulence. 

 
Figure 4.59: Local pitch moment slope against AoA for each turbulence intensity, Re = 50,000 

4.5.1.2 Influence of increasing the Reynolds Number 

Figure 4.60 compares the effect of increasing the Reynolds number to that of turbulence intensity for both 

aerofoils. It was seen that increasing the Reynolds number reduced the influence of the LSB. This can be 

perceived by the general straightening of each time-averaged Cm curve with increasing Re in Figures 4.60a 

and 4.60b, when Iu = 1.3%. This change is notable on the cambered NACA4412 below 0°, where the pitch 

moment slope reversal is removed, resulting in Cm = -0.04 when Re = 50,000 compared with Cm = -0.11 

when Re = 200,000. This is similar to the reduction in lift slope for this aerofoil below 0° as Re was increased. 



CHAPTER 4 
 

 
 

143 
 

 
Figure 4.60: Time-averaged Cm against AoA at each Reynolds number for a given turbulence intensity on (left) NACA0012 and (right) NACA4412 

In comparison, the NACA0012 loses much of the distortion associated with the LSB around 0° but there is 

no significant change in the magnitude of Cm. This demonstrates that the larger LSB on the NACA4412 is 

more sensitive to the Reynolds number in terms of its effect on Cm. However, neither aerofoil reaches the 

inviscid expectation of constant Cm, when Iu = 1.3%, regardless of the Reynolds number. As with Cl, stall is 

delayed for each aerofoil with increasing Re, but the influence of the Reynolds number at low AoA is more 

notable for Cm than for Cl. Thus, the Reynolds number and camber both have a strong influence on Cm at low 

turbulence intensities. 
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At a higher turbulence intensity of 5%, it was seen when Re = 50,000 that the kinks associated with the LSB 

were flattened. This is seen to be true at higher Reynolds numbers, with the effects of the LSB around the 

zero-lift AoA less prominent, with increasing Re, due to the reduction of this feature. In Figure 4.60c, this is 

evident on the NACA0012 between -6° and +6° AoA. Where the aerofoil at Re = 50,000 has peaks of 

Cm = ±0.02 in the curve at -2° and +2°, when Re = 200,000 a constant pitch moment of Cm = 0 is seen for 

this AoA range. The difference in Cm seen on the NACA4412, for negative AoA with a change in Re, in 

Figure 4.60b is still apparent when Iu = 5% in Figure 4.60d, but is less severe than the lower turbulence 

intensity. There is also less influence from the Reynolds number at higher AoA, around and beyond stall. As 

with the lift coefficient, this is because the effect of onset turbulence dominates that of the Reynolds number. 

There is a slight delay in stall, as was seen in the low-turbulence case, as the static stall behaviour is delayed, 

delaying the transient response. However, the effect of the Reynolds number is still felt more in the time-

averaged Cm than in Cl due to the sensitivity, not only on the suction of the LSB, but also its chordwise 

location. 

When Iu = 15%, the Reynolds number is seen to have little influence on Cm. As with Cl, this is because much 

of the influence of the Reynolds number is felt through the LSB. As it was seen in the pressure coefficient 

contours that the LSB cannot exist at this turbulence intensity, this influence is gone. Thus, at low AoA, 

there is no significant influence of the Reynolds number. At stall, however, a delay of up to 2° is perceptible 

between Re = 50,000 and Re = 200,000. This again corresponds to the delay in static stall, with the 

consequent delay in the transient behaviour. Thus, the highest turbulence intensity shows the least Reynolds 

number dependence, although the stall behaviour still links back to the low-turbulence case, with an increase 

in Re delaying the roll-off in Cm. 

4.5.2 Unsteady behaviour of the Pitch-Moment Coefficient 

4.5.2.1 Standard Deviation of the Pitch Moment Coefficient 

As was seen with the time-averaged pitch-moment coefficient, general trends from σ(Cl) are identifiable in 

the standard deviation of the pitch moment coefficient, σ(Cm), as seen in Figure 4.61. This includes a near-

constant unsteadiness prior to stall, with a sharp rise at the time-averaged stall AoA. 

In Figure 4.61a, at a Reynolds number of 50,000, the 1.3% turbulence intensity case shows the hysteresis 

loop of the LSB between 2° and 10° on the NACA0012, which was also evident in σ(Cl). This loop is 

prominent for σ(Cm) due to the dependence of Cm on the moment arm length as well as the LSB size. The 

peak fluctuations also arise at stall, as with σ(Cl). As the Reynolds number increases, this stall peak is 

delayed, as was seen in σ(Cl), and the hysteresis loop on the NACA0012 collapses. Both aerofoils 

demonstrate a reduction in σ(Cm) prior to stall as the Reynolds number increases. This corresponds to the 

reduction in the influence of the LSB, to which Cm is more sensitive than Cl due to the dependence on the 

moment arm of the pressure plateau. While the stall unsteadiness does vary with Re for each aerofoil, this 

settles down to more consistent behaviour post-stall. Thus, the Reynolds number is seen to influence the 

unsteady behaviour of Cm, particularly through the LSB. In this regard, camber also influences Cm. 
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Figure 4.61: σ(Cm) against AoA at each Reynolds number for a given turbulence intensity on (left) NACA0012 and (right) NACA4412 

With an increase in Iu to 5%, in general σ(Cm) has increased, as is expected with a less steady onset flow. In 

particular, both aerofoils show a strong rise in the stall σ(Cm) peak. The NACA0012, in Figure 4.61c, shows 

reducing influence of the Reynolds number compared with Iu = 1.3%, with σ(Cm) for all three Reynolds 

numbers converging. However, the NACA4412 shows a markedly higher σ(Cm) for Re = 50,000. The reason 

for this is unclear, although this Reynolds number is still the most influenced by the LSB at this turbulence 

intensity. It is notable that the stall peak on both aerofoils has been delayed to higher AoA than when 

Iu = 1.3%. This aligns with the behaviour of the lift coefficient, but contrasts with the most positive Cm 

remaining at the static stall AoA. Thus, the roll-off in Cm aligns with the growth in the unsteady behaviour 

which produces the convecting vortices, while the peak unsteadiness in Cm aligns with that of Cl, when the 
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maximum time-averaged suction is being generated. As this is governed by the static stall AoA, camber is 

seen to still influence the unsteady pitch moment response when Iu = 5%. 

When Iu = 15%, in Figures 4.61e and 4.61f, the influence of the Reynolds number is still apparent, unlike 

with the lift coefficient. Although all σ(Cm) curves for each aerofoil demonstrate a consistent form, in both 

cases the curve is offset to a slightly higher σ(Cm) for Re = 50,000, compared to the two higher Reynolds 

numbers. This follows the behaviour at the two lower turbulence intensities, for which the lowest Reynolds 

number produced the least steady pitch moment. The delay in the peak σ(Cm) with increasing Iu is also 

apparent on both aerofoils, again matching the delay in the peak σ(Cl), rather than the consistent AoA for the 

most positive Cm. As with σ(Cl), this rise in σ(Cm) is at a higher AoA for the cambered aerofoil than its 

symmetrical counterpart, showing that camber continues to play a role in the unsteady response of the 

aerofoils. However, unlike the lower turbulence intensities, when Iu = 15% both aerofoils demonstrate the 

same pre-stall σ(Cm), a reminder that the turbulent flow is the predominant factor in the unsteady behaviour 

of these aerofoils. 

4.5.2.2 Frequency Response of the Pitch-Moment Coefficient 

As was seen with σ(Cm), many of the trends evident in the spectra can be observed in those for the lift 

coefficient, albeit with a lower strength than the latter. Figures 4.62 to 4.64 compare the PSD for Cm, laid out 

with AoA on the x-axis, frequency on the y-axis and the PSD as the colourmap. 

At the lowest turbulence intensity, when Re = 50,000, seen in Figures 4.62a and 4.62b, the key features from 

the lift coefficient spectra are evident, as was seen when comparing σ(Cm) to σ(Cl), albeit with reduced overall 

fluctuation magnitude. The overall signal below 2 Hz has reduced an order of magnitude from 10-4 Hz-1 to 

10-5 Hz-1, owing to the much reduced amplitude of the pitch moment coefficient relative to the lift coefficient. 

This allows the stall peak to be more identifiable than in the lift coefficient spectra. The sharp rise in signal 

power, associated with stall, raises the signal power to 10-4 Hz-1 for frequencies up to 10 Hz. As with Cl, the 

influence of camber is evident in the AoA at which this peak occurs.  

The influence of the LSB is also present at low AoA, with the NACA0012 presenting a strong signal between 

2° and 10° above 100 Hz. Furthermore, the LSB switching bands, seen in the PSD for Cl, are evident at -2° 

and +2°. However, the peaks for these arise at 30 Hz, lacking the peaks seen below 1 Hz in the Cl PSD. 

Instead, the peak below 1 Hz arises only at 0°, between the LSB establishing itself on each surface. A similar 

energy band is evident on the NACA4412 up to 30 Hz, between -4° and +6°. This decreases in frequency 

range with increasing AoA, corresponding to its own LSB motion. Thus, the influence of camber is also 

present in the LSB trace on each aerofoil. 

While σ(Cm) experienced its peak at the time-averaged lift stall AoA, the PSD of Cm continue to show a sharp 

rise in signal strength from the static stall AoA, in the same manner as the most positive Cm remained at this 

AoA. Thus, camber maintains its influence on the onset of unsteady signal growth, as this depends on the 

static stall AoA. Camber can be seen to further influence the NACA4412 in Figure 4.62d, which presents a 

greater fluctuating signal below 1 Hz than the NACA0012 in Figure 4.62c, reflecting its higher σ(Cm). This 
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relates to the pressure coefficient PSD, in which the NACA4412 was seen to more readily convey low-

frequency unsteadiness along its chord length. As Cm is more sensitive to the local pressure distribution than 

Cl, which only relies on the magnitude of the pressure distribution, this stronger low-frequency signal is 

more apparent in the PSD for Cm than Cl. 

 
Figure 4.62: Surface plots of pitch moment coefficient PSD against increasing AoA, Re = 50,000, (left) NACA0012, (right) NACA4412 

A similar situation can be seen on both aerofoils at the highest turbulence intensity, Iu = 15%, with the stall 

peak being considerably more prominent than the same case for the lift coefficient PSD, due to the lower 

baseline signal strength. Whereas the lift coefficient presented a near-constant pre-stall fluctuating signal 

with AoA below 10 Hz, for both the 5% and 15% turbulence intensity cases, the lower strength of the 

baseline signal for the pitch moment coefficient results in the fluctuating signal being less consistent, 

showing more dependence on AoA. This is most apparent in signals exceeding 10-3 Hz-1, which exist only 

above 14° for the NACA0012. Hence, the Cm PSD, while sharing similar peaks to those seen in the Cl PSD, 
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present a much greater difference between the peaks and the background signal. This, in turn, makes the 

dependence on camber more readily observed. 

Comparing the effect of varying the Reynolds number on the PSD of Cm, when Iu = 1.3%, Figure 4.63 shows 

the same reduction in PSD strength which was evident in the Cl PSD. Beyond that, however, the primary 

influence of the Reynolds number is the reduction in the influence of the LSB. This was seen also for Cl, but 

the greater influence of the LSB on Cm makes this more apparent. The stall peak loads can be seen to shift 

to higher AoA on both aerofoils as the Reynolds number increases, showing the Reynolds number both 

influences stall loads and the LSB nature. Both of these parameters also depend on camber, but the influence 

of Re is evident through the reduced influence of the LSB 

 
Figure 4.63: Surface plots of pitch moment coefficient PSD against increasing AoA, Iu = 1.3%, (left) NACA0012, (right) NACA4412 

When Iu = 5%, seen in Figure 4.64, the effect of the increasing flow speed in reducing the PSD strength, 

while increasing the frequency at which a given signal power is seen, is observed again. This is most evident 
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in the reduction of the low frequency signal prior to static stall. As is expected for an increasingly unsteady 

flow, however, the signal is stronger for all Re than when Iu = 1.3%. Moreover, the LSB signal is almost 

completely removed for each aerofoil with this added unsteadiness. The only strong evidence of the LSB at 

this Iu is the peak signal seen at 0°, as it shifts between the aerofoil upper and lower surface, becomes less 

apparent as Re is increased. However, as was seen when Re = 50,000, the NACA4412 retains a higher signal 

strength at low AoA below 10 Hz, regardless of Reynolds number.  

 
Figure 4.64: Surface plots of pitch moment coefficient PSD against increasing AoA, Iu = 5%, (left) NACA0012, (right) NACA4412 

At the highest turbulence intensity of 15%, shown in Figure 4.65, the Cm PSD again reflects the Cl PSD in 

showing the least dependence on AoA and Re due to the increase in Iu. However, as was seen when 

Re = 50,000, the lower background signal of Cm compared to Cl allows the peaks to be more clearly defined. 

As with Cl, this is centred around 1 Hz, comparable to the unsteady onset flow frequency peak. Regardless 

of the Reynolds number, this peak grows from the static stall AoA for each aerofoil, highlighting the 
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influence of camber, despite the loss of the LSB. As with the lower turbulence intensities, all signals are 

reduced in strength but represent higher frequencies as the Reynolds number increases, maintaining the 

relevant Strouhal numbers, as expected by Cooper (1984). This remains the primary influence of the 

Reynolds number, no longer able to influence the LSB. In all cases, the NACA4412 retains a higher low-

frequency signal, as it did for the lower turbulence intensities. 

 
Figure 4.65: Surface plots of pitch moment coefficient PSD against increasing AoA, Iu = 15%, (left) NACA0012, (right) NACA4412 

4.5.3 Summary 
The general trends of the pitch moment coefficient can be seen to follow those of the lift coefficient for an 

increase in turbulence intensity with each aerofoil. Turbulence remains the dominant factor in changes to the 

time-averaged and unsteady Cm generated by each aerofoil. Its influence produces the greatest change in the 

time-averaged Cm and the PSD, regardless of Reynolds number and camber. As the turbulence intensity 

increases, the pitch moment nears the inviscid theory of a constant time-averaged quarter-chord Cm. This 
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near-constant pitch moment at higher turbulence intensities contrasts with the lift coefficient, which tends 

towards a more constant lift slope instead. However, this does not reflect the increasingly unsteady response 

seen in σ(Cm) and the PSD of Cm, which show this to not be a steady, constant Cm. At low Reynolds numbers, 

the viscous effects, dominated by the LSB, produce a far-from-constant quarter-chord Cm at low turbulence 

intensities. 

This LSB-dependence means the influence of the Reynolds number is more strongly felt in Cm than it is with 

Cl. This is due to the dependence of the LSB on Re, and the moment arm associated with its suction plateau. 

As the AoA changes, or the Reynolds number varies, so does this moment arm, changing the Cm. With its 

larger LSB, this effect is more greatly felt on the cambered NACA4412 than the symmetrical NACA0012. 

In contrast, Cl depends solely on the pressure field magnitude, not the distribution of this pressure, and so 

does not encounter as strong of a dependence on Re. 

Camber, however, remains a significant factor. Firstly, the increase in unsteadiness in Cm and the most 

positive time-averaged Cm both remain at the static stall AoA, regardless of turbulence intensity and 

Reynolds number. Furthermore, the cambered NACA4412, with its larger LSB, was seen to more effectively 

carry unsteady flow energy from the leading edge of the aerofoil along the chord. Due to the dependence of 

Cm on the chordwise pressure distribution, this in turn produces greater fluctuations in Cm on the cambered 

aerofoil, particularly at low frequencies. Hence, camber cannot be neglected in the behaviour of Cm at low 

Reynolds numbers in response to onset turbulence, but in this case the Reynolds number is also significant, 

regardless of Iu. 

4.6 Influence of Turbulence on the Pressure Drag Coefficient 
A correct estimate of the drag coefficient is important for flight, influencing the motor sized for the aircraft 

and the expected endurance. However, it is important to note that the drag coefficients presented in this 

section only represent the pressure drag component, being derived from the pressure tap readings. Hence, in 

the high turbulence case, behaving as near-inviscid flow in the absence of shear data, d’Alambert’s paradox 

of zero drag is approached at low AoA. With the higher shear friction of a turbulent boundary layer, the 

turbulent flow cases would be expected to have a higher drag coefficient at low AoA than the low turbulence 

intensities. The data presented here is primarily for comparative purposes. Lift-to-drag ratio data is not 

presented, as, lacking the shear component, which is expected to dominate in the high-shear turbulent flow, 

this ratio would be unrealistically high for the turbulent flow data. 

4.6.1 Time-Averaged Pressure Drag Coefficient 

At a Reynolds number of 50,000, Figure 4.66 shows that both aerofoils experience a decrease in the time-

averaged drag coefficient as the onset turbulence intensity increases at all AoA below stall. This may be 

unexpected due to the high shear in such a flow, but as these are pressure drag coefficients, the shear 

component is not measured. Flay and Jackson (1992) noted that the reduced time-averaged wake size of the 

turbulent flow reduces the influence of the pressure drag relative to the frictional component, explaining the 

reduction in the measured drag presented here. Not only is the size of the wake reduced, but the time-
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averaged LSB plot in Figure 4.36 showed that the positive pressure peak had reduced from Cp = 1 to Cp = 0.4, 

due to the instantaneously varying stagnation point. This, in turn, acts to reduce the measured drag 

coefficient, as the stagnation point moves between pressure taps. Hence, at low AoA, an increase in Iu reduces 

the pressure drag, slightly more for the cambered aerofoil, which experiences greater viscous effects with its 

larger LSB. However, a proper assessment cannot be made in the absence of the shear component. 

 
Figure 4.66: Time-averaged Cd against AoA with increasing Iu, Re = 50,000 

At higher AoA, towards stall, further differences are seen, both due to camber and the turbulence intensity. 

When Iu = 1.3%, the NACA0012 experiences an earlier rise in Cd at its static stall AoA, but the rise for the 

cambered NACA4412 is sharper, reflecting the lift stall behaviour of each aerofoil. This sharper stall is 

evident in Figure 4.67, presenting the drag slope for the case shown in Figure 4.66. While the NACA0012 

reaches a peak slope of 0.032°-1 when Iu = 1.3%, the NACA4412 reaches 0.055°-1. These gradients also 

highlight that, as with Cm, Cd remains more dependent on the static stall AoA for its time-averaged peak than 

Cl. Regardless of AoA, there is an increase in the rate of change of Cd at the static stall AoA for each aerofoil, 

resulting in Cd = 0.2 for the NACA4412 at 20° when Iu = 15%, compared with Cd = 0.28 for the NACA0012 

under the same conditions, due to the earlier increase in the slope of Cd for the latter. However, while the 
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increase in Cd may become more gradual for higher Iu, this effect is more sustained, producing higher 

pressure drags for the higher turbulence intensities post-stall, as the AoA continues to increase. 

 
Figure 4.67: Local drag coefficient slope against AoA for each turbulence intensity, Re = 50,000 

Prior to stall, Cd maintains a constant change in slope for the NACA0012, which is unchanged with a change 

in Iu. In contrast, as was seen with the lift slope, the slope of Cd is different at negative AoA for the 

NACA4412 when Iu = 1.3%, with the LSB near the wing trailing edge. This viscous effect decays to 

maintaining a near constant change in the slope of Cd when Iu is increased to 15%. Thus, camber and the 

turbulence intensity both have a significant effect both on the stall behaviour of Cd and also on the rate of 

drag increase with AoA. 

Figure 4.68 demonstrates that increasing the Reynolds number has a greater influence on the time-averaged 

drag coefficient than on the time-averaged Cl, particularly on the cambered NACA4412. As the Reynolds 

number increases, Figure 4.68b, in which Iu = 1.3%, shows a reduction in Cd for all AoA. This effect also 

exists on the NACA0012 and at higher Iu, but less noticeably so. In these cases, the greatest influence is seen 

around stall. The higher Reynolds numbers, in which viscous effects are less pronounced, show a slower 

increase in Cd, resulting in a lower drag coefficient at the highest AoA. The same is also true for the 

NACA4412 at the lowest AoA, when Iu = 1.3% in Figure 4.68b and Iu = 5%, in Figure 4.68d. Thus, due to 

the influence of the viscous LSB on the drag coefficient, the Reynolds number does have influence on the 

time-averaged drag coefficient at all turbulence intensities. 
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Figure 4.68: Time-averaged Cd against AoA at each Reynolds number for a given turbulence intensity on (left) NACA0012 and (right) NACA4412 

4.6.2 Unsteady Pressure Drag Coefficient 

While the time-averaged pressure drag coefficient decreases with increasing Iu, the standard deviation of 

this, σ(Cd), behaves as expected, increasing with Iu, as seen in Figure 4.69. When Iu = 1.3%, the curve is flat 

for both aerofoils, tending towards σ(Cd) = 0. This low fluctuation range is likely a consequence of the low 

loading involved in the pressure-drag at the lowest onset Iu. At stall, σ(Cd) rises regardless of the Reynolds 

number, as was seen with σ(Cl) and σ(Cm). This also coincides with a sharp increase in Cd. Unlike σ(Cl) and 

σ(Cm), however, this rise does not become more gradual as Iu increases to 5%. This turbulence intensity not 

only presents a significant rise in the stall σ(Cd), but also remains a sudden rise. This reflects the transition 
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of the aerofoil from a streamlined to a bluff body, Cd also rising sharply under these conditions. When Iu 

rises further to 15%, the increase in σ(Cd) at stall is more gradual than at the lower Iu = 5%, but is still a 

significant rise, comparable to that of the time-averaged Cd.  

One notable difference between σ(Cl) and σ(Cd) is that, while the former tends towards a smoothly-varying 

curve with a near-constant magnitude below 10°, σ(Cd) presents more evident variation with AoA. This is 

most easily seen on the NACA4412, in Figure 4.69f, with a decrease in σ(Cd)  as AoA increases below the 

zero-lift AoA. This is followed by an increase in σ(Cd) to 10°, a plateau, and then a strong rise in σ(Cd) from 

the static stall AoA. The features seen at low AoA reflect the slope of the time-averaged static Cd curve, and 

so likely reflect the angular variation in the flow, as was seen in the relation between σ(Cl) and σ(α). The 

subsequent plateau is evident on the NACA0012 in Figure 4.69e from 4°, 6° earlier than the NACA4412 in 

Figure 4.69f, followed by the rise in σ(Cd) associated with stall. As with Cm, the AoA at which this rise occurs 

does not vary with Iu. 

As with σ(Cl), σ(Cd) shows little dependence on the Reynolds number. The greatest change in σ(Cd) due to 

the Reynolds number is seen in Figure 4.69a. This is on the NACA0012 when Iu = 1.3%, and is primarily 

due to the change in LSB behaviour. The hysteresis loop evident in σ(Cl) between 2° and 10°, when 

Re = 50,000, is also present in σ(Cd), representing different behaviour in the LSB when for the AoA is  

decreasing, compared with increasing AoA. As also seen in σ(Cp) and subsequently all derived variables, the 

fluctuating loads at stall for the NACA0012 are greater when Iu = 1.3% for Re = 100,000 than the other 

Reynolds numbers, likely due to this case being the most closely matched to the exact stall AoA. In all other 

cases, differences due to Re are minor, and so the Reynolds number can be said to have little influence on 

σ(Cd). 

Camber is seen to have more influence than the Reynolds number on σ(Cd). This is both through the general 

form of the curve and when stall occurs. However, there is little difference in the overall magnitude of σ(Cd) 

between the two aerofoils. 
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Figure 4.69: σ(Cd) against AoA at each Reynolds number for a given turbulence intensity on (left) NACA0012 and (right) NACA4412 

4.6.3 Summary 
Overall, the pressure drag coefficient is an incomplete discussion, and, due to its derivation from the pressure 

distribution alone, many observations reflect those of the lift coefficient. Increasing the turbulence intensity 

generally acts to reduce Cd while increasing σ(Cd). Although the Reynolds number has less influence on 

either of these statistics than the turbulence intensity, an increase in Re also reduces the Cd and σ(Cd) at low 

turbulence intensities. A more complete picture could be obtained with the use of a sensitive force balance 

or wake assessment, but neither option were appropriate for this work. The required force balance resolution 
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for drag compared with the loading due to the weight of the wing and lift being generated, was impractical, 

while a wake rake would be inappropriate due to the highly vorticial flow.  

In terms of the influence of camber, the cambered NACA4412 is seen to have a higher Cd and σ(Cd) at low 

turbulence intensities, requiring greater power from the aircraft. At high turbulence intensities, there is no 

significant difference in Cd at low AoA, while at higher AoA the later stall of the NACA4412 results in a 

lower Cd than its symmetrical counterpart, although σ(Cd) remains higher prior to stall and shows greater 

variation with AoA for the cambered form. 

4.7 Discussion 
The influence of turbulence intensity was physically tested in a wind tunnel on two aerofoils of the NACA 

four-digit series, at Reynolds numbers relevant to small UAVs. The aerofoils shared a common thickness 

distribution, differing only in camber. One aerofoil was a symmetrical reference, for comparison to flat plate 

knowledge, the other cambered 4% at 40% chord to determine whether camber elucidates a different 

response to the onset unsteadiness. Three turbulence intensities covered a range of UAV flight conditions, 

from relatively smooth (Iu = 1.3%) to an urban environment (Iu = 15%), with Reynolds numbers reflecting 

the flight of a small UAV, from Re = 50,000 to Re = 200,000. 

Camber is seen to produce a differing response to onset flow changes in the surface pressures. The primary 

features differing with camber are the response of the LSB and the formation of leading edge suction events. 

The LSB is longer and remains more prominent on the cambered aerofoil, occurring further aft along the 

chord than the symmetrical NACA0012. This location downstream shields it more from the unsteady leading 

edge suction changes, a result of the interaction of the aerofoil with the highly unsteady onset flow. It is 

noted that, while turbulence appears to reduce the length of the LSB in the time-averaged Cp curves, as per 

an increase in the Reynolds number, the effects are not equivalent. An increase in the Reynolds number 

results in a smaller, but consistent-length, LSB. Increasing the turbulence intensity causes an intermittent 

presence of the LSB, varying with the suction peak. 

The generation of suction events is significant for the performance of the low Reynolds number aerofoil in 

turbulent flow. In highly turbulent flow there is a significant pitching component, as perceived by the 

aerofoil, due to the unsteady flow motion. This results in vortices convecting along the chord from the leading 

edge; an irregular form of dynamic stall. This is common with the flat plate research of Ravi et al. (2012b). 

As with regular dynamic stall, these vortices form at the wing leading edge, creating a nose-up pitch and 

increasing lift. The vortex may then convect along the chord, at approximately 30% of the freestream mean 

flow speed, continuing to increase lift until they are shed, but producing a strong nose-down pitch moment 

as they pass the quarter-chord axis. As is also seen in dynamic stall literature, these events form more readily 

on the symmetrical NACA0012 than the cambered NACA4412, reflecting the note of Carr et al. (1977) of 

cambered aerofoils suppressing some dynamic stall effects. Fincham and Friswell (2015) explain this as the 

sharp leading-edge suction peak of the NACA0012 being more prone to separation than further downstream 

peaks, such as that seen on the NACA4412. An increase in the onset turbulence intensity results in these 
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peaks arising at lower mean AoA, typically seen within one standard deviation of the pitching flow angle 

from the static stall AoA of the aerofoil. 

Unlike periodic dynamic stall, however, such suction and separation events are not only irregular, but also 

often fail to form convecting vortices. Many, particularly on the cambered NACA4412, form a leading-edge 

peak prior to being suppressed without detaching from the leading edge. Without monitoring the flow 

incident on the wing leading edge, which was not practical without disturbing the flow over the aerofoil, it 

cannot be decisively concluded whether these smaller events are due to the flow pitching component or flow 

acceleration due to the unsteady x-velocity component in turbulent flow. However, Thompson et al. (2011) 

note that the contribution of the pitching motion in turbulent flow on aerofoil loads can be up to 100 times 

greater than the velocity fluctuations, making the former much more likely. Spanwise events cannot be 

accounted for, but these likely contribute to the early termination of vortices. 

The difference in the ability of the aerofoils to form these suction events is seen to have a significant impact 

on the forces generated. Unable to readily form suction events, the cambered NACA4412 loses up to 30% 

of its maximum lift coefficient as Iu increases from 1.3% to 15%. This is a sharp contrast to flat plate 

literature, such as Loxton (2011), Ravi (2011) and Watkins et al. (2010a), in which an increase in turbulence 

intensity is expected to produce an increase in the maximum time-averaged lift coefficient. This is true for 

the NACA0012 as the turbulence intensity is raised from 1.3% to 5%. When Iu = 15%, however, this aerofoil 

also sees a decline in the maximum lift coefficient, albeit remaining above its low-turbulence intensity peak. 

This aerofoil, like a flat plate, is more readily able to form the leading-edge vortices which produce strong, 

but intermittent, suction peaks, which raise the time-averaged lift coefficient. However, this does not produce 

a significant difference in σ(Cl) prior to the static stall AoA. On the other hand, the greater moment arm of 

the LSB on the NACA4412 produces a greater σ(Cm) than the NACA0012. It is noted, however, that while 

the cambered aerofoil loses more of its peak lift, it continues to produce more lift for a given AoA than the 

symmetrical aerofoil. 

In common with flat-plate literature, for both aerofoils, an increase in the turbulence intensity produces a 

delay in the time-averaged lift stall and reduces the corresponding pre-stall lift slope. The effect on the latter 

is seen to be the same regardless of camber, but the time-averaged lift-stall AoA converges with increasing 

turbulence intensity; both aerofoils presenting a time-averaged maximum Cl AoA of 20° for Iu = 15%. 

However, σ(Cl) and Cm still show their relation to the static stall AoA, their magnitude increases associated 

with stall remaining at this AoA. This is due to the growth in unsteady effects around the static stall AoA, 

and the dependence of the LSB moment arm on these in the case of the pitch moment. Discontinuities in the 

lift and pitch moment curves are smoothed-out by the increase in turbulence intensity, due to the reduction 

in influence from the LSB, and an effective angle-averaging process, resulting from the wide range of AoA 

covered by the pitching flow. 

The standard deviation of Cl is seen to be independent of camber. As is expected, increasing the turbulence 

intensity increases σ(Cl), the greater flow fluctuation producing a greater variation in the forces generated. 
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However, increasing the turbulence intensity from 5% to 15% does not produce a greater increase in 

σ(Cl) than increasing Iu from 1.3% to 5%. A normalised form of σ(Cl), dividing this variable by the linear lift 

slope and σ(α), produces a near-constant 40% value. This highlights the relation of the fluctuating load with 

both on the onset fluctuating AoA and the mean lift slope, the latter of which decreases as the former 

increases. 

As both aerofoils show similar fluctuation levels prior to stall, there is no control advantage of either aerofoil 

at low AoA. However, the reluctance of the cambered aerofoil to exhibit irregular dynamic stall behaviour 

allows a greater range of AoA over which these lower levels of unsteadiness are encountered, which may 

aid UAV operation. Furthermore, despite the loss of time-averaged lift, the lift coefficient for the cambered 

aerofoil remains higher than the symmetrical form and so allows a greater UAV payload for a given wing 

area. Both aerofoils deviate from flat plate literature in that their highest time-averaged Cl does not occur at 

the highest turbulence intensity. As this is seen on both aerofoils, this is at least partly due to the common 

thickness distribution. Camber, however, increases this deviation. 
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5 Comparison of Highly Turbulent Flow to 
Sinusoidal Pitching 

 

 

 

 

 

 

  

 

5.1 Introduction 
Interest in dynamic stall was initially driven as a result of developments in helicopter rotor blade 

aerodynamics, notably studies focusing on the effects of changes in the velocity and pitch angle as each 

blade advances and retreats (Mert 1999). However, such a phenomenon could also be ascribed to other 

rotational geometry such as wind turbines, and may be generalised to a pitching aerofoil. Semi-empirical 

models such as that of Leishman and Beddoes (1989) have allowed this loading to be predicted based on the 

physical phenomena. Such models at high Reynolds numbers have even been seen to provide less error than 

CFD simulations (Rasekh et al. 2018). It is unclear, however, whether the understanding of this process may 

be transferred onto the irregular nature of an aerofoil in highly turbulent flow at low Reynolds numbers. 

This chapter seeks to connect the irregular unsteady nature of turbulence to the existing knowledge of regular, 

sinusoidal-pitching dynamic stall. This could allow for dynamic stall models to be used as a design guideline 

for the performance of small UAVs in highly turbulent flow. The methodology behind the dynamic stall 

portion of testing is presented, followed by results and a comparison to the behaviour of the test wings under 

the influence of the turbulent onset flow. 

  

  



CHAPTER 5 
 

 
 

162 
 

5.2 AoA Variations in Turbulent Flow compared with Aerofoil Pitching 
Before dynamic stall models can be applied to aerofoils in turbulent flow, a comparison needs to be made of 

the effects of onset turbulence with those resulting from pitching the aerofoil. Zhu and Wang (2018) 

demonstrated with CFD that pitching the aerofoil sinusoidally and providing a sinusoidally-oscillating onset 

flow produced similar aerodynamic loads, albeit with differing wake form. This indicates a pitching aerofoil 

may also be used to assess turbulent loading, but not the exact flow nature. While both pitching and turbulent 

flows may see instantaneous vortex shedding and complete flow separation, as the aerofoil passes through a 

large AoA range, several key differences are notable.  

Firstly, to consider pitching alone is a considerable simplification of the onset turbulence case, which is a 

complex, three-dimensional motion. However, Watkins et al. (2006) observe that as the ground speed of a 

vehicle increases, the spanwise coherence of the pitching flow also increases, compared with a stationary 

probe measurement. Hence, a two-dimensional approximation may be reasonable for a UAV with motion 

relative to the ground, as opposed to hovering, as this increased coherence results in a more two-dimensional 

flow with less spanwise pitch variation. Furthermore, Thompson et al. (2011) note that the primary 

component of turbulent flow to influence the flight of the UAV is the local pitch angle variation.  

Secondly, the pitching aerofoil forces a flow response, as opposed to responding to a flow change. This is 

notable in the local AoA along the chord; Jones and Cetiner (2020) record that an aerofoil passing through a 

transverse gust experiences a locally-varying AoA along its chord. For a constant-velocity transverse gust, 

as the aerofoil enters a gust, the leading edge of the aerofoil experiences a local increase in AoA, while the 

trailing edge is still at its original AoA. This is because the transverse velocity of the gust is added to the 

flow velocity, but the aerofoil only experiences this as it enters the gust. If the gust is wide enough for the 

entire aerofoil to sit within the gust, the aerofoil returns to the entire chord being at the same AoA until the 

aerofoil exits the gust. This local AoA deformation is effectively a variation in the camber of the aerofoil. 

Figure 5.1 extends this concept to a travelling vortex, which similarly presents a local flow effect. Such a 

situation can be expected in turbulent flow, which is effectively a summation of random vorticial gusts. 

Vortex gusts, however, add concerns of vortex orientation and distortion. This compares with pitching the 

aerofoil, in which case all chord locations maintain the same AoA. However, Jones and Cetiner (2020) also 

note the value of pitching models to help explain the loads of an aerofoil entering gusts, as similar processes 

may be locally present and the latter is more difficult to reproduce.  

 
Figure 5.1: Effective camber deformation in vortex gust encounter compared with pitching 
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Finally, the single-frequency nature of the pitching aerofoil allows for a repeatable cycle to develop, unlike 

the randomised turbulent flow. This was seen in the unpredictable generation of vortex events in Chapter 4. 

To assess the extent of these deviations requires wind tunnel testing of both the symmetrical NACA0012 

and cambered NACA4412, pitched sinusoidally, for a comparison of the resulting surface pressures and 

aerodynamic loads. This chapter provides a comparison of the effects of onset turbulence and aerofoil 

pitching on the pressure distribution, lift coefficient and pitch moment, considering both the time-averaged 

and transient loads. It was of interest to compare the mean and standard deviation of the lift and pitch moment 

coefficients, as these can be predicted by existing dynamic stall models for a pitching aerofoil. This is to 

determine what similarities exist in terms of UAV performance, and to determine whether pitching aerofoil 

models may be of use in estimating the loads on an aerofoil in turbulent flow. 

5.3 Test Procedure 
The test wings, pressure transducers and corrections were the same as those used with the turbulence grid 

testing. The resulting pressure and force coefficients thus followed the procedure outlined in Chapter 4. No 

turbulence grid was used for any oscillating aerofoil tests, the wind tunnel being left in the relatively clean 

configuration with Iu = 1.3%. Instead, the aerofoil was pitched using an oscillating rig. 

The Oscillating Aerofoil Rig, shown in Figure 5.2, employed a Scotch Yoke mechanism to translate 

rotational motion into a regular sinusoidal sweep. This rig was powered by a 12 V Permanent-Magnet DC 

motor, providing up to 0.42 Hz oscillation. The wheel of the Scotch Yoke was modified to provide the 

required maximum pitch angles, and an angular encoder was added to provide an angular time-history. This 

rig provides the desired motion at a lower cost and greater repeatability than an upstream pitching aerofoil, 

or the heaving generator suggested by Hufstedler and McKeon (2019). 

 
Figure 5.2: Oscillating Rig, encoder mounting plate at right (front of rig) 

The control parameters are listed in Table 5.1. The Reynolds number and camber were maintained from the 

prior turbulence grid testing, while the pitching frequency was limited by the maximum voltage of the 

oscillating aerofoil rig. At 0.42 Hz, this corresponds to approximately half of the maximum-power frequency 

seen in the wind tunnel PSD, which peaked around 1 Hz in all flow conditions. However, there was little 
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difference in signal power between this and the lower frequencies, and so this low-frequency motion can be 

taken to represent the dominant unsteadiness in the flow. The corresponding maximum reduced frequencies, 

k, defined by Equation 5.1, at 2.5 m s-1, 5.0 m s-1 and 10 m s-1 are 0.16, 0.08 and 0.03, respectively. These 

are all above the critical reduced frequency of 0.01 defined by Sheng et al. (2006) as required for dynamic 

stall to occur. The 2.5 m s-1 case also approaches the range identified by Pereira et al. (2013) as highly 

unsteady, which requires k > 0.2.  

Table 5.1: Research Input Parameters 

Parameter Values 

Reynolds Number, Re 50,000      100,000     200,000 

Camber 0%            4% 

Reduced Frequency, k 

0.08 Hz 0.03          0.02            0.01 

0.20 Hz 0.08          0.04            0.02 

0.42 Hz 0.16          0.08            0.04 

Peak Pitch Fluctuation Angle, A 4.9°          9.9° 

Equivalent Turbulence Intensity, Iu 5%           15% 

Mean Angle of Attack, α -6° to +20° (2° steps) 
 
 

  

 𝑘𝑘 =
𝜋𝜋𝑓𝑓𝑆𝑆
𝑢𝑢

 (5.1) 

Similarly, the maximum pitch angles were determined by the earlier wind tunnel profiling. Due to both the 

instantaneous turbulent flow pitch angle and the resulting performance coefficients demonstrating a near-

normal distribution, the standard deviation of the pitch angle, σ(α), was maintained between the onset 

turbulence data and pitching aerofoil motion. As such, σ(α) for the sinusoidal sweep of the oscillating rig 

was to match that of the pitching component of the turbulent flow profiling for Iu =5% and Iu = 15%. 

However, this was not possible for the oscillating case corresponding to Iu = 5%, due to the design of the test 

rig. The central pivot of the scotch yoke wheel allowed for a minimum oscillating amplitude of ±4.9°, 

considerably higher than the desired ±3.4°, raising the corresponding σ(α) from 2.5° to 3.5°. While this is 

undesirable, it nevertheless does not prevent a comparison to be drawn between increasing the onset 

turbulence intensity and increasing the sine sweep amplitude. 

The same mean AoA were tested as with the turbulence grid study, but only for increasing mean AoA, as 

opposed to the increasing and decreasing AoA sweeps performed with the turbulence grid. This is due to the 

lack of hysteresis observed in turbulent flow on either aerofoil. These mean angles were set with the CLWT 

turntable, while the fluctuating angle was provided by the oscillating aerofoil rig was added on top of this. 

This test set-up is shown diagrammatically in Figure 5.3. 



CHAPTER 5 
 

 
 

165 
 

  
Figure 5.3: Experimental Test Set-Up, Dynamic Stall 

Each test was run for 120 seconds, with data sampling at 400 Hz. This allowed for reliable data averaging, 

and also to check the repeatability of each cycle. The wing surface pressures were recorded in the same 

manner as in Chapter 4, while the angular encoder provided an angular read-out via Labview. The angular 

encoder was an RS Components model 341-581 Enclosed Optical Shaft Encoder, with a digital output of 

one pulse per degree. To improve resolution, the encoder was attached to a rig via a gear train providing a 

5:1 gearing ratio, giving an effective resolution at the encoder of 0.2°. The encoder output was fed via a 

National Instruments NI USB-6211 Data Acquisition Card and synchronised with the pressure module 

output. This angular error does not influence the derivation of aerofoil loading, which references the mean 

AoA as in Chapter 4. However, this does mean plots against instantaneous AoA should be taken as α ±0.2°. 

All other errors are as detailed in Chapter 4.  

5.4 Physical testing in Turbulence compared with Sinusoidal Pitching 

5.4.1 Pressure Coefficients 
For brevity, this chapter only presents data for the lowest Reynolds number, Re = 50,000. This case is the 

most sensitive to flow changes due to having the greatest range of reduced frequencies. For completeness, 

data relevant to the higher Reynolds number cases can be found in Appendix C for comparison. All three 

oscillating frequencies are compared with the turbulence grid data for the turbulence intensity corresponding 

to the given pitching amplitude. 

5.4.1.1 Influence of Turbulence and Pitching on the Time-Averaged Pressure Coefficients 

While Figure 5.4 shows that the general form of the upper-surface time-averaged Cp distribution is similar 

when comparing Iu = 5% to A = 4.9°, the magnitude of the suction in the case of onset turbulence is higher 

near stall. While the time-averaged peak suction in turbulent flow reaches Cp = -2.7 for the NACA0012 in 

Figure 5.4a and Cp = -3.5 for the NACA4412 in Figure 5.4b, the corresponding peaks from pitching tests are 

only Cp = -1.7 and Cp = -2.4 in Figures 5.4g and 5.4h, respectively, when f = 0.42 Hz (k = 0.16).  
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Figure 5.4: Surface plots of time-averaged Cp against increasing AoA, Re = 50,000, A = 4.9°, (left) NACA0012, (right) NACA4412 

This peak also arises at a lower mean AoA for the NACA4412 when pitched than in turbulent flow, the latter 

occurring at 16°, compared with 12° for the former. This stronger suction is also seen on both aerofoils 

beyond the static stall AoA, where the pitching motion loses suction strength. This could indicate either the 

suction events are stronger in turbulence, or that there is more separated flow in the case of the pitching 

aerofoil; these cannot be assessed in the time-averaged data. However, it does indicate there are some 
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differences in the underlying unsteady behaviour between the two methods, although this difference is the 

same for each aerofoil, regardless of camber. 

An LSB is evident on both aerofoils, both when pitched and in turbulent flow. This is more apparent on the 

cambered NACA4412, which displayed a larger LSB in the low-turbulence case. As the mean AoA 

increases, in all cases the LSB progresses towards the aerofoil leading edge, with oscillation frequency not 

having any apparent effect on LSB length. However, the LSB on the NACA0012 is seen to be approximately 

0.1c shorter for the oscillating aerofoil than the onset turbulence case, with that for the NACA4412 also 

moving faster along the chord. Thus, the LSB depends on the nature of the unsteady motion. 

The stronger post-stall suction in onset turbulence is explained in Figure 5.5, which shows a time-history of 

Cp on the upper surface of the NACA0012, for 10°, 14° and 18° mean AoA, across 100 Tc. Figures 5.5b, 

5.5d and 5.5f all start at an instantaneous AoA equal to the mean AoA, increasing pitch; hence, the 

instantaneous AoA is only shown for Figure 5.5f as indicative of the cycle phase.  

 
Figure 5.5: 100 Tc Time-series of upper-surface Cp against chord, NACA0012, Re = 50,000, (left) Iu = 5%, (right) A = 4.9° 
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At the lower AoA of 10° and 14°, the two unsteady motions present very different behaviour. In the case of 

the onset turbulence, Iu = 5%, in Figure 5.5a, the static stall AoA of 10° shows intermittent suction events 

up to 20% chord, which are seen to grow by 14°, in Figure 5.5c, to convecting vortices, with periods of 

separation following these events, such as when Tc = 60. These events form strong suction peaks, with 

Cp = -4 at Tc = 57. 

In contrast, pitching at the lowest frequency, f = 0.08 Hz (k = 0.03), shows a slowly varying pressure field in 

Figures 5.5b and 5.5d. This slower motion results in a peak suction of Cp = -2.5. However, while strong 

suction events occur frequently in the case of onset turbulence, notable in the case of the pitching aerofoil is 

the significant portion of its cycle spent as a fully-separated flow; 70 Tc can be seen as separated in Figure 

5.5d, compared with periods extending only 1 Tc in Figure 5.5c. Thus, not only does the rapidly-pitching 

irregular turbulent flow produce stronger suction peaks, but also the pitching aerofoil spends a greater portion 

of its cycle separated, lowering the time-averaged peak further still. 

Two further points of interest are apparent in Figure 5.5. Firstly, at 18° mean AoA, while neither unsteady 

motion shows any strong leading edge suction peaks, the irregular turbulent flow is able to still generate 

significant suction along the chord intermittently. In contrast, sinusoidal-pitching provides a steady, 

separated, suction field. The reason for this latter case is that a criterion stipulated by Carr et al. (1977) is no 

longer met: the static stall AoA is no longer attained at any point in the oscillating cycle. However, the 

pitching motion does allow the LSB to be observed at the lowest mean AoA of 10° in Figure 5.5b. The end 

of the suction plateau of this feature is evident as the arc between 60 Tc and 95 Tc. The slower motion of the 

pitching case allows this feature to be more readily distinguished, and its varying nature with AoA is more 

apparent than in the irregular flow, when Iu = 5%, in which the LSB was seen to be short-lived. Thus, the 

case of onset turbulence provides a significant difference in the time-history of Cp, although the effects are 

not as apparent in the time-averaged data. 

Comparing the higher turbulence intensity, Iu = 15%, to the larger oscillating amplitude, A = 9.9°, Figure 5.6 

shows a greater difference in the time-averaged Cp. As with the lower turbulence intensity, onset turbulence 

is seen to produce a stronger suction field, not only in the time-averaged suction peak, but also at low AoA. 

However, at high AoA, above 10° on each aerofoil, the highest oscillation frequency, f = 0.42 Hz (k = 0.16), 

shows greater suction between 40% and 80% chord than the onset turbulence. In this AoA range, dynamic 

stall can be expected to occur regularly and with the sweep passing static stall by more than 6°. Carr et al. 

(1977) saw 6° as sufficiently deep stall penetration for the vortex to naturally reach its greatest strength and 

shed. Thus, the sinusoidal-pitching case may be able to generate a stronger suction, but the cause of this is 

not readily apparent in the time-average. In neither case is the LSB apparent, as expected from the highly 

unsteady flow nature. 

More apparent with the larger oscillating amplitude is a dependence on oscillation frequency. This is seen 

on the NACA0012 when comparing Figures 5.6c and 5.6g. At 20° mean AoA, Cp exceeds -1.5 up to 60% 

chord when f = 0.42 Hz (k = 0.16), compared with 22% chord when f = 0.08 Hz (k = 0.03). It is expected 
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that, with a higher pitch rate, and so more energy added, the suction will be greater; this may also contribute 

to the stronger suction field in the turbulent flow cases. However, this also requires transient data to 

determine. 

 
Figure 5.6: Surface plots of time-averaged Cp against increasing AoA, Re = 50,000, A = 9.9°, (left) NACA0012, (right) NACA4412 

In Figure 5.7, the flow differences behind the different response to onset turbulence and pitching become 

apparent, using the example mean AoA of 12°, from which both aerofoils are readily able to meet the 
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dynamic stall criterion of passing static stall during their cycle. The primary difference is the periodicity of 

the sine sweep, compared to the irregular nature of turbulence. The turbulent flow is able to generate suction 

events at a higher frequency on both aerofoils than when the aerofoils are pitched, but the events of the latter 

are more consistently formed, with a predictable, repeatable cycle. In contrast, the turbulent flow is 

unrepeatable, varying in duration, strength and chordwise extent. While most suction events in turbulent 

flow fail to reach the trailing edge in Figures 5.7a and 5.7b, every pitching sweep in Figures 5.7c to 5.7h 

produces a vortex which reaches the wing trailing edge. This results in the higher suction over the latter half 

of the aerofoil seen in Figure 5.6 for the pitching aerofoil, compared to onset turbulence. 

The strength of the vortices is also seen to depend on the pitch rate, with higher frequencies producing 

stronger events. On the NACA0012, the peak suction can be seen to increase from Cp = -2.5 when 

f = 0.08 Hz (k = 0.03), in Figure 5.7c, to Cp = -3.9 when f = 0.42 Hz (k = 0.16), in Figure 5.7g. Similarly, the 

turbulent flow, with higher instantaneous pitch rates, produces a greater suction strength, reaching Cp = -4.5 

when Tc = 57, in Figure 5.7a. However, offsetting this stronger suction is the shorter duration of these events, 

but the higher frequency of the turbulent flow allows a higher time-averaged leading edge suction to be 

maintained. Of interest in the sinusoidal-pitching is the emergence of a secondary vortex when f is raised to 

0.20 Hz (k = 0.08), and more readily apparent when f = 0.42 Hz (k = 0.16). This acts to further raise the time-

averaged suction for the higher frequencies, leading to the frequency-dependence seen in Figure 5.6. 

A further difference between the turbulent flow and pitching with this amplitude, A = 9.9°, is that the pitching 

amplitude is sufficient for the NACA4412 to regularly enter dynamic stall. In turbulent flow, the cambered 

NACA4412 was seen to less readily form leading edge suction events and convecting vortices than its 

symmetrical counterpart, agreeing with the assessment of Carr et al. (1977) that the cambered aerofoil 

diffuses these vortices. In this case, however, the NACA4412 is able to form both primary and secondary 

vortices with the same regularity as the NACA0012. Furthermore, its vortices are stronger, with a peak 

suction of Cp = -4.6 in Figure 5.7h compared with Cp = -3.9 for the NACA0012 in Figure 5.7g, under the 

same conditions. This may be because of the distribution of the unsteady motion. In the sine sweep, the 

NACA4412 is guaranteed to exceed its static stall AoA of 16° during its cycle, while the turbulent flow 

cannot reliably exceed this for a sufficient duration to allow vorticity from the boundary layer to collect into 

a vortex. Hence, the difference due to camber, and the ability to form vortex events is more apparent in the 

turbulent flow Cp contours for a given AoA than the sinusoidal-pitching. 

A feature apparent in the sinusoidal-pitching which is not present in turbulent onset flow is the LSB, the 

plateau of which is evident as an arc in all oscillating cases, highlighted with white dashes. The slower 

motion of the pitching aerofoil allows this feature to be retained intermittently, even if not present in the 

time-average, in contrast to the irregular, rapidly-varying turbulent flow which inhibits its presence. 
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Figure 5.7: 100 Tc Time-series of upper-surface Cp against chord, Re = 50,000, A = 9.9°, 12° mean AoA, (left) NACA0012, (right) NACA4412 
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5.4.1.2 Unsteady Behaviour of the Surface Pressure Coefficients 

As σ(Cp) was used as the statistic for quantifying the unsteady behaviour of the surface pressures in turbulent 

flow, this parameter is retained for comparison with the sinusoidal-pitching cases. However, it must be noted 

that, while the turbulent flow pitch angle followed a near-normal distribution, and in consequence so did the 

lift coefficient, the distribution of the sinusoidal-pitching AoA is not normal. Figure 5.8 shows the probability 

density function for both pitching amplitudes. It is immediately apparent that a significant portion of the 

sweep is spent at the maximum and minimum AoA, resulting in peaks at these values. This is due to the sine 

sweep decelerating as it approaches its limiting AoA, smoothly reversing the pitching direction and, as a 

consequence, extending the duration for which these AoA are encountered. In contrast, the turbulent flow 

pitches rapidly and irregularly, more often approaching the mean AoA than the extremes. As a result, it is to 

be expected the resulting σ(Cp), and the standard deviation of the associated derived variables, will be greater 

than the turbulent flow, despite σ(α) being matched between the two unsteady motions. 

 
Figure 5.8: PDF of the sine sweep AoA 

Figure 5.9 shows that the pitching aerofoil, when A = 4.9°, does present a higher σ(Cp) than Iu = 5%, 

particularly near the aerofoil leading edge. This is most apparent prior to stall, where the onset turbulence 

produces little response from the aerofoil. For the pitching case, between -6° and +16°, σ(Cp) exceeds 0.5 

within the forward 20% chord, regardless of oscillating frequency. This is particularly evident between -2° 

and +8°, and is associated with the regular growth and collapse of the suction peak on the aerofoil. The 

greatest unsteadiness on the upper surface is seen at 4°. This is the AoA at which this surface sees the greatest 

range in suction, reaching from being the pressure surface below 0° to the peak suction attained immediately 

prior to static stall at 10°. A similar rise in σ(Cp) is evident on the NACA4412, albeit at 8°, corresponding to 

its static stall AoA being higher than that of the NACA0012. This feature is not evident in turbulent flow, a 

consequence of the more mean-central distribution of the onset flow.  

Towards stall, the oscillating aerofoil again presents a different fluctuating response to the aerofoil in onset 

turbulence. While both aerofoils in onset turbulence present a strong peak at the time-averaged stall AoA for 

each of the flow conditions, the oscillating aerofoil presents such unsteadiness spread over a broad range of 

AoA. This extends from the static stall AoA, reaching either side of this AoA by the amplitude of the 

oscillating cycle. This represents the AoA range over which the dynamic stall criterion of passing the static 
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stall AoA is met. Furthermore, the strength of this unsteadiness is increased as more energy is added to the 

flow, by increasing f, making the chordwise extent of the unsteadiness more readily visible. 

 
Figure 5.9: Surface plots of σ(Cp) against increasing AoA, Re = 50,000, A = 4.9°, (left) NACA0012, (right) NACA4412 

This unsteadiness does not, however, convect significantly downstream, with the LSB visible in all 

oscillating cases and with onset turbulence. Unusually however, the NACA4412 presents two distinct lines 

associated with the LSB reattachment, separated by 0.3c, at AoA below 8°, the further-forward trace merging 
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into the leading edge unsteadiness at this mean AoA. This occurrence is more clearly seen in Figure 5.10 

sectioning the surface contour at 10° mean AoA. While one peak for the LSB is evident at 50% chord when 

Iu = 5%, the oscillating cases present their peaks around 18% chord and 65% chord, the former shifting 

forward to 14% chord at the highest frequency. The high σ(Cp) peak at the leading edge is apparent, the first 

LSB peak merging into the leading edge signal. However, the turbulent flow maintains a slightly higher 

σ(Cp) near the aerofoil trailing edge, suggesting the higher-frequency disturbances may more effectively 

carry along the chord. Furthermore, the pressure surface experiences a greater unsteadiness in turbulent flow 

at all chord positions, being exposed directly to the unsteady fluctuations of the incoming flow. 

 
Figure 5.10: σ(Cp) at 10° mean AoA, A = 4.9°, NACA4412, Re = 50,000 

The two peaks seen in Figures 5.9 and 5.10 appear to be associated with the maximum and minimum extent 

of the LSB on the NACA4412 during the pitching cycle; this is seen in Figure 5.11b, which is an example 

Cp time-series at 10° mean AoA, f = 0.08 Hz (k = 0.03). The white dashed line highlights the end of the LSB 

plateau, reaching between 18% and 65% chord, as seen by the peaks in Figure 5.10. It is seen that the LSB 

spends a greater portion of each cycle around these extremities. This corresponds with the PDF of the 

instantaneous pitching angle, resulting in the prominence on these extremities on the σ(Cp) surface in Figure 

5.9. In this case, the NACA4412 does not encounter full separation, as the flow is still able to reattach, albeit 

with significant variation in the LSB, this feature reducing in length as the suction peak near the leading edge 

strengthens during the pitching cycle. In contrast, while the NACA0012 does present an LSB of varying 

length up to Tc = 55 in Figure 5.11a, this is not as apparent in the σ(Cp) surface in Figure 5.9, as this aerofoil 

also experiences extended periods of full separation, seen when Tc > 60. At 10° mean AoA, which is also its 

static stall AoA, the NACA0012 is regularly exceeding its static stall AoA and thus meeting the criterion for 

dynamic stall to arise. The NACA4412, however, has not yet reached this point, with a static stall AoA of 

16°, and so does not encounter such periods of separated flow, allowing the LSB to remain continuously 

present. 
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Figure 5.11: 100 Tc Time-series of upper-surface Cp against chord, Re = 50,000, A = 4.9°, f = 0.08 Hz, 10° mean AoA 

With a higher oscillating frequency of 0.42 Hz (k = 0.16), Figure 5.12a shows the NACA0012 producing 

strong suction events which do not display an LSB. This causes the increased σ(Cp) observed in the surface 

plots, and increases the similarity with the onset turbulence case, in which such events are seen, albeit not 

periodically. In contrast, the NACA4412 continues to exhibit its fluctuating LSB, but in the higher-energy 

of the faster pitch rate, produces a stronger suction peak in each sweep. This contrasts with the turbulent 

flow, which does not produce a periodic LSB variation. 

 
Figure 5.12: 40 Tc Time-series of upper-surface Cp against chord, Re = 50,000, A = 4.9°, f = 0.42 Hz, 10° mean AoA 

In Figure 5.13, as A is increased to 9.9°, there is a corresponding increase in σ(Cp) as a greater range of AoA 

is encountered. As with the lower oscillating amplitude, the sinusoidal-pitching produces a greater σ(Cp) than 

the equivalent Iu for both aerofoils. This is particularly evident near the aerofoil leading edge at low AoA, 

the NACA4412 reaching σ(Cp) = 1.5 at 4° mean AoA in all pitching cases, compared with the onset 

turbulence only generating up to σ(Cp) = 0.6 at this AoA. This is due to the large oscillating range allowing 

a significant portion of the pre-stall pressure range to be encountered without significant separation, most 

prominently influencing the leading edge suction peak. This is seen at 4° for the NACA4412, as a Cp time-
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series in Figure 5.14. The periodic sinusoidal-pitching allows the peak suction to reach Cp = -3.3 without yet 

entering deep stall and so producing significant variation downstream.  

 
Figure 5.13: Surface plots of σ(Cp) against increasing AoA, Re = 50,000, A = 9.9°, (left) NACA0012, (right) NACA4412 

However, the suction surface Cp also reaches a positive pressure of Cp = +0.8 at 3.5% chord as the stagnation 

point moves up the aerofoil during the pitching cycle. In contrast, although the turbulent flow may have 

demonstrated a pitch deviation of up to 20° in Figure 3.22, the limited duration of this irregular flow allows 
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a maximum Cp range from -2.6 to +1, with these peaks rarely attained compared to the periodic pressure 

field of the pitching aerofoil. Hence, the pressure distribution sees less deviation from its time-averaged 

profile, resulting in a lower σ(Cp). 

The LSB is not evident in Figure 5.13, for either of the pitching and the onset turbulence cases. The highly 

unsteady motion has removed this feature, bypassing it completely. Although Figures 5.13d, 5.13f and 5.13h 

show a trace from -4° and 4° mean AoA on the NACA4412 advancing from 60% chord to 20% chord, as 

seen with an LSB, this is not identifiable as such in the time series of Figure 5.14b. As with all Iu = 15% 

cases in turbulent flow, Figure 5.14a also shows no evidence for LSB. 

 
Figure 5.14: NACA4412 40 Tc Time-series of upper-surface Cp against chord, Re = 50,000, 4° mean AoA 

5.4.1.3 Frequency Response of the Surface Pressure Coefficients 

The PSDs shown in Figures 5.15 to 5.18 compare the surface pressure frequency peaks resulting from 

turbulent onset flow and sinusoidal-pitching. As with the pressure contours, these are only presented at 

Re = 50,000, and are further restricted to 6° and 12° mean AoA, representing an AoA at which the LSB can 

be observed in clean flow on both aerofoils and a higher AoA at which the criteria for dynamic stall to occur 

are met on both aerofoils. 

At 6° mean AoA in Figure 5.15, the energy distribution over each aerofoil differs significantly between the 

onset turbulent flow and the sinusoidal-pitching. The most immediate difference is the chordwise energy 

distribution. In turbulent flow, the primary fluctuations are near the leading edge, with the signal strength 

only exceeding 2×10-2 Hz-1 in the leading 20% of the aerofoil chord. Power levels over 10-3 Hz-1 are observed 

up to the region of LSB reattachment, and more clearly visible on the NACA4412 at 70% chord. This is a 

result of the limited large-scale travelling events in the turbulent flow, the highly-irregular motion only 

exciting the leading edge peak, which then may naturally propagate. The sinusoidal-pitching, however, 

presents a more uniform chordwise signal, with signal power levels over 10-3 Hz-1 evident up to 60% chord 

on the NACA0012 and the entire chord length of the NACA4412. Much of the NACA0012 experiences 

fluctuations at the oscillating frequency in excess of 10-1 Hz-1. This motion is dominant as the aerofoil is 

being forced to move at this frequency, with the entire chord having the same apparent AoA at a given 
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instant. Furthermore, unlike the turbulent onset flow, which presents a range of frequencies around 1 Hz with 

similar fluctuating strength, the oscillating aerofoil presents a readily defined fluctuating peak, that at which 

the aerofoil is being pitched. The broader signal of the turbulence data reflects the energy distribution of the 

onset flow, with a strong, low-frequency-dominated broadband signal. 

 
Figure 5.15: Cp PSD, A = 4.9°, AoA = 6°, Re = 50,000, (left) NACA0012, (right) NACA4412 

Differences can also be seen in the nature of the LSB fluctuations. In all oscillating cases, the peak across all 

frequencies up to 100 Hz, associated with the LSB, is clear, more defined in the oscillating case than with 

onset turbulence. Moreover, while in the turbulent data the LSB is presented over a narrow band of the chord 

length, the sinusoidal-pitching case shows a broader band of energy on the NACA4412, reaching to the 
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trailing edge. This reflects the periodically-varying length of the LSB seen in the time series of Cp, as opposed 

to the NACA0012 LSB, which appears and collapses at a more consistent chord position and so does not 

present this broad extent. 

Another feature evident is the growth in harmonics at higher oscillation frequencies, notably the f = 0.42 Hz 

(k = 0.16) case. These act to distort the constant frequency peak, and may be the result of the unsteady motion 

moving to be less regularly-cyclic, approaching the chaotic flow regime of k > 0.2 seen by Pereira et al. 

(2013). This is more clearly evident on the symmetrical NACA0012 when f = 0.42 Hz (k = 0.16), in Figure 

5.15g, due to the less-defined effects of the LSB, and coincides with the presence of the secondary vortex. 

At a higher mean AoA of 12°, shown in Figure 5.16, differences in the frequency response to Iu = 5% and 

pitching the aerofoils with an amplitude of 4.9° are still apparent. For the NACA4412, this AoA is still below 

static stall, resulting in the onset turbulence case in Figure 5.16b retaining a strong energy decay with chord 

length. In contrast, the oscillating aerofoil cases, and the NACA0012 in Figure 5.16a, which has exceeded 

its static stall AoA, present stronger fluctuations more uniformly over the chord length of the aerofoil. While 

the oscillating aerofoils in Figures 5.16c to 5.16h show more energy than their counterparts at 6° mean AoA 

in Figure 5.15, the overall image is the same: a stronger signal than the onset turbulence case, with a more 

uniform chordwise signal and a defined peak at the oscillating frequency. 

The signal associated with the LSB has moved forward on the NACA4412 for both the turbulent onset flow 

and sinusoidal-pitching cases, compared to when the mean AoA is 6° in Figure 5.15, showing that an increase 

in mean AoA does retain its influence of reducing the LSB length. This can be seen in each figure with the 

white dashed box. On the NACA0012, however, this signal has not moved forward for either flow condition. 

This is because it was seen in the turbulent onset flow to correspond to the unsteady leading edge vortex 

shedding, rather than the LSB. For the sinusoidal-pitching case this signal is uniform for all chord positions 

beyond 20% due to the uniform aerofoil motion, while the onset turbulence still presents high-frequency 

energy decay. 
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Figure 5.16: Cp PSD, A = 4.9°, AoA = 12°, Re = 50,000, (left) NACA0012, (right) NACA4412 

At the higher oscillating amplitude, A = 9.9°, seen in Figure 5.17 for 6° mean AoA, the general PSD strength 

has increased for both the onset turbulence and the sinusoidal-pitching forcing. For the turbulence data, this 

presents a growth in the leading edge fluctuation region to cover more of the aerofoil chord, with the signal 

strength exceeding 10-3 Hz-1 over 80% of the chord on the NACA0012 and 95% on the NACA4412. At each 

chord position, the peak frequency is unchanged. The sinusoidally-pitched cases continue to present a more 

uniform distribution along the chord, as a result of the uniform motion of the aerofoil. The oscillating 

frequency remains dominant, but with more energy also seen at other frequencies. For the f = 0.42 Hz 

(k = 0.16) case, which presents a strong secondary vortex, the harmonics are increasingly evident. 
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Figure 5.17: Cp PSD, A = 9.9°, AoA = 6°, Re = 50,000, (left) NACA0012, (right) NACA4412 

A further change is seen in the fluctuations associated with the LSB. While these have been removed from 

the aerofoil when in onset turbulence, the fluctuating band of the LSB is still present on the oscillating 

NACA4412. Compared with the lower oscillation amplitude, the frequency range is unchanged for a given 

chord position. However, on both aerofoils, the LSB has progressed towards the leading edge, resulting in 

higher peak frequencies being observed.  

At a higher mean AoA of 12° in Figure 5.18, when A = 9.9° the chordwise uniformity of the oscillating rig 

can be seen to break down, particularly for f = 0.20 Hz and f = 0.42 Hz (k = 0.08, 0.16) in Figures 5.18e to 
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5.18h. Whereas the turbulent onset flow produces a decay of higher frequencies along the chord length from 

the leading edge, from 20% chord a rise in energy up to 10 Hz can be seen on both aerofoils when oscillated 

at higher frequencies. These cases correspond to the development of the secondary vortex seen in Figure 5.7, 

and so reflect its effect on the pressure field, as opposed to the uniform forcing seen at lower frequencies and 

amplitudes. However, the influence of camber is less evident in the frequency response. 

 
Figure 5.18: Cp PSD, A = 9.9°, AoA = 12°, Re = 50,000, (left) NACA0012, (right) NACA4412 

5.4.1.4 Summary 

Overall, the oscillating aerofoil and onset turbulence data do possess some level of similarity in terms of 

their effect on the surface pressure coefficients. Firstly, there are similarities in the time-averaged pressure 
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distribution form along the aerofoil chord between the two flow states, an increase in either the turbulence 

intensity or the oscillating amplitude concentrates the suction peak near the leading edge and produces a less 

abrupt separation growth at stall. Furthermore, both states demonstrate the ability to produce forms of 

dynamic stall vortices, also experiencing periods of separated flow, albeit on an irregular basis in turbulent 

flow, where there is less opportunity for these features to develop.  

However, σ(Cp) shows the pitching aerofoil experiences stronger fluctuations. While the turbulent flow may 

produce a large range of pitch angles, the periodic cycle of the pitching aerofoil allows the resulting pressure 

field to develop further. Additionally, the nature of the sine sweep, in which there is a greater duration of the 

cycle at the peak AoA, compared to the near-normal distribution of the AoA variation produced in turbulent 

flow, produces a similar tendency to highlight the peaks in the pitching data, raising the standard deviation. 

If this distribution could be changed, however, to a normal form, this may reduce some of the difference 

between the flow conditions. Furthermore, the forced motion of the aerofoil is seen to result in a more 

uniform distribution of energy, with the peak signal along the chord arising at the oscillating frequency. This 

compares to onset turbulence, in which the unsteady flow is accepted in the leading edge region but 

subsequently decays along the surface, particularly at frequencies above 1 Hz. 

The geometry of the aerofoil is also seen to play a role, the sharper suction peak of the static NACA0012 

more readily entering a dynamic stall state when oscillated. This reflects its ability to more readily form 

vortex events in turbulent flow than the NACA4412, and so indicates a modified form of dynamic stall is 

occurring. The cambered NACA4412, less readily forming vortices when pitched, retains its LSB more 

clearly, its length varying with the pitching angle. This also compares favourably to its behaviour in turbulent 

flow, in which the LSB was better preserved than on the NACA0012. 

5.4.2 Lift Coefficient 

5.4.2.1 Influence of Turbulence and Pitching on the Time-Averaged Lift Coefficient 

The time-averaged lift coefficient for each case is averaged across the entire 120 s sampling period and 

presented at each mean AoA, at all three Reynolds numbers and both elevated turbulence intensities for both 

aerofoils. The equivalent pitching range is presented at all three frequencies, while a reference curve is 

provided for the low-turbulence case on each aerofoil at the relevant Reynolds number. 

It is apparent in Figure 5.19 that increasing either the onset turbulence intensity or the pitching amplitude 

produces a similar reduction in the lift slope from the low-turbulence baseline. However, this lift slope 

reduction is seen to be frequency-dependent, the highest frequency, f = 0.42 Hz (k = 0.16) presenting a 

steeper slope than was seen in the turbulence data, most evident for the NACA0012 when A = 9.9°, in Figure 

5.19c. More likely, however, this is dependent on the reduced frequency, k, than the physical frequency, f, 

the former of which spans from 0.03 to 0.16 at this flow speed. Furthermore, the mean AoA at which the 

time-averaged maximum Cl is encountered is delayed by a similar amount for all but the NACA4412 when 

Iu = 5% compared with A = 4.9°; the NACA0012 stall AoA is delayed from 10° to 14° for both pitching and 
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in turbulent flow at the lower amplitude, and both aerofoils experience their greatest time-averaged lift at 

20° for either Iu = 15% or A = 9.9°, regardless of oscillation frequency. 

 
Figure 5.19: Time-averaged Cl against AoA, Re = 50,000, (left) NACA0012, (right) NACA4412 

Where differences arise, however, is in the maximum time-averaged Cl. Neither oscillating aerofoil case 

matches the peak lift attained by the turbulent flow when Iu = 5%, the closest being the NACA0012 when 

f = 0.42 Hz (k = 0.16), shown in Figure 5.19a. The reason for this is seen in Figure 5.20, which presents a 

comparison of the pressure coefficient time-series, and the corresponding lift and pitch moment, for each 

aerofoil in turbulent flow, and when pitched at f = 0.42 Hz (k = 0.16). In each case, the time-averaged value 

is presented as a dotted line. In both conditions, the NACA0012 produces strong travelling vortices, periodic 

for the pitching flow but irregular in turbulent flow. In both flows, these convect at the 30% to 50% mean 

freestream flow speed, as expected by Leishman and Beddoes (1989) for dynamic stall vortices. This can be 

seen by difference in convective time from the vortex leaving the leading edge and arriving at the trailing 

edge, as was shown in Figure 4.14. These strong suction events correspond to an instantaneous rise in the 

lift coefficient, generating values beyond that of the static stall value. The travelling nature of these vortices 

is also seen in the pitch-moment coefficient, which experiences a strong nose-down shift as the vortex travels.  
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Figure 5.20: 100 Tc sample time-series comparison of Cl, Cm and Cp at 14° mean AoA, Re = 50,000, (left) NACA0012, (right) NACA4412 

However, the regular dynamic stall cycle also produces regular periods of complete flow separation, resulting 

in extended periods of little lift being generated, and so lowering the time-averaged lift for the pitching flow 

compared to the turbulent flow. The higher-frequency component of the turbulent pitching prevents these 
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cycles from developing, the smaller-scale events producing leading edge suction more frequently than the 

regular pitching aerofoil. This reflects the observation of Cao (2010), who determined the high-frequency 

component of turbulence played a significant role in flow interactions around the aerofoil. A higher-

frequency sinusoidal oscillation is also seen to produce a secondary vortex, reducing the effect of the 

separated cycle, and thus raising the time-averaged Cl. 

For the NACA4412, there are no strong travelling suction events in the turbulent flow in Figure 5.20b, 

following the observation of Carr et al. (1977) that cambered aerofoils may be more reluctant to enter 

dynamic stall. This results in a more constant transient Cl than the NACA0012 under the same flow 

conditions, the turbulence data rarely exceeding the static maximum lift coefficient. The same is seen for the 

pitching aerofoil; while the peak suction is greater than on the NACA0012, the maximum Cl of the low-

turbulence case, Cl = 1.54, is not as greatly exceeded, limiting the potential gain for the time-averaged lift 

curve. There are, however, significant periods below the maximum static lift coefficient, which lowers the 

time-averaged lift, with one such example seen at Tc = 12 in Figure 5.20d. 

The dependence of the lift slope on the oscillating frequency seen in Figure 5.19 is further assessed in Figure 

5.21, which plots the local lift slope against AoA as a fraction of 2π, at Re = 50,000. A difference more 

apparent than in the time-averaged Cl for the pitching NACA0012, in Figure 5.21a, is the loss of the lift slope 

peak at 0°, seen both in the low turbulence case and when Iu = 5%. Furthermore, both aerofoils show an 

earlier but more gradual reduction in the lift slope prior to static stall when oscillated at A = 4.9° than with 

the onset turbulent flow with Iu = 5%. This is the region in which dynamic stall is only lightly entered, and 

so provides a limited opportunity for vortex development, and thus little gain in lift. However, when Iu = 15% 

and A = 9.9°, both unsteady motions lose the strong features of the low-turbulence state, namely the 0° local 

maximum lift slope and sudden stall, producing a more constant lift slope. The NACA0012 also has a greater 

lift slope for f = 0.42 Hz (k = 0.16) than Iu = 15%, although this is more apparent in the time-averaged Cl. 

The increase in the lift slope of the NACA0012, when A = 9.9°, for an increase in oscillating frequency, can 

be seen in Figure 5.22 to be associated with the vortex lift in the oscillating cycle. Unlike the time-averaged 

Cl in Figure 5.19, this data is phase-averaged, with the Cl for a given AoA and pitching direction averaged, 

in this case with a 14° mean AoA for A = 9.9°. When f = 0.08 Hz (k = 0.03), the maximum Cl is attained at 

14°, associated with the dynamic stall vortex growth and subsequent shedding, the flow at higher and lower 

AoA following the static lift curve, albeit with delayed reattachment. When f = 0.2 Hz (k = 0.08), this peak 

is delayed to 18°, allowing a greater build-up of vortex strength and so a higher peak lift. A secondary vortex 

is also induced, with a local maximum Cl at 22°. Despite the larger reattachment hysteresis, these two 

stronger peaks raise the time-averaged lift coefficient. This is further seen when f = 0.42 Hz (k = 0.16), with 

the vortex not reaching peak lift until 23.5°, near the end of the sweep, and Cl = 2.25. This results in the 

secondary vortex not being evident until the downstroke, its associated Cl maximum of 1.7 arising at 22°. 

Thus, the higher frequencies, with their later vortices and greater energy, and able to excite a secondary 

vortex, are able to produce a higher time-averaged Cl as a consequence of their greater vortex suction. 
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Figure 5.21: Local lift slope against AoA as a fraction of 2π, Re = 50,000, (left) NACA0012, (right) NACA4412 

 
Figure 5.22: Phase-averaged cycle of lift coefficient against instantaneous AoA for the NACA0012 at three oscillating frequencies with A = ±9.9°, 

mean AoA = 14°, Re = 50,000 

The influence of increasing the Reynolds number on the time-averaged Cl, when A = 4.9°, is seen in Figure 

5.23. The most apparent change in the pitching aerofoil is the reduction in the influence of oscillating 

frequency. This is clear when comparing Figure 5.23a to Figure 5.23e for the NACA0012. For Re = 50,000, 

the maximum time averaged Cl is 0.83 when f = 0.42 Hz, compared with Cl = 0.69 when f = 0.08 Hz. For 

Re = 200,000, both cases have a maximum time-averaged Cl = 0.78. The higher time-average Cl for the 
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pitching aerofoil is likely a result of the higher Cl evident in the static lift curve when Re = 200,000 compared 

to Re = 50,000, but the convergence is due to dynamic stall relying on the reduced frequency, k. When 

Re = 50,000, k ranges from 0.03 to 0.16. When Re = 200,000, this range drops to 0.01 to 0.04, thus reducing 

the influence of the oscillating frequency. 

 
Figure 5.23: Time-averaged Cl against AoA, Iu = 5%/A = 4.9°, (left) NACA0012, (right) NACA4412 

 

 

Regardless of oscillating frequency, the cambered aerofoil is seen to differ slightly between the onset 

turbulence case and pitching. At low AoA, as the Reynolds number increases (and so the reduced frequency 

decreases) at this oscillating amplitude, the cambered aerofoil is seen to tend towards its static lift curve. 
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This results in a slightly higher Cl at low mean AoA for the pitched aerofoil compared to when exposed to 

onset turbulence. This follows the observation of Carr et al. (1977) that cambered aerofoils less readily enter 

dynamic stall behaviour, due to their lack of a sharp leading edge suction peak, whereas the symmetrical 

NACA0012 better agrees with the turbulence data. Furthermore, the pitching NACA4412 continues to stall 

at a lower AoA than when in onset turbulence, with the maximum time-averaged Cl arising at approximately 

the same mean AoA as the static stall. As seen when Re = 50,000, the symmetrical NACA0012 better agrees 

with the delayed stall of the aerofoil in turbulent flow. Thus, the main impact of the Reynolds number at this 

oscillating amplitude is the change in the reduced frequency, with the higher reduced frequency, at 

Re = 50,000, providing the best agreement between the unsteady flows. 

Increasing the oscillation amplitude to 9.9° in Figure 5.24 further highlights the dependence on the reduced 

frequency, rather than the physical frequency. This is again most apparent when considering the changes in 

the NACA0012 between Figures 5.24a and 5.24e. When f = 0.42 Hz and Re = 50,000 (k = 0.163), the time-

averaged Cl considerably exceed those of the lower frequencies and onset turbulence. However, all 

oscillating cases converge towards the lower-frequency data when Re = 200,000, agreeing with the lift slope 

seen in the onset turbulence case. With a lower k, both aerofoils display good agreement with the time-

averaged Cl in turbulent flow above a mean AoA of 10°. 

However, the NACA4412 also displays its tendency, with reducing k, to produce time-averaged Cl more 

akin to the static aerofoil at low AoA, and this is most evident in Figure 5.24f, albeit with a lower lift slope. 

Below 0°, however, the time-averaged Cl exceeds that of the static aerofoil, reducing in slope again, as in 

the onset turbulence case. Figure 5.25 shows that, at 0° mean AoA, the lower surface of the aerofoil readily 

enters dynamic stall, featuring a more rapid curvature change than the upper surface, due to the direction of 

the camber. Hence, it may be that, just as the upper surface dynamically stalling is seen to reduce the time-

averaged Cl above 10° mean AoA, the lower surface dynamically-stalling increases Cl at low AoA. 
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Figure 5.24: Time-averaged Cl against AoA, Iu = 15%/A = 9.9°, (left) NACA0012, (right) NACA4412 

 
Figure 5.25: 100 Tc Time-series of Cp against chord, Re = 100,000, A = 9.9°, f = 0.20 Hz, 0° mean AoA, NACA4412 
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5.4.2.2 Unsteady Behaviour of the Lift Coefficient 

While the data shows comparable effects of sinusoidal-pitching and unsteady turbulent flow on the general 

form of the time-averaged lift curve, the same was noted with the time-averaged pressure distribution. With 

the latter, however, the transient effects were found to be considerably different, and thus these differences 

translate to the unsteady lift response. This is shown not only in the time series in Figure 5.20, but also in 

σ(Cl), presented in Figures 5.26 and 5.31, quantifying the fluctuations through this statistic as was done with 

the turbulence data. 

Compared to Iu = 5%, Figure 5.26 shows a considerably different curve for σ(Cl) against AoA when A = 4.9°, 

at all three Reynolds numbers. The first difference is the considerably greater σ(Cl) for the oscillating aerofoil 

than in onset turbulence. For example, when Re = 50,000 in Figure 5.26a, the maximum σ(Cl) for the 

NACA0012 when Iu = 5% is 0.20, compared with 0.41 when oscillated at f = 0.42 Hz (k = 0.16) and A = 4.9°. 

Furthermore, the mean AoA at which the maximum σ(Cl) arises is also different. For the NACA0012, all 

three Reynolds numbers show this rise at 0° mean AoA when oscillated. The NACA4412, however, shows 

more variability with both the Reynolds number and oscillating frequency, with the peak at -4° when 

f = 0.42 Hz (k = 0.16) and -2° at the lower frequencies, developing into a plateau at σ(Cl) = 0.3 below 6° 

mean AoA with increasing Re. This contrasts with the maximum σ(Cl) arising at the time-averaged maximum 

lift AoA for all cases with onset turbulence. As with the time-averaged Cl, the effect of the Reynolds number 

is more a result of the change in k. As Re increases, the data converges on the lower frequency σ(Cl), with a 

lower magnitude than when Re = 50,000. One feature notable in Figure 5.26f on the NACA4412 is that the 

low-AoA peak σ(Cl) has become a plateau, near-constant up to 4° mean AoA, representing the AoA range 

over which the static stall AoA is not exceeded, and so dynamic stall should not occur. The greater energy 

at higher reduced frequencies, seen with lower Re, however, may allow the greater variability seen in Figure 

5.26b. 

The reason for the difference in the general magnitude of σ(Cl), particularly at low AoA, can be observed 

from the probability density functions. It was seen the lift coefficient in turbulent flow featured a near-normal 

distribution, following the also near-normal distribution of the instantaneous pitch angle of the turbulent 

flow. In a similar manner, the PDF for Cl in Figure 5.27, using the example case of 4° mean AoA on the 

NACA0012, demonstrates two peaks, one at each extremity, reflecting the PDF of the instantaneous AoA 

for the sinusoidal-pitching motion. Not only is the range of instantaneous Cl  greater for the pitching case 

than in turbulent flow, as observed in the time series in Figure 5.20, but also the data is primarily clustered 

near the maximum and minimum lift coefficients generated. This, in turn, results in a higher σ(Cl) for a given 

set of data at low AoA than the near-normal distribution of the turbulent flow. 
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Figure 5.26: σ(Cl) against AoA, Iu = 5%/A = 4.9°, (left) NACA0012, (right) NACA4412 

 
Figure 5.27: PDF for the NACA0012, Re = 50,000, mean AoA 4°, A = 4.9° 
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The mean AoA at which the maximum σ(Cl) arises was seen to depend on the stall behaviour in onset 

turbulence, but instead arises at low AoA when the aerofoil is pitched. Figure 5.28 shows that, in between 

the positive and negative static stall AoA, the lift coefficient can oscillate along the linear lift slope. This 

provides a large range of Cl, while encountering the maximum and minimum Cl at the extremities of the 

AoA sweep, where the pitching cycle spends a significant duration of the sweep. For the NACA0012, two 

differences are apparent between the 0° mean AoA case and the AoA around this. Firstly, the further the 

mean AoA is from 0°, the lower the local lift slope as the aerofoil approaches static stall, and so the range of 

Cl is reduced. Secondly, the NACA0012 presents a hysteresis loop at 0° mean AoA. In comparison, the 

NACA4412 does not display a hysteresis loop, but is also influenced by the proximity to static stall, resulting 

in the maximum σ(Cl)at low mean AoA. 

 
Figure 5.28: Phase-Averaged Cl against AoA for Re = 50,000, A = 4.9°, f = 0.42 Hz 

For the case when f = 0.42 Hz and Re = 50,000 (k = 0.16), however, the maximum σ(Cl) shown in Figure 

5.26, is nearer the static stall AoA, as with when onset turbulence is present, with the low AoA rise only a 

local maximum. Figure 5.29 shows that, for both aerofoils, this is due to the change in vortex development, 

and so static stall overshoot. Figures 5.29a and 5.29b show, when f = 0.08 Hz, corresponding to k = 0.03, the 

vortex generates a maximum Cl at a consistent AoA, 12.5° for the NACA0012, and 17.5° on the NACA4412, 

in all of the cases in which the vortex lift can be seen on the increasing AoA sweep. The decreasing AoA for 

the same cases provides a large hysteresis loop at this AoA, but closely follows the static lift curve at higher 

and lower AoA for the NACA0012. The NACA4412, less readily benefitting from the suction of the dynamic 

motion, does not attain its static stall Cl, explaining the reduction in the maximum time-averaged Cl. 

In contrast, the vortex peak Cl varies more notably at the higher frequency of f = 0.42 Hz (k = 0.16). While 

the NACA0012 tends towards a peak at 18°, this maximum Cl is only attained when the mean AoA is 14°, 

when σ(Cl) also reaches its maximum. This is because, at lower mean AoA, the vortex is forced to shed prior 

to attaining peak strength, unlike the lower reduced frequencies, and so a rapid loss of lift is encountered. 

Associated with this is a large hysteresis loop, the greater spread of data resulting in a higher σ(Cl) than the 

lower frequencies. The NACA4412 also forces its vortex to shed at the maximum AoA of the pitching cycle 

in all cases, the delayed vortex formation associated with its later static stall. These cases, where k = 0.16, 
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approach the chaotic region identified by Pereira et al. (2013), in which the forced shedding of the vortex 

begins to break down the repeated cycle, and so likely approach the chaotic behaviour of turbulent flow. 

 
Figure 5.29: Phase-Averaged Cl against AoA for Re = 50,000, A = 4.9°, (left) NACA0012, (right) NACA4412 

For comparison, Figure 5.30 presents the same frequency, f = 0.42 Hz, but at the lower k = 0.04 when 

Re = 200,000, comparable to the k = 0.03 case in Figures 5.29a and 5.29b. As with the latter case, both 

aerofoils more consistently attain the maximum Cl associated with the vortex, albeit at a higher AoA of 16° 

for the NACA0012 and 21° for the NACA4412, following the static lift curve at lower AoA. However, this 

does not appear to present either a constant angle or time shift. 

 
Figure 5.30: Phase-Averaged Cl against AoA for Re = 200,000, A = 4.9°, f = 0.42 Hz 
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As is to be expected from increasing the amplitude of an unsteady motion, increasing A to 9.9° in Figure 

5.31 increases σ(Cl) on both aerofoils at all Reynolds numbers. As with the lower pitching amplitude, σ(Cl) 

for the pitching aerofoil significantly exceeds that of the aerofoil in turbulent flow, albeit this difference 

lessens at higher AoA with lower reduced frequencies. The peak σ(Cl) at low AoA is maintained, although 

the exception is again the case for f = 0.42 Hz, more specifically for the NACA0012 in Figure 5.31a. In this 

case, the highest frequency shows a local minimum at 0°.  

 
Figure 5.31: σ(Cl) against AoA, Iu = 15%, A = 9.9°, (left) NACA0012, (right) NACA4412 

Figure 5.32 shows this to be due to the timing of the hysteresis loops. When f = 0.08 Hz (k = 0.03), for mean 

AoA nearer 0°, the lift coefficient follows the static lift slope, with a consequently large range of Cl. As the 

pitching cycle passes the static stall AoA, however, the maximum vortex lift is attained and shed naturally, 

leading to a hysteresis loop which lowers the instantaneous Cl at the extremities of the AoA cycle, lowering 
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σ(Cl) compared to a mean AoA of 0°. In contrast, when f = 0.42 Hz (k = 0.16) in Figure 5.32b, the vortex is 

forced to shed by the reversal of the pitching motion. The lift coefficient at -4° and +4° mean AoA is seen 

to reverse near the ends of the sweep, the vortex still growing as the pitching motion reverses. This results 

in a greater range of instantaneous Cl than seen with the linear lift slope around 0° AoA. At the intermediate 

AoA, however, the hysteresis loop is opened more by the change in mean AoA from 0°, but this is in the 

AoA range rapidly passed through during the pitching motion, at peak pitch rate.  Thus, the range of Cl with 

increasing mean AoA results in a local minimum when the mean AoA is 0°. 

 
Figure 5.32: Phase-Averaged Cl against AoA for Re = 50,000, A = 9.9°, NACA0012 

For a direct comparison of the effects of the pitch angle PDF on σ(Cl), Figure 5.33 provides the expected 

σ(Cl) from quasi-steady theory. Although this neglects any strongly-dynamic effects, this allows for a 

comparison of the effects of the pitch angle distribution on σ(Cl). It can be seen that, at low AoA, the expected 

σ(Cl) is higher for the pitching case than with onset turbulence, as seen in the wind tunnel, while the Iu = 5% 

peak σ(Cl) at stall is higher than that for A = 4.9°. However, while quasi-steady theory provides a reasonable 

approximation of the sinusoidal-pitching case at low AoA for both amplitudes, the onset turbulence case is 

significantly overestimated. Furthermore, quasi-steady theory expects a peak σ(Cl) at low AoA when 

Iu = 15%, which was not seen in the wind tunnel. Thus, while the PDF of Cl, whether pitched or in onset 

turbulence, is of similar form to that of the corresponding instantaneous pitch angle, the highly dynamic 

effects mean that a direct relation cannot be made between the two PDFs. 
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Figure 5.33: Quasi-Steady estimate of σ(Cl), Re = 50,000, f = 0.08 Hz, (left) NACA0012, (right) NACA4412 

5.4.2.3 Frequency Response of the Lift Coefficient 

To compare the frequency bandwidth of the lift coefficient fluctuations, Figures 5.34 and 5.35 present the 

PSD of the lift coefficient for Re = 50,000 on both aerofoils, at both turbulence intensities. PSD for the other 

Reynolds numbers may be found in Appendix C for comparison. 

As was observed in the Cp PSD, the frequency range is broader for the turbulent onset flow than when the 

aerofoil is sinusoidally-pitched, the latter case presenting a narrower, but stronger, peak frequency. While 

this band is centred on the oscillating frequency, it is not as narrow as was seen in the Cp PSD, a result of the 

summation of time-series signals on the aerofoil. Also reflecting the Cp PSD, the fluctuations associated with 

the LSB are more evident in the Cl PSD when the aerofoil is oscillated than when in turbulent flow. This is 

more easily seen in Figure 5.34 when A = 4.9°, between -6° and 6° AoA on both aerofoils at frequencies 

over 10 Hz. Also seen when pitched at f = 0.08 Hz and 0.20 Hz (k = 0.03, 0.08), above the static stall AoA, 

on both aerofoils, is the band of energy associated with the static stall vortex shedding. This reflects the 

natural instability of the aerofoil shear layer, albeit a weaker signal than the dominant pitching. 
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Figure 5.34: Cl PSD, A = 4.9°, Re = 50,000, (left) NACA0012, (right) NACA4412 

At both pitching amplitudes, a rise in energy is evident around the stall AoA for each aerofoil, covering a 

greater range of AoA in Figure 5.35 when A = 9.9°, than in Figure 5.34 for A = 4.9°. This is the AoA extent 

over which the dynamic stall criteria are met and so, as seen in Figure 5.18, begin to encounter a wider range 

of fluctuating pressure response than that of the pitching frequency. For A = 9.9°, in Figure 5.35, this leaves 

the region in which the dynamic stall criteria are not met as a decline in the frequency range of the PSD. The 

onset turbulent flow, with its greater signal bandwidth and larger pitch range, does not experience such a 

dramatic change in the PSD with AoA. Compared to when A = 4.9° in Figure 5.34, the signal strength below 

10 Hz is stronger for A = 9.9°. However, this increase in signal does not extend to higher frequencies. In 

contrast, all frequencies see an increase in signal strength for the case of onset turbulence. This follows the 

nature of turbulence as a broadband signal, compared to the frequency-defined pitching case. The defined 

motion of the latter forces the response from the aerofoil, and so presents a significantly different response 

to an increase in amplitude compared to the case of onset turbulence. This effect is the same for each aerofoil, 

thus suggesting camber is of lesser importance for the frequency response when the motion is forced. 
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Figure 5.35: Cl PSD, A = 9.9°, Re = 50,000, (left) NACA0012, (right) NACA4412 

5.4.2.4 Summary 

Overall, there is reasonable agreement in the time-averaged lift slope when comparing the pitching and onset 

turbulence cases, with an increase in the amplitude of either unsteady motion reducing the time-averaged lift 

slope. Furthermore, the time-averaged maximum lift is also delayed in both cases. The similarity ends at 

this, however, with the maximum time-averaged lift coefficient not agreeing between the two unsteady 

motions. More critically, as expected from the behaviour of Cp, there is little agreement in the transient 

behaviour. Dynamic stall effects are seen to more readily form on the pitching aerofoil than in onset 

turbulence, and produce a significantly different PDF. This results in a much greater σ(Cl) for the pitching 

aerofoil, with peak unsteadiness arising at low mean AoA, as opposed to σ(Cl) reaching its maximum at high 

AoA in turbulent flow. The PSD also show a strong peak at the oscillating frequency, as opposed to the 

broad frequency range associated with onset turbulence. The effect of camber is less prominent than that 

resulting from onset turbulence, but the primary differences arise in the later static stall of the cambered 

NACA4412 and its greater reluctance to form dynamic stall vortices. 
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5.4.3 Pitch-Moment Coefficient 

5.4.3.1 Time-Averaged Pitch-Moment Coefficient 

As with the time-averaged quarter-chord Cm resulting from the aerofoils in turbulent onset flow, the time-

averaged quarter-chord Cm resulting from oscillating these aerofoils displays more dependence on the 

Reynolds number than Cl. For the oscillating aerofoils, this is not only due to underlying changes in the static 

pitch moment curve, but also the change in reduced frequency with increasing flow speed. 

At Re = 50,000, in Figure 5.36, as with the time-averaged Cl, the time-averaged Cm shows significant 

dependence on the oscillating frequency, or, rather, the reduced frequency. When A = 4.9°, the NACA0012 

deviates notably from the static Cm curve, at all three frequencies, in Figure 5.36a. All oscillating frequencies 

reduce the irregularity seen both in the clean flow and, to a lesser extent, in onset turbulence, associated with 

the LSB, instead producing a more constant time-averaged Cm. This tends towards the mean low-AoA value 

of Cm = 0. However, from a mean AoA of 6°, the sinusoidal-pitching presents a gentle strengthening of the 

pitch moment, greater for higher frequencies, with increasing AoA, as opposed to the sharp nose-down 

moment growth between 10° and 12° mean AoA in clean flow and the similar moment change in turbulent 

flow between 12° and 16°. Above 16°, the static aerofoil, Iu = 5% and two lowest frequency oscillation Cm 

tend toward the same plateau at Cm = -0.1. In contrast, the NACA4412, shown in Figure 5.36b, follows the 

behaviour of the static aerofoil in clean onset flow until 10° mean AoA. Above this AoA, the pitch moment 

becomes increasingly negative as the aerofoil regularly passes through its static stall AoA. This does, 

however, result in a similar loss of the peak positive pitch moment to that of the NACA0012. An increase in 

the reduced frequency produces a stronger nose-down pitch moment, most notable in the f = 0.42 Hz 

(k = 0.16) case for both aerofoils, which was seen to excite the greatest vortex response. 

The difference between sinusoidal-pitching and irregular turbulent flow is more prominent when comparing 

the Iu = 15% and A = 9.9° cases. While increasing Iu produces a more constant time-averaged Cm until stall, 

at which point Cm gradually becomes more negative, increasing the oscillating amplitude produces a more 

constant change in Cm for a change in AoA. For the NACA0012, an almost linear decline in the pitch moment 

can be seen from 2° mean AoA, each increase in the pitching frequency increasing the moment slope. 

Between -2° and 2° mean AoA, the near-constant pitch moment, seen when A = 4.9°, is still present, 

representing the limited window at this oscillating amplitude in which the static stall AoA is not passed, 

neither at positive nor negative AoA. For the NACA4412, a similar plateau is seen between 2° and 6° mean 

AoA, reflecting its higher stall angles. Due to the large change in pitch moment prior to static stall on the 

cambered NACA4412, this difference in Cm with a change motion is more apparent than on the NACA0012.  

The reason for the sharper decline in Cm on the NACA0012 is shown in Figure 5.37 to be another 

consequence of the stronger vortices generated on this aerofoil, and thus a stronger drop in the pitch moment 

as the vortex is convected. For a given AoA, the NACA0012 produces a stronger vortex than the NACA4412, 

producing a sharper pitch moment. As the AoA is increased, the vortex strengthens further, creating the pitch 

moment strengthening seen near the maximum instantaneous AoA in Figure 5.37a. In contrast, the growth 
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in the peak negative Cm on the NACA4412 is not as defined, and a larger hysteresis loop exists towards a 

positive pitching moment. Furthermore, whereas the NACA0012 peak negative pitching moment is, in the 

main, at the maximum AoA of the sweep, and thus contributes to a significant portion of the time-history of 

the pitch moment, the NACA4412 is seen to have a peak pitch moment after the peak AoA, reducing the 

number of time samples over which it is observed. This causes a further difference between the NAC0012 

and NACA4412, with the effect of the highest oscillating frequency on the time-averaged Cm. This is similar 

to the difference in Cl with oscillating frequency due to the stronger vortices seen on the NACA0012. 

 
Figure 5.36: Time-averaged Cm against AoA, Re = 50,000, (left) NACA0012, (right) NACA4412 

 
Figure 5.37: Phase-Averaged Cm against AoA for Re = 50,000, f = 0.42 Hz 
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Figure 5.38 shows that, as with Cl, increasing the Reynolds number when A = 4.9° primarily results in less 

dependence on the oscillating frequency, as the range of reduced frequencies is smaller with a larger Re. 

However, with the delay in static stall, associated with an increase in Re, the AoA range over which time-

averaged Cm is near-constant on the NACA0012 is extended to 8° for Re > 100,000. For the NACA4412, 

this corresponds to an increase in the AoA range over which the time-averaged pitching aerofoil Cm matches 

that of the static aerofoil. Thus, the Reynolds number effect is primarily felt through the change in k.  The 

effect of camber principally is through the differences in the static Cm curve, that of the NACA4412 showing 

greater dependence on AoA. 

 
Figure 5.38: Time-averaged Cm against AoA, Iu = 5%, A = 4.9°, (left) NACA0012, (right) NACA4412 

When A = 9.9°, as seen in Figure 5.39, the trends seen at Re = 50,000 carry through with increasing Re, but 

the influence of the reduced frequency is again clear, with the effects of a change in f less apparent as the 
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flow speed is increased. When Re =50,000, a plateau of near-constant Cm was noted between -2° and 2° AoA, 

with a similar feature between 2° and 6° on the NACA4412. These features are still seen with increasing Re, 

but rather than being near-constant with a change in mean AoA, these tend towards the static Cm curve when 

Re = 200,000. This may be due to the reduced influence of the LSB, as the aerofoils near the higher-Reynolds 

number regime. The higher Reynolds number, and consequently later static stall, also extend this feature to 

8° on the NACA4412 in Figure 5.39f, but does not seem to influence this feature on the NACA0012. 

 
Figure 5.39: Time-averaged Cm against AoA, Iu = 15%, A = 9.9°, (left) NACA0012, (right) NACA4412 

These changes are also seen to a lesser extent in the time-averaged Cm slopes in Figure 5.40. With the 

exception of around 0°, where the pitch moment shows the trends of the clean-flow static aerofoil, the 

pitching NACA0012 displays a near-constant slope of -0.004 °-1. This is the constant-slope region seen in 

Figure 5.39. The NACA4412 displays greater variability than its symmetrical counterpart in the change in 
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the time-averaged Cm for a change in mean AoA, although the general form is the same. This reflects the 

stronger moments produced by this aerofoil. 

 
Figure 5.40: Time-averaged pitch-moment slope against AoA, Re = 200,000, (left) NACA0012, (right) NACA4412 

5.4.3.2 Unsteady Behaviour of the Pitch-Moment Coefficient 

Figures 5.41 and 5.43 present σ(Cm), as was done with Cl, for comparison to the unsteady effects resulting 

from the aerofoils in onset turbulent flow. It must be remembered, however, that this pitching motion does 

not follow a normal distribution, as was seen in Figure 5.8, but rather a distribution with two peaks near the 

extremities of the AoA sweep. 

At Re = 50,000, seen in Figure 5.41, σ(Cm) shows better agreement between the onset turbulence data and 

the sinusoidal-pitching cases than was seen in the same case for σ(Cl). The most apparent difference between 

σ(Cl) and σ(Cm) is the lack of a peak near 0° mean AoA for the latter, leaving the sole peak as that occurring 

near stall, as is also seen with onset turbulent flow. The reason no peak is seen near 0° is the near-zero pitch 

moment change with AoA seen in time-averaged Cm. This is in contrast to Cl, where the greatest time-

averaged lift slope was seen at this AoA, resulting in a large range of instantaneous Cl and so a high σ(Cl). 

Hence, with little change in pitch moment possible as the AoA is swept prior to entering dynamic stall, σ(Cm) 

is low. This expectation can also be seen in the quasi-steady assessment of σ(Cm) presented in Figure 5.42. 

This shows a clearly defined peak near stall on both aerofoils, although with a smaller peak at low AoA due 

to the presence of the LSB effects on the static Cm curves. As with the quasi-steady expectation of σ(Cl) in 

Figure 5.33, the fluctuating loads when pitched are generally over-estimated, with the exception of the 

NACA0012 at low AoA. 

As the aerofoil approaches dynamic stall, with an increase in the mean AoA allowing the static stall AoA to 

be exceeded, σ(Cm) begins to rise. As with σ(Cl), the sinusoidal-pitching produces a greater σ(Cm) than the 

onset turbulent flow. This was seen in Figure 5.20 to be due to the greater range of instantaneous pitch 

moment coefficients produced by the pitching aerofoil, and with greater frequency, than the corresponding 

pitch moments in the onset turbulent flow. 
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Figure 5.41: σ(Cm) against AoA, Iu = 5%, A = 4.9°, (left) NACA0012, (right) NACA4412 

The effect of the Reynolds number on σ(Cm) is again seen to primarily be due to the change in k. As the 

Reynolds number change is effected through an increase in flow velocity, the magnitude and range of k 

values tested declines with increasing Re, and so the difference between the oscillating frequencies tested is 

lessened. While no change is apparent in the mean AoA at which the maximum σ(Cm) can be observed, the 

magnitude of this peak reduces with increasing Re, tending towards that of the lowest frequency case at 

Re = 50,000, a further consequence of the change in k. 
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Figure 5.42: Quasi-Steady estimate of σ(Cm), Re = 50,000, f = 0.08 Hz, (left) NACA0012, (right) NACA4412 

For a greater oscillating amplitude, seen in Figure 5.43 when A = 9.9°, σ(Cm) has increased notably, as is 

expected for increasingly unsteady motion. This is most apparent in Figure 5.43a for the NACA0012, when 

f = 0.42 Hz. This corresponds to the highest reduced frequency, k = 0.16, with an increase in Re reducing the 

magnitude of σ(Cm) as k decreases. Compared to when A = 4.9°, there is a greater difference in σ(Cm) when 

comparing A = 9.9° to Iu = 15%. Rather than a local peak in σ(Cm) at stall, as seen when A = 4.9°, the higher 

oscillating amplitude maintains a high σ(Cm) outside of a range of low mean AoA. This is midway between 

the positive and negative stall AoA, where dynamic stall does not exist, as the criterion of exceeding the 

static stall AoA is not met. For the lower oscillating amplitude, this encompasses a wide range of mean AoA, 

resulting in the σ(Cm) curves in Figure 5.41 tending towards the turbulence data for much of the mean AoA 

tested. A rise in σ(Cm) occurs where dynamic stall criteria are met. The range of mean AoA over which 

dynamic stall criteria are not met reduces as the oscillation amplitude increases.  

Furthermore, when dynamic stall conditions are met, σ(Cm) can be seen to be higher with an increase in 

oscillating frequency. This is explained by Figure 5.44, which presents the phase-averaged pitch moment 

against AoA for both aerofoils at a mean AoA of 18°. As with the lift coefficient phase-averaged plots, the 

stronger vortex associated with higher pitching frequencies is seen to produce a stronger pitching moment 

later in the oscillating cycle. This not only increases the data spread as the oscillating frequency is increased, 

but also the duration of the influence of this pitch moment throughout the time-history of the cycle, due to 

the sine sweep spending a greater portion of its cycle at the extremities of the AoA sweep than the mean. 

Both of these contribute to the rise in σ(Cm), more prominent on the NACA0012 due to its larger and earlier 

vortex formation than seen on the cambered NACA4412. 
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Figure 5.43: σ(Cm) against AoA, Iu = 15%, A = 9.9°, (left) NACA0012, (right) NACA4412 

 
Figure 5.44: Phase-Averaged Cm against AoA for Re = 50,000, A = 9.9°, 18° mean AoA, (left) NACA0012, (right) NACA4412 
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5.4.3.3 Frequency Response of the Pitch-Moment Coefficient 

The PSD of the pitch moment coefficient for, Re = 50,000, are shown in Figures 5.45 and 5.46, comparing 

Iu = 5% with A = 4.9° and Iu = 15% with A = 9.9°, respectively, for both aerofoils at all three oscillating 

frequencies. Higher Reynolds number Cm PSD are available in Appendix C for comparison.  

As with the PSDs for the pressure and lift coefficients, Figure 5.45 shows the oscillating aerofoil provides a 

more consistent band of low-frequency energy at all AoA than any other feature seen on the aerofoil in onset 

turbulence. This is due to the forced motion at its oscillating frequency, and so the peak frequency rises with 

an increase in the oscillation frequency, although this is less prominent than in the corresponding lift 

coefficient PSD. The reason for this is the greater dependence of the pitch moment on the behaviour of the 

LSB and vortex motion, spreading the energy over more frequencies than solely that of the pitching motion. 

 
Figure 5.45: Cm PSD, A = 4.9°, Re = 50,000, (left) NACA0012, (right) NACA4412 

The two aerofoils, both in turbulent onset flow and when pitched, experience a growth in the unsteady 

frequency range around the static stall AoA. For the sinusoidal-pitching case, this rise occurs at a lower AoA, 

6° for the NACA0012 and 10° for the NACA4412, than in onset turbulent flow, where the rise is evident at 
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the static stall AoA, (10° and 16° for the NACA0012 and NACA4412, respectively). This is because the 

pitching aerofoil is able to produce a reliable and repeatable dynamic stall cycle from these lower AoA, as 

the amplitude of the pitching is sufficient to encompass the static stall AoA, and so meet the criteria for 

dynamic stall to occur. This is a stronger growth than with the onset turbulence due to the irregular nature of 

the latter, delaying the peak unsteadiness until the time-averaged stall is attained. 

Comparing the higher turbulence intensity and oscillating amplitude cases, in Figure 5.46, the change is as 

expected from the pressure coefficient and lift coefficient PSD; an increase in the turbulence intensity has 

increased the signal strength at all frequencies and AoA, whereas an increase in the oscillating amplitude has 

increased the AoA range over which elevated power can be observed. As a result, both cases show less 

variability in the PSD for a change in the mean AoA than at a lower Iu or pitching amplitude.  

 
Figure 5.46: Cm PSD, A = 9.9°, Re = 50,000, (left) NACA0012, (right) NACA4412 

However, the onset turbulent flow does continue to produce a prominent rise in the signal power around the 

time-averaged stall AoA. The primary change with AoA for the sinusoidally-pitching aerofoil is the 

reduction in PSD strength in the region where dynamic stall criteria are not met, midway between the positive 
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and negative static stall AoA. The frequency peak is still seen to depend on the oscillating frequency for the 

sinusoidally-pitching aerofoil, as is expected for the forced motion and in comparison to the broader signal 

of the unsteady onset flow. 

5.4.3.4 Normal Force-Pitch Moment Cycle 

The instantaneous AoA of the turbulence grid data is unknown, and so cannot be used to produce lift-against-

AoA plots for direct comparison to the sinusoidal-pitching phase-averages. However, Carr et al. (1977) found 

that, for a sinusoidally-pitching aerofoil undergoing dynamic stall, a relation can be made between the normal 

force and pitch moment. This requires Cm plotted against the corresponding normal force coefficient, Cn, 

normalised by the mean and maximum of each variable, which can produce a repeatable loop. It is noted that 

this normal force coefficient is the non-dimensionalised force normal to the wing chord as opposed to the 

lift coefficient used previously for assessment of the performance of the aerofoils. This relation is presented 

for both aerofoils when Re = 50,000 at a mean AoA of 12°, Figure 5.47 comparing Iu = 5% with A = 4.9° 

and in Figure 5.48 Iu = 15% is compared with A = 9.9°.  Each axis is non-dimensionalised as the ratio of the 

deviation from the mean normalised by the maximum deviation from the mean. 

 
Figure 5.47: Normal Force against pitch moment, u = 2.5 m s-1, Iu

 = 5%, A = ±4.9°, 12° mean AoA, (left) NACA0012, (right) NACA4412 
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The pitching aerofoil produces a defined loop throughout its motion, the normal force and pitch moment 

related by the size and location of the vortex. In most cases, the pitch moment becomes increasingly negative 

while the normal force is still increasing, a result of the vortex convecting along the aerofoil, and so 

producing an increase in normal force but a more nose-down pitch moment. This results in a strongly below-

mean Cm when Cn is at its greatest. It must be remembered, however, that this does not reflect the length of 

the period in time spent at each loading state. At higher amplitudes and frequencies, such as in Figure 5.48e 

to 5.48h, the secondary vortex is evident as a secondary loop as the pitch moment becomes more nose-up. 

 
Figure 5.48: Normal Force against pitch moment, u = 2.5 m s-1, Iu

 = 15%, A = ±9.9°, 12° mean AoA, (left) NACA0012, (right) NACA4412 

No such regular cycle is evident on either aerofoil in turbulent onset flow, which presents an irregular field 

of pitch moment coefficients for a given normal force coefficient. This is because there is no periodic vortex 

passage, and so no periodic cycle of forces and moments. Hence, a given moment could correspond to a 

large range of normal forces, and vice-versa. The pitching aerofoil produces a vortex at the leading edge, 

raising the lift coefficient, of which the normal force is the primary contributor, and creating a more nose-up 
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pitching moment. As the vortex convects, the pitching moment becomes sharply more nose-down, due to 

the vortex passing the reference axis at the quarter-chord position. The lift coefficient drops as the vortex is 

shed, and the forces on the aerofoil recover to those pre-vortex. This constant cycle produces a repeatable 

relation. A similar situation is apparent in Figure 5.49a from Tc = 35, with both Cl and Cm rising as the vortex 

forms. At Tc = 36.5, Cm has reached its peak positive magnitude, indicating that the vortex has begun 

convecting, its reducing moment arm reducing the nose-up Cm. Cl continues to rise until Tc = 37.5, indicating 

that the vortex is still growing and in the vicinity of the aerofoil until this point, at which Cm is strongly 

negative, reaching its negative peak at Tc = 38.5. Cl reaches its minimum at Tc = 41, when the flow is fully 

separated. This is shown diagrammatically in Figure 5.49b. In contrast to the sinusoidal-pitching, however, 

this is not a repeatable cycle, and instances occur in which a positive Cl and Cm may arise without the 

subsequent drop in Cm followed by a drop in Cl. In Figure 5.49a, such a case may be seen at Tc = 3, where 

the peak positive Cl and Cm arise at the same instance, followed by a simultaneous decline to the mean for 

each value, as the suction peak collapses without forming a convecting vortex. This is associated in Figure 

5.49c, with a growth in leading edge circulation, but insufficient to grow to the point of shedding as a vortex. 

 
Figure 5.49: Turbulence vortex development process illustration 

However, it can be seen in Figures 5.47 and 5.48 that, while the turbulent onset flow does not produce the 

defined loop of the pitching aerofoil, the form of the normalised forces and moments remain within the 

envelope of that seen for the pitching aerofoil. In the sinusoidal-pitching, a significantly more negative 

pitching moment is not seen to result from a below-average normal-force coefficient, this being maintained 

in the turbulent flow. In general, the turbulent onset flow does not produce as large a range of pitching 

moments due to the rarity and limited build-up of vortices, the exception being Figure 5.47a. Figure 5.47b, 

however, tends toward maintaining a constant Cm, with limited range relative to its mean compared with the 

normal force coefficient. The same can be seen in Figures 5.48a and 5.48b, more so for the latter, when 
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Iu = 15%. The smaller range of pitch moments in both Figures 5.47b and 5.48b compared with Figure 5.48a 

reflect the reluctance of the NACA4412 to produce travelling vortex events in onset turbulence, thus limiting 

the growth of instantaneous nose-down pitch moments. 

The limitation of the forces produced to the envelope seen in the pitching is promising, as the turbulence 

presents no significant events beyond what is seen in the pitching case. Thus, if the aerofoil could be pitched 

in a way corresponding to the turbulent pitching, it may be possible to approximate the aerodynamic loads 

on the aerofoil. This is a simplification, ignoring three-dimensional and chordwise local AoA effects of the 

turbulent flow, but may allow more efficient initial approximation of aerofoil performance in turbulent flow 

via pitching aerofoil models, rather than costly numerical CFD modelling. 

5.4.3.5 Summary 

The pitch moment coefficient does not agree as readily as Cl between the effects of onset turbulence and 

sinusoidal-pitching for either aerofoil. Unlike the case with Cl, it is not only the unsteady behaviour of Cm 

which differs notably with the change in unsteady motion, but also the time-averaged Cm. This is seen to 

tend towards a near-constant change in Cm for a change in AoA when the aerofoil is pitched, compared to 

the influence of onset turbulence to produce a near-constant time-averaged Cm. 

As with Cl, the behaviour of Cm appears to be most strongly dependent on k, with an increase in the Reynolds 

number producing effects comparable to lowering k for a constant Reynolds number, and reducing the spread 

of data across the oscillating frequency range. In general, the lower k is, the steadier the pitch moment. The 

effect of camber is primarily seen through the interval over which the dynamic stall criteria are met, thus 

depending on the static aerofoil behaviour. 

5.4.4 Discussion 

Overall, the time-averaged Cl shows promising behaviour for modelling the effects of onset turbulent flow 

on this force with existing dynamic stall models. Both motions meet the criteria for dynamic stall, namely 

intermittently passing the static stall AoA and doing so at a high pitch rate. In the same way that increasing 

the turbulence intensity reduces the lift slope, so does increasing the sine sweep amplitude. The time-

averaged effects of pitching the aerofoil are, in general, insensitive to the Reynolds number itself, as was the 

case with the onset turbulent flow. This follows the observation of Leishman (1990) that the Reynolds 

number has little impact on dynamic stall. However, a change in Reynolds in this case is associated with an 

increase in the flow speed, and so a reduction in k, which the unsteady motion is sensitive to. The time-

averaged maximum lift AoA is also seen to be delayed with either an increase in the onset turbulence 

intensity or pitching amplitude. For both unsteady cases, camber is seen to influence the response of the 

aerofoil to the flow behaviour, the symmetrical NACA0012 more readily entering dynamic stall than the 

cambered NACA4412, the former also producing vortices in turbulent flow more readily than the latter. 

These vortices, however, are not identical between the two motions, those of the onset turbulent flow being 

shorter in duration and not forming on a periodic basis, in contrast to the sinusoidal-pitching. This is due to 

the regular, periodic motion of the latter, allowing vorticity to reliably accumulate and shed in a repeatable 
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manner. It is noted that all test cases in this work are below the chaotic regime of k > 0.2 suggested by Pereira 

et al. (2013). In contrast, the turbulent flow reduced pitch rate was seen to exceed 10 in Figure 3.22, providing 

a reduced period for vortex formation and growth, with the rapidly varying motion also acting to interrupt 

vortex growth. This irregular motion leads to a significant difference in σ(Cl), compared with that of 

sinusoidal-pitching, as a result of the probability distribution of the instantaneous AoA. Consequently, the 

PDF of the unsteady loading reflects that of the instantaneous AoA; a normal distribution in turbulent flow, 

peaks for sinusoidal-pitching near the maximum and minimum lift. The PSDs similarly show a significant 

difference, also reflecting the different unsteady motion involved in each case. For the aerofoil in turbulent 

flow, no single, defined peak can be observed, as the lift coefficient reflects the steady energy decay of the 

onset unsteady flow. In contrast, the sinusoidal-pitching is at a set frequency, and so produces a clearly 

defined peak frequency response. These unsteady aspects, directly reflecting the unsteady motion, may show 

a similar relation in the dynamic stall model, and so the differences could be mitigated for the latter by the 

nature of the input. 

As with the turbulent onset flow, the pitch moment coefficient is more sensitive to the Reynolds number than 

the lift coefficient. While an increase in the turbulence intensity tends to reduce the dependence of the pitch 

moment on AoA, sinusoidal-pitching was seen to produce a more constant change in the pitch moment 

coefficient for a change in AoA. This is due to the difference in the nature of the vortices, with the periodic 

vortices of the pitching aerofoil, having more time to form and convect in a periodic manner, producing a 

strong nose-down contribution to the pitch moment. In contrast, the interrupted growth of vortices in 

turbulent flow often confines them to the wing leading edge, and so also adding a nose-up component to the 

pitch moment coefficient. As with the lift coefficient, the transient behaviour of the pitch moment coefficient 

reflects the behaviour of the unsteady motion. As seen in turbulent flow, the static Cm has a strong influence 

on that of the pitching aerofoil, and so camber is seen to provide a different response to the unsteady motion. 

The relation between the normal force coefficient and the pitch moment coefficient does not produce a 

repeatable loop in turbulent flow, as opposed to the behaviour of the sinusoidal-pitching. This is not 

unexpected, as the instantaneous pitch angle does not follow a repeatable path, and so the resulting forces 

also would be unlikely to follow a set behaviour. However, the resulting data is seen to fall within the 

envelope produced by the pitching aerofoil, the forces produced limited by the same relations between 

normal force and pitch moment. 

For the use of a dynamic stall model to approximate an aerofoil in turbulent flow, the first concern is the lift 

coefficient, as this shows greater promise in the experimental data of being transferrable between the pitching 

aerofoil and a static aerofoil in turbulent flow. It is noted that this is a simplified representation, lacking 

three-dimensional effects by focusing on the pitching component, and that the model has previously only 

been validated for a periodic flow. However, there are sufficient similarities in the overall influence of the 

unsteady flow on the lift generated by the aerofoil, and the generation of vortices as dynamic stall criteria 

are met, for this avenue to be investigated. 
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5.5 Estimation of the Lift Coefficient via the Beddoes-Leishman Model 
While models such as that of Sears (1941) have been developed for unsteady flows, these are not without 

limitations. Atassi (1984) noted that Sears-type models are only valid for thin aerofoils with little camber, at 

low AoA, with a periodic onset gust. Theodorsen (1949) developed his model for disturbances which are 

small relative to the aerofoil chord, a criterion not met by large-scale turbulence. This is disadvantageous for 

a design assessment study for highly turbulent onset flow, as the flow is not periodic and large AoA ranges 

are encountered, as well as limits on the variability of aerofoil geometry which may be assessed. In 

comparison, dynamic stall models are optimised for large AoA ranges, in which full separation may be 

encountered, as is also seen in highly turbulent flows. The most popular model for predicting unsteady 

dynamic stall loading is that of Leishman and Beddoes (1989). This model is semi-empirical, deriving results 

from a known database of static loads, aerofoil coefficients and physical phenomena which occur during 

dynamic stall. Originally developed by Beddoes (1976) for predicting unsteady rotor loading, it has been 

developed in various forms for different cyclic load applications. The basic Beddoes-Leishman model 

comprises of three modules: 

• Attached Flow; the contribution of circulatory and impulsive mass loads. The former relies on 

effective AoA, the delay term being introduced as a function of the angular change in each step. The 

latter is based on a piston-type disturbance. 

• Separated Flow; the loading due to separated flow. This represents the loss of lift due to flow 

separating from the trailing edge, the separation point being modelled by a Kirchhoff flow and delay 

terms related to the prior loading and time constants.  

• Vortex Flow; the load due to the formation and passage of the dynamic stall vortex. This must meet 

set criteria for vortex formation to be added to the flow, representing the circulation transferred from 

the attached flow as the vortex sheds. Its passage is controlled by non-dimensionalised time 

constants. 

These components are summed to produce the net loading on the aerofoil throughout its cycle. This provides 

a readily-decomposed dynamic stall process, based on dimensionless index functions. Despite being semi-

empirical, Rasekh et al. (2018) found the error of the basic Beddoes-Leishman model to be less than that of 

Computational Fluid Dynamics (CFD) on both the upstroke and downstroke, although the error increased 

with mean AoA. Sheng et al. (2006) state that the Beddoes-Leishman model has proven to be the most 

popular model for dynamic stall on account of its modular nature, and has been extensively modified for 

various roles, among which, it forms the basis of the unsteady loading models for the FAST software of the 

National Renewable Energy Laboratory for wind turbine development (Damiani, Hayman 2016). With wind 

turbines operating at low Reynolds numbers, Sheng et al. (2008) produced a version specifically intended 

for low Reynolds numbers. However, Singapore Wala et al. (2018) noted this was inconvenient to solve, due 

to the large number of coefficients and time-scales. Furthermore, the variant of Singapore Wala et al. (2018) 

generates its semi-empirical coefficients from the aerofoil form, allowing the model to adapt to the aerofoil 

without needing to fit existing unsteady data to derive the relevant time constants. 
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A significant advantage of these models over CFD is in the reduced computational cost. There are two 

principal classes of turbulence models used in CFD, namely Reynolds-Averaged Navier-Stokes (RANS) and 

Scale Resolving Simulation (SRS). Bogos et al. (2015) suggested that none of the currently available RANS 

models are able to accurately predict both lift and drag, particularly the transient loads. SRS models differ 

from the RANS models in that they do not empirically account for turbulent energy and its decay, instead 

simulating them to the extent determined by the particular model, and so allowing better transient modelling. 

Large Eddy Simulation (LES) solves all flows larger than the mesh grid, representing those smaller via Sub-

Grid Scale (SGS) modelling. However, while SGS models reduce the mesh requirements compared with 

fully resolving the flow, LES nevertheless is more constrained than RANS modelling, due to the assumption 

that the length scales are homogeneous at the grid scale. This requires a fine mesh at the wall, Hanjalic (2005) 

observing this necessitated approaching full flow simulation. This increases solver time, making LES 

unsuitable for iterative design studies. A further complication of SRS models is the need for fully-developed 

turbulence at the inlet, such as precursor simulations recommended by Jarrin et al. (2006), or the spectral 

models of Mann (1998) and recursive models of Xie and Castro (2008). These add additional computational 

time and require calibration to achieve the desired flow behaviour. Hence, a simpler, easy to run model would 

be more appropriate for iterative design and flight operations, reducing the need for computationally costly 

CFD. 

For the case of oscillating aerofoils, semi-empirical models provide a means of quickly estimating the 

performance of an aerofoil. As these are only approximate models, they provide a first-pass estimate of the 

behaviour of the wing, suitable for an initial design study and iteration, as opposed to the in-depth flow field 

assessment of CFD. As this is also usually faster and lower-cost than using a wind-tunnel and producing the 

associated test specimens, a basic first-pass model also allows a better definition of what testing is required 

prior to the expense of physical testing. Given the similar flow features and time-averaged effects of 

sinusoidally-pitching an aerofoil and the same aerofoil in turbulent onset flow, it was hypothesised that a 

form of a dynamic stall model may be utilised, with an irregular pitch input, to provide a simplified 

representation of an aerofoil in turbulent flow. 

5.5.1 Model Implementation 
The semi-empirical model of Singapore Wala et al. (2018) was implemented in Matlab R2016b in order to 

investigate the suitability of dynamic stall models for assessing aerofoils in turbulent onset flow. This model 

is a derivative of the original Beddoes-Leishman Model detailed by Leishman and Beddoes (1989), and is 

shown schematically in Figure 5.50. Note that after initial calculation of the Attached Flow Module and the 

Separated Flow Module, an additional iteration of each is conducted prior to implementing the Vortex Flow 

Module and summation. This model is simplified, with fewer time-constants for faster computation, while 

retaining the accuracy of the earlier model. Fast computation makes this model suitable for a design study 

analysis, as designs can be iterated through rapidly in various flow states. Furthermore, earlier versions of 

the Beddoes-Leishman Model required experimental sinusoidal-pitching data to fit the multitude of empirical 

time constants (Leishman, Beddoes 1989), a time-consuming process which requires either physical testing 
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of the relevant aerofoil form or access to a database of the relevant coefficients. While Sanchez Martinez et 

al. (2019) suggested the use of basic CFD models as an alternative means of deriving the Beddoes-Leishman 

coefficients, they found that low-cost CFD models do not readily replicate the vortex growth and produce 

excessive oscillation, leading to a poor fit for the coefficients required for dynamic stall models compared 

to experimental methods. The optimised model of Singapore Wala et al. (2018) derives these coefficients 

based on a form function-fitted curve to the aerofoil suction surface. This reduces the initial aerofoil 

knowledge required of the aerofoil physical section geometry and the static lift curve, allowing more flexible 

design iteration than earlier models.  

 
Figure 5.50: Schematic of the Beddoes-Leishman Model of Singapore Wala et al. (2018) 

The model was run for the equivalent of 60 s of data, or 30,720 steps, at 512 Hz sampling, corresponding to 

the wind tunnel Cobra Probe profiling data from Chapter 3. This pitching data was directly fed into the 

model. The first 10 s of data output, 5120 steps, were discarded from the assessment, due to the initial cycle 

establishment required by the model. This pitching data was added to the mean AoA, with all mean AoA 

cases tested in the wind tunnel, -6° to +20°, in 2° increments, being run in the dynamic stall model as 

individual cases. Both aerofoils were simulated at all three Reynolds numbers and both turbulence intensities. 

5.5.2 Modelling Onset Turbulent Flow 

Figure 5.51 and 5.53 present the time-averaged Cl and σ(Cl) estimated via the model of Singapore-Wala et 

al. (2018) for the turbulent inflow signal in all flow conditions. The effectiveness of the model for sinusoidal-

pitching is presented in Appendix D. 
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Figure 5.51 shows there is poor agreement between the dynamic stall model and the wind tunnel tests when 

the former is used for a highly irregular input flow. This is most apparent for the Iu = 15% case, where a 

reduced lift slope is readily apparent in the wind tunnel testing, but not in the dynamic stall model output. 

Also apparent is the fact that the time-averaged stall AoA has not changed with the change in onset flow; the 

model output generally follows the static lift curve, particularly for the NACA0012. The lift coefficient 

generated by the NACA4412 does deviate from the static lift curve above 12° mean AoA, producing a gentler 

time-averaged stall than was seen in the wind tunnel at all turbulence intensities. 

 
Figure 5.51: Cl against AoA at all Reynolds numbers and turbulence intensities, (left) NACA0012, (right) NACA4412 

The model is also seen to behave irregularly at low AoA, particularly for the lower turbulence intensities. 

This is most evident on the NACA0012 when Re = 100,000, with the lift coefficient between -2° and +2° 

mean AoA deviating significantly from the expected curve. This is examined further in Figure 5.52, showing 

the time-history of the input AoA and model delayed AoA for the NACA0012 when Re = 100,000, 
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Iu = 1.3%, -2° mean AoA. The delayed AoA is the modification of the input AoA in the Attached Flow 

Module, used to approximate the lag in the forces generated by the pitching aerofoil. It is apparent that, in 

this case, a divergence arises at Tc = 20, the delayed AoA shifting from a mean of -2° to +2°. The cause of 

this computational error is unclear, but this was only observed for the onset turbulence cases and not the 

periodic-cycle of sinusoidal-pitching. This suggests that the delayed AoA function can be adversely 

influenced by rapid AoA changes, with the turbulent flow switching from an AoA increase on one step, to a 

decrease on the next and a subsequent increase again. This is in contrast to the smoothly-varying sinusoidal 

motion of the pitching aerofoil. 

 

 

Figure 5.52: Instantaneous AoA and lagged AoA over 30 Tc interval, Re = 100,000, Iu = 1.3% 

Figure 5.53 shows that σ(Cl) is also poorly replicated by the dynamic stall model. While in most cases the 

value of σ(Cl) is near-constant for much of the model, as is seen in onset turbulent flow in the wind tunnel, 

peaks arise at different AoA. Whereas the turbulent onset flow in the wind tunnel produces a peak σ(Cl) at 

the time-averaged maximum Cl AoA corresponding to that particular case, the dynamic stall model predicts 

a peak at the time-averaged static stall AoA, unchanging with turbulence intensity. This follows the fact that 

this maximum Cl AoA did not shift in the time-averaged Cl in Figure 5.51. Furthermore, Figure 5.53c 

demonstrates a peak σ(Cl) near 0° mean AoA, as expected with the periodic pitching, but not seen in the case 

of turbulent onset flow. As this increase in σ(Cl) only arises in a single case, this may be attributed to the 

instability of the model at low AoA, seen in the lift curve in Figure 5.51c. 

Highly evident also is the significant overestimate of σ(Cl) in all cases. At all Reynolds numbers, the model 

produces a σ(Cl) four times that of the wind tunnel for Iu = 1.3% and Iu = 15%, and two times for Iu = 5%. 

The reason for this overestimate is evident in Figure 5.54, which is a time-history plot of Cl against AoA for 

an example case of the NACA0012 at 8° mean AoA, Iu = 15%, Re = 50,000. It is seen that, at this high pitch 

rate, the model does not develop any large-scale separation, the resulting lift coefficients following the static 

aerofoil linear lift slope. Consequently, there is also no evidence of vortex development, the vortex module 

of the dynamic stall model not contributing to the resulting lift coefficient. The AoA increases well beyond 
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static stall, generating a high lift coefficient. Before the leading edge separation state can trigger, however, 

the AoA is below static stall. At 15% turbulence intensity, the peak pitch rate recorded was 9638° s-1, or 

q = 578 for u = 2.5 m s-1, (Re = 50,000). This high pitch rate is a result of the rapid reversal of the pitch angle 

over a short sampling interval and compares to only 31° s-1 for the sine sweep at the same flow speed and 

the highest frequency tested, f = 0.42 Hz (qmax = 1.9, k = 0.16).  

 
Figure 5.53: σ(Cl) against AoA at all Reynolds numbers and turbulence intensities, (left) NACA0012, (right) NACA4412 
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Figure 5.54: Cl against AoA for the NACA0012, Re = 50,000, α = 8°, Iu = 15% 

This pitch rate is seen to limit the effect of the delayed AoA term in Figure 5.55, a time-history of input AoA 

for the case in Figure 5.54 and the highest-frequency comparable pitching. Little difference is apparent 

between the input and delayed AoA for onset turbulence in Figure 5.55a, compared with the smoothly-

varying input AoA for the sinusoidal-pitching in Figure 5.55b, and the subsequent distortion by the delayed 

AoA function. This results in the aerofoil effectively seeing the input AoA multiplied by the linear lift slope 

for much of the onset turbulence case. Hence, actual loading conditions cannot be replicated in this manner. 

 
Figure 5.55: Instantaneous AoA and lagged AoA over 20 Tc interval, Re = 50,000 

The magnitude of the overshoot of the maximum and minimum Cl of the model compared with the 

experimental data for the case in Figure 5.54 is summarised in Table 5.2. The positive Cl overshoot is seen 

to be as high as 129% of the maximum Cl obtained in testing. Furthermore, the magnitude of the simulated 

minimum Cl also exceeds any recorded Cl magnitude in wind tunnel testing. This greatly increased spread 

of data correspondingly produces the much greater σ(Cl) seen in Figure 5.53. The mean lift coefficient is 

also increased, as the model does not produce the expected large-scale flow separation seen in wind tunnel 

testing. More effective handling of the delay terms may allow such a state to readily develop. 
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Table 5.2: Cl statistics for the NACA0012 at Re = 50,000, α = 8°, Iu = 15% 

Parameter Physical Testing B-L Model 

Cl, max 1.27 2.91 

Cl, min 0.02 -1.61 

mean Cl 0.53 0.65 

σ(Cl) 0.16 0.58 

One means of allowing a greater interval for the lag term to develop is to refine the timestep. Figures 5.56 

and 5.57 present, respectively, the time-averaged Cl and the associated standard deviation for the timestep 

refined by a factor of 25, via a linear interpolation between existing instantaneous AoA data points, as an 

example of the influence of timestep refinement. 

Figure 5.56 shows that this refinement does not produce a desirable effect on the time-averaged lift 

coefficient. As with the raw timestep, there is little influence on the time-averaged Cl in varying the onset 

flow. At low AoA, there is no significant change in the lift slope, although outlier points can be observed 

again, notably in Figure 5.56c. There is no change in the AoA at which the maximum Cl arises, and little 

change in its magnitude, although the post-peak time-average Cl tends to rise with a higher Iu. Hence, refining 

the timestep has not significantly improved model accuracy, at the expense of increased solution time. 

Similarly, σ(Cl), seen in Figure 5.57, was not improved by this basic timestep refinement. In all cases, the 

magnitude of σ(Cl) from the model remains significantly higher than the experimental data, and has increased 

with this change. For example, Figure 5.57b shows σ(Cl) ≈ 0.6 for the NACA4412 when Iu = 15%, compared 

with σ(Cl) ≈ 0.4 for the same conditions in Figure 5.53b without refinement.  
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Figure 5.56: Cl against AoA at all Reynolds numbers and turbulence intensities, 25x finer step, (left) NACA0012, (right) NACA4412 
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Figure 5.57: σ(Cl) against AoA at Re = 200,000 at each turbulence intensity, 25x finer step, (left) NACA0012, (right) NACA4412 

Considering the example case of Iu = 15% for a mean AoA of 8°, and Re = 50,000 on the NACA0012 shown 

in Figure 5.54, for the raw pitch data input, the refined timestep shows a greater spread of data, as seen in 

Figure 5.58. While the maximum lift coefficient is similar to the raw pitch angle case, the minimum Cl 

magnitude has grown, further deviating from the experimental results. Additionally, the range of AoA for 

which a given lift coefficient can result has increased with the refined timestep. This is not a large-scale 

separation event, however, with all motions following approximately the static lift slope. Hence, while there 

has been some deviation from this slope, the loading of the modelled aerofoil remains the same as the 

instantaneous angle multiplied by a near-constant lift slope. 

Figure 5.59 shows that the lagged AoA function for this case with the refined timestep tends to push the 

delayed AoA more negative than was seen in Figure 5.55. Between Tc = 0 and Tc = 5 the delayed AoA is 
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2.5° less than the input, a shift not observed in the raw 400 Hz model frequency. This shows the refined 

timestep does alter the lagged AoA function, but not necessarily to improve the ability of the model to handle 

rapid AoA changes. Thus, timestep refinement is not sufficient to allow an approximation of unsteady flows 

via a Beddoes-Leishman type model, such as that of Singapore-Wala et al. (2018). 

 

 

Figure 5.58: Cl against AoA for the NACA0012, Re = 50,000, α = 8°, Iu = 15% 

 

 

Figure 5.59: Instantaneous AoA and lagged AoA over 20 Tc interval, Re = 50,000, Iu = 15% 

As the primary issue is suspected to be the pitch rate, filtering the input signal was another alternative that 

was considered. This was via the application of a low-pass filter to remove high-frequency components from 

the pitching signal. Figures 5.6 and 5.61 demonstrate this with an example fourth-order Butterworth filter, 

the specified cut-off frequency being 10 Hz. 

Figure 5.60 shows no significant improvement in the estimation of the unsteady loading. This is most 

apparent in the case for Iu = 15%, with neither the change in lift slope nor the maximum Cl AoA being 

attained. There is, however, an improvement in the handling of low AoA, with fewer outliers in Figure 5.60c 

than seen previously, in Figures 5.51c and 5.56c. There is also no significant improvement in σ(Cl) compared 
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to the use of the raw signal in Figure 5.53. Unusually, there is a reduction in σ(Cl) for the NACA0012 in all 

cases with filtering above 14° mean AoA. This, however, is not desirable, as not only does the estimated 

σ(Cl) remain above that seen in the wind tunnel, but also this reduction in σ(Cl) is the opposite of the increase 

occurring in σ(Cl) for the wind tunnel data. Thus, filtering does not appear to significantly improve the ability 

of the model to handle highly irregular flows. 

 
Figure 5.60: Cl against AoA at all Reynolds numbers and turbulence intensities, 10 Hz filter, (left) NACA0012, (right) NACA4412 



CHAPTER 5 
 

 
 

227 
 

 
Figure 5.61: σ(Cl) against AoA at all Reynolds numbers and turbulence intensities, 10 Hz filter, (left) NACA0012, (right) NACA4412 

5.5.3 Discussion 
The Beddoes-Leishman-type model does not appear to be suitable for use in highly irregular flows. The 

primary issue is the rapid pitch rate involved in the turbulent flow, considerably in excess of that tested for 

the sinusoidal-pitching. This does not allow the delay functions sufficient influence on the model, nor 

sufficient time for the separated flow to be recognised before the AoA is reduced below the static stall AoA 

again. As this is fundamental to all versions of these semi-empirical models, it is unlikely that the 

simplification of Singapore Wala et al. (2018) has contributed to this. 

Furthermore, these functions are based on experimental procedures for regular motion, and so are curve fitted 

as a periodic function. While similar flow features may be seen in the turbulent flow compared with the 

sinusoidal-pitching, this rapid motion is too far beyond the approximations involved for lower pitch rates. 

The most obvious indicator of this is the lack of any large-scale separation when lift is plotted against 
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instantaneous AoA. In the wind tunnel, mass separation was seen in the turbulent flow. The model does not 

allow this to develop, instead following the attached-flow lift slope.  

Although further timestep refinement may lead to an improvement in the model, if the AoA change per 

timestep is sufficiently limited to allow the delay functions to keep pace with the motion, this would increase 

the solver time significantly, and the effectiveness is uncertain. A proper modification of the semi-empirical 

model would be more achievable if the instantaneous AoA were available alongside the resulting load in the 

wind tunnel. The current work, however, can only assess the instantaneous loads and flow statistics from 

prior profiling. 

Despite the inability of the Beddoes-Leishman model to directly estimate the load on an aerofoil in turbulent 

flow, it may, however, provide the basis for a first-pass estimate of the time-averaged loads and an unsteady 

loading distribution at low AoA. Firstly, pitching the aerofoil has been seen to produce a comparable change 

in the lift slope to onset turbulence when the standard deviation of the pitching angle is maintained between 

the two unsteady motions. At low AoA, the lift coefficient relationship with AoA is approximately linear, 

the unsteady behaviour approaching inviscid theory. Thus, the Beddoes-Leishman model may be used with 

a sine-sweep of the same σ(α) as seen in the anticipated onset turbulence which the UAV is expected to 

encounter. Using the model at low pre-stall AoA, for example -6° and +6° for the NACA0012, can allow an 

estimate of the lift slope, and so the anticipated Cl at low AoA. 

It was seen in Chapter 4 that normalising σ(Cl), as in Equation 5.2, produced a near-constant value of 0.4 at 

low AoA regardless of Iu. Reversing this equation, and accepting the near-normal distribution seen in Cl, one 

can produce an estimate for the unsteady Cl distribution. This requires the lift-slope estimate from the 

Beddoes-Leishman model, and produces an estimated range of loads the UAV may expect. Thus, the 

Beddoes-Leishman model may allow an opportunity to assess whether the UAV is suitable to fly in turbulent 

weather, via its estimate of the lift slope when coupled with the normalised σ(Cl). This process is shown in 

Figure 5.62. While this would not allow an in-depth understanding of the exact flow behaviour, it may be 

sufficient for an initial design check or flight decision as to the suitability of the aerofoil and the load the 

UAV is required to carry. 

 
𝜎𝜎(𝐶𝐶𝑙𝑙)𝑛𝑛𝑝𝑝𝑝𝑝𝑚𝑚 =

𝜎𝜎(𝐶𝐶𝑙𝑙)
𝛿𝛿𝐶𝐶𝑙𝑙
𝛿𝛿𝛼𝛼 ∙ 𝜎𝜎(𝛼𝛼)

 (5.2) 
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Figure 5.62: Low AoA turbulent load estimation 

5.6 Summary 
Both onset turbulence and sinusoidal aerofoil pitching provide an unsteady pitching motion, as perceived by 

the aerofoil. While these may be significantly different in their nature, some comparisons are possible. Both 

see vortex formation and shedding events, albeit more prominent in the forced motion of the pitching 

aerofoil. This difference, and the different PDFs associated with each pitching motion, results in considerable 

differences in the transient loads. However, the time-averaged Cl does show similar trends for each unsteady 

motion; an increase in either of the turbulence intensity or the pitching amplitude resulting in the maximum 

time-averaged Cl arising at a higher AoA, with a reduction in the lift slope. 

Basic semi-empirical dynamic stall models are unable to follow the rapid pitch rate of turbulent flow in their 

basic form. This results in a significant overestimate of the loads encountered, as the pressure field lag and 

separation are inadequately replicated. However, it may be possible to use a similar sinusoidal-pitching 

amplitude to estimate the lift slope change from these models. This, in turn, may allow for a low-cost aerofoil 

performance estimate for small UAVs, providing the time-averaged Cl at low AoA and an approximate 

unsteady distribution. 
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6 Conclusions 
 

 

 

 

 

 

  

 

While a small fixed-wing UAV may resemble a conventional aircraft, scaled to a few metres in span, these 

aircraft operate in a significantly different environment. Not only is the Reynolds number reduced to the 

point where boundary layer transition is a significant feature, but also the operating environment is highly 

turbulent. 

This environment was successfully replicated in the Closed Loop Wind Tunnel, allowing the performance 

of aerofoils representing low Reynolds number wings to be assessed. With this, the influence of camber on 

the response of an aerofoil to onset turbulence could be assessed via the comparison of symmetrical and 

cambered aerofoils. Camber was seen to have a significant influence on the response of an aerofoil to 

turbulence. Furthermore, while semi-empirical models may not be able to estimate unsteady turbulent loads, 

comparisons can be drawn between an aerofoil in unsteady flow and a pitching aerofoil. 
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6.1 Outcomes 
The primary intent of this research was to determine whether the addition of camber to a thick aerofoil 

resulted in a difference to the change in the aerofoil performance as a result of being placed in a highly 

unsteady flow via wind tunnel testing. This could be compared not only to the symmetrical aerofoil, of an 

otherwise identical geometry and construction, but also to flat plates tested in previous works in turbulent 

flow, and the same aerofoils when periodically-pitched, as in traditional dynamic stall research. 

6.1.1 How does camber, or lack of, influence the performance of an aerofoil at low Reynolds 

numbers, relevant to a small UAV? 

Camber is seen to act much as it does at high Reynolds number in terms of its effect on the time-averaged 

lift coefficient. Adding camber to the aerofoil, at low turbulence intensities, results in a reduction in the zero-

lift AoA, an increase in the positive stall AoA and a higher maximum lift coefficient, compared to the 

symmetrical form. Associated with this is a more nose-down pitch moment coefficient, as there is greater 

suction along the chord length than the symmetrical aerofoil, which sees its suction peak concentrated near 

the wing leading edge. 

While there is little difference in the standard deviation of the lift coefficient, at low Reynolds numbers the 

cambered aerofoil has a slightly greater slope, with the exception of around 0° AoA. The maximum lift 

coefficient also declines for the cambered aerofoil with an increase in the Reynolds number, while it rises 

for the symmetrical aerofoil. The cambered aerofoil also shows greater unsteadiness in the pitch moment 

coefficient. This is due to changes in the LSB, which is the primary differentiator between the behaviour of 

the cambered aerofoil compared with its symmetrical form at low Reynolds numbers. 

At stall, the cambered aerofoil experiences a sharper loss of lift than the symmetrical aerofoil. This is 

associated with a sudden loss of suction along the aerofoil chord. Despite this, the time-averaged lift 

coefficient remains higher. Both aerofoils are seen to enter a bluff-body state with an associated Strouhal 

number of 0.22. 

6.1.2 How does camber influence the flow around the aerofoil? 
The LSB depends strongly on the aerofoil form, and has a significant influence on the behaviour of the 

aerofoil. The cambered aerofoil presents a longer LSB than its symmetrical counterpart. Furthermore, due 

to the sharper suction peak of the latter, the symmetrical aerofoil presents an LSB near the wing leading 

edge, which rapidly advances with increasing AoA. The cambered aerofoil LSB remains further aft, the 

separation point more consistently remaining around the maximum camber point. This results in a generally 

flatter pressure distribution on the cambered aerofoil, compared with the sharp peak and rapid pressure 

recovery on the symmetrical form. As the primary unsteadiness on each aerofoil is associated with the LSB, 

the chordwise position of the maximum Cp fluctuations advances with increasing AoA. Camber does not, 

however, alter the frequency of this unsteadiness. On the other hand, it does more effectively convey leading-

edge disturbances at low turbulence intensities from the leading edge than the symmetrical NACA0012. This 

is due to more upper-surface exposure at low AoA to the onset flow. 
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6.1.3 How does onset turbulence influence the performance of an aerofoil at low Reynolds 

numbers, relevant to a small UAV? 
The symmetrical aerofoil shows some similarities to the behaviour of flat plates observed at low Reynolds 

numbers in highly-turbulent flow. An increase in the onset turbulence intensity reduces the time-averaged 

lift slope, while delaying the time-averaged maximum lift coefficient. The unsteady response is seen to grow 

with an increase in the turbulence intensity, as would be expected from an increasingly unsteady onset flow. 

The standard deviation of the lift coefficient is seen to rise with each increase in Iu, and the PSD show a 

dominant low-frequency signal, with a gradual decline in signal strength with increasing frequency. This 

reflects, but does not match, the -5/3 energy decay seen in the onset turbulent flow. This unsteady signal 

dominates the unsteady features observed on the aerofoil due to the presence of the LSB and bluff-body 

vortex shedding as the onset turbulence intensity increases. 

An interesting note on the unsteady response is the change in the standard deviation of the lift coefficient 

σ(Cl). The rise in σ(Cl) from Iu = 1.3% to Iu = 5% matches that of the rise from the latter to Iu = 15%, rather 

than the greater increase in Iu producing a greater rise in σ(Cl). This non-linear relationship suggests there 

may be a limit to the unsteady loads produced by the aerofoil, where the increase in onset turbulence may 

attain a point at which the range in lift coefficients no longer increases for a rise in Iu. This is likely due to 

the flow spending more time separated than attached, while unable to grow stronger vortices to offset this 

loss of lift. At all intensities, the probability distribution of the lift coefficient matched that of the onset 

turbulent flow, being approximately normal. Furthermore, normalising σ(Cl) through the time-averaged lift 

slope and the standard deviation of the instantaneous pitch angle produces a near-constant value of 0.4, 

regardless of turbulence intensity or camber. This may allow for estimation of unsteady loads acting on the 

aerofoil if the lift slope is normal, approximating the unsteady response with a normal distribution. 

A significant difference, however, from the expectations of flat plate research is found in the maximum lift 

coefficient. While it is expected from literature such as Loxton (2011), Ravi (2011) and Watkins et al. 

(2010a) that an increase in the onset turbulence intensity will produce an increase in the time-averaged 

maximum lift coefficient, this is not the case for the symmetrical NACA0012. An increase in the turbulence 

intensity from 1.3% to 5% does increase the lift coefficient as expected, but further increasing the turbulence 

intensity to 15% reduces the maximum time-averaged lift to nearer the low-turbulence lift peak. This is seen 

in the time-series of the surface pressures to be due to the increasing presence of separated flows, and it may 

be speculated that this would dominate at even higher intensities. Flat plates, with their sharper leading edge 

radii, may be able to generate leading edge vortices more effectively, and so delay this effect. 

Leading edge vortices are key to the changes in the lift coefficient. It was seen that, as the turbulence intensity 

increased, the leading edge suction peak grew. While this was often seen to simply collapse, these events 

intermittently formed a travelling suction event. These were seen to travel at approximately 30% of the mean 

flow speed, as noted by Carr et al. (1977) with dynamic stall vortices, and vortices were observed as 

intermittently shedding in fog visualisation at the lowest Reynolds number. Such vortices were also noted 



CHAPTER 6 
 

 
 

234 
 

by Ravi et al. (2012b) on flat plates in turbulent flow. While the separation associated with these events 

lowered the time-averaged lift for a given pre-stall AoA, these vortices also allowed the lift generation of the 

aerofoil to be retained at higher AoA, resulting in a delayed lift peak. Hence, these events can be considered 

as a form of irregular dynamic stall, the aerofoil intermittently accumulated and shed vorticity, stalled, then 

returned to an attached state, albeit with no regular cycle and interrupted formation events on account of the 

rapidly-varying irregular flow. 

Similar to the unsteady lift response, an increase in the onset turbulence intensity produces a greater unsteady 

response in the pitch moment coefficient, dominated by low-frequency signals. However, the time-averaged 

pitch moment becomes less dependent on AoA, losing the irregular pitch moments associated with the 

motion of the LSB. This constant time-averaged moment is closer to what is expected of a quarter-chord 

pitching moment in inviscid flow, but it must be remembered that, in this case, the load is highly unsteady. 

The pitch moment does continue to become more negative as the aerofoil stalls, but this decline commences 

from the static stall angle regardless of the onset turbulence intensity. 

The drag coefficient could only be investigated for its pressure component, and so presents a limited scope. 

Increasing the turbulence intensity was seen to reduce the pressure drag coefficient on both aerofoils. This 

follows the note of Flay and Jackson (1992) that an increasingly unsteady flow reduces the time-averaged 

wake of a body, and thus the pressure drag declines. The unsteadiness of this, however, increases with 

increasing onset turbulence. 

The influence of the LSB is reduced as the onset turbulence intensity is increased. In addition to dominating 

the unsteady pressure response, the unsteady flow removes the steeper lift slope around 0° AoA on the 

symmetrical aerofoil, associated with the LSB switching surface with the suction peak. Furthermore, the 

LSB itself is not continuously present. When Iu = 5%, the LSB is seen to appear intermittently, disappearing 

as the suction peak instantaneously collapses in the unsteady onset flow. When the LSB is present, the sharp 

suction peak results in a shorter length and greater suction under the bubble. In the time-averaged pressure 

coefficients, however, this results in a shorter length and lower time-averaged suction. At the highest 

intensity, Iu = 15%, the LSB was unable to form in any instance. Hence, it can be concluded that increasing 

the turbulence intensity or the Reynolds number do not have an equivalent effect on the LSB. While 

increasing either reduces the time-averaged length and suction strength of the LSB, the transient behaviour 

differs; increasing the onset turbulence producing a strong, but intermittent, short LSB, compared with 

increasing the Reynolds number producing a short, but steady, form. 

The influence of the Reynolds number was seen to decline with increasing onset turbulence. This is primarily 

due to the influence of the Reynolds number being via the LSB. As the LSB is reduced, so too is the influence 

of the Reynolds number. When Iu = 15%, the Reynolds number was not seen to provide any influence on 

the behaviour of the aerofoil. 
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6.1.4 How does camber influence the response of a low Reynolds number aerofoil to 

turbulence? 
It can be concluded that camber does influence the response of an aerofoil to onset turbulence. This is readily 

noticeable in the time-averaged lift coefficient, with the cambered NACA4412 aerofoil suffering from a 30% 

reduction in the peak lift coefficient for an increase in turbulence intensity from 1.3% to 15%. This is in 

contrast to observations with both flat plates and the symmetrical NACA0012 in onset turbulence. It must 

be noted, however, that, with its lower zero-lift AoA and higher stall AoA, the cambered aerofoil continues 

to produce more lift for a given AoA than the symmetrical form, albeit with reducing benefit. While both 

aerofoils may also see the time-averaged peak lift delayed by each increase in Iu, the amount that this AoA 

is delayed also varies with the aerofoils. The cambered NACA4412 sees less of a delay in the peak lift AoA 

than the symmetrical NACA0012, these converging at 20° when Iu = 15%. 

The reason for this difference is seen in the leading edge suction and convecting vortex events observed on 

the symmetrical aerofoil. These are not as readily formed on the cambered NACA4412, and as such do not 

counter the losses in lift associated with the separated and reduced AoA phases of the unsteady flow. This 

reflects the observations of Carr et al. (1977) with the addition of cambered leading edge to a NACA0012; 

the added curvature reduced the susceptibility of the aerofoil to dynamic stall. The reason for this relates to 

the observation of Fincham and Friswell (2015) that a sharp leading edge peak readily separates from the 

surface. Such a peak is seen on the symmetrical NACA0012, while the suction peak on the NACA4412 is 

further aft and blunter. This reduced vulnerability to separation inhibits the growth of the separated flow 

necessary for the vortex to form. 

This blunter peak also shows its influence on the LSB. While the LSB of the NACA0012 may readily 

collapse with the leading-edge suction peak when Iu = 5%, that of the NACA4412 is more persistent. Further 

downstream, the LSB is less exposed to the large-scale leading edge disturbances, and so its own unsteady 

pressures are more readily observed at Iu = 5% than that of the NACA0012. As with the latter, however, the 

LSB is overwhelmed at Iu = 15%. 

Despite this, several aspects are common between the cambered and symmetrical aerofoils. The lift slope 

declines for both, being equal and constant when Iu = 15%. The standard deviation of the lift coefficient and 

the probability distribution are independent of aerofoil form, excepting the peak AoA, which corresponds to 

the time-averaged peak lift for the given aerofoil. The pitch moment coefficient also attains a near-constant 

value as the turbulence intensity is increased. However, the magnitude of the pitch moment is aerofoil-

dependent, the cambered aerofoil producing a stronger nose-down moment prior to stall. Finally, the PSD of 

the forces generated by either aerofoil are still dominated by the low-frequency nature of the onset flow. 

Hence, some similarities do exist, but the implications of the difference in the response to turbulence are 

nonetheless significant. 
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6.1.5 What comparisons can be made between sinusoidal, periodic variation in the AoA and 

the random fluctuations of turbulent flow? 
Although turbulence may be a complex, three-dimensional irregular flow, some comparisons can be made 

to the simpler pitching aerofoil case. For both the symmetrical and cambered aerofoil, similarities were seen 

between the oscillation amplitude and the time-averaged lift coefficient. Increasing either the turbulence 

intensity or the oscillating amplitude produce a reduction in the lift slope and delay the maximum lift 

coefficient. In this work, matching the standard deviations as closely as possible produced a good match for 

the change in the lift slope. 

However, the oscillating aerofoil does not attain the peak lift coefficient seen in turbulent flow, most notably 

for the NACA0012 when Iu = 5%. The reduced frequency is seen to be the key parameter, the highest 

reduced frequency producing the highest lift coefficient. This indicates that the higher frequencies in the 

turbulent flow may play a role in energising the flow more effectively than the lowest frequencies, as 

speculated by Cao (2010). These smaller scales may also increase the frequency with which leading edge 

vortices can be attained in turbulent flow, even if they lack sufficient strength to convect. 

Both unsteady cases produce vortices which grow from the aerofoil leading edge, convecting at around 30% 

of the mean flow speed and increasing the lift coefficient when present, while producing a strong nose-down 

moment when passing near the trailing edge. Thus, the aerofoil in turbulent flow is seen to enter a form of 

irregular dynamic stall. However, these events are not only more regular on the pitching aerofoil, being 

periodic with the motion of the aerofoil, but also stronger. The regular cycle and lower pitch rates compared 

to the turbulent flow allow these vortices a greater duration to grow and for separation to develop. This 

consequently produces a greater spread of lift coefficients, and so a greater σ(Cl) than the comparable onset 

turbulence case. Nevertheless, it is apparent that both unsteady aerofoil motion and unsteady onset flow 

produce dynamic stall phenomena, producing instantaneous lift forces beyond the static aerofoil maximum, 

associated with leading edge vortex activity as the static stall AoA is exceeded at a high pitch rate. However, 

the turbulent flow differs in not producing a repeatable, periodic cycle, and so represents a form of irregular 

dynamic stall. 

As with the onset turbulent flow, the probability distribution and spectra of the forces generated by the 

pitching aerofoil reflect those of the unsteady motion. A sine sweep spends a significant duration of each 

cycle near the extremities of its sweep, due to the smooth deceleration involved in reversing the sweep. 

Consequently, the lift coefficient distribution also tends towards this nature. Similarly, the sine sweep has a 

single peak frequency, and as such a single, strong peak is seen in the associated PSD. Hence, the transient 

behaviour in either case shows a strong dependence on the corresponding nature of the unsteady motion 

involved in its generation. 

The pitch moment coefficient is seen to be less readily compared between the two unsteady cases. The 

differences in the unsteady motion not only influence the transient behaviour, but also the time-averaged 

pitch moment. This is due to the passage of dynamic stall vortices along the aerofoil chord. With onset 
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turbulence, these events are limited and irregular, limiting their contribution to a nose-down moment. More 

frequent are leading edge suction spikes, which contribute a nose-up pitch moment and so largely negate any 

influence of the travelling events. In contrast, the pitching aerofoil regularly produces strong travelling 

vortices, producing a regular nose-down pitch moment. As the mean AoA increases, larger vortices form, 

and so the pitch moment strengthens. Hence, while dynamic stall criteria are still met, a change in AoA 

produces a near-constant increase in the time-averaged pitch moment, as opposed to a near-constant pitch 

moment in turbulent flow. While dynamic stall criteria are not met, the pitch moment follows its static higher 

Reynolds number curve. 

A difference seen on the cambered NACA4412 is the variation in its LSB for an oscillating amplitude of 

4.9°. While the LSB is more sheltered from turbulent flow and moves little, in pitching flow the LSB is seen 

to periodically grow and shrink with the pitch angle change. As with the turbulent case, the more exposed 

LSB on the NACA0012 is more susceptible to loss of the suction peak. However, traces of the LSB are more 

evident on the pitched NACA0012 than in turbulent flow, notably in the σ(Cp) contours. 

As was seen with both aerofoils in onset turbulence, the Reynolds number has little influence on the forces 

generated by the aerofoil, compared to the pitching motion. While the Reynolds number appears to influence 

the forces generated, this is not the Reynolds number itself. Instead, this is the effect of the reduced 

frequency, which decreases as the flow velocity increases, and thus so does the Reynolds number. 

Comparable reduced frequencies produce comparable effects, an increase in the Reynolds number producing 

a similar effect to lowering the oscillating frequency. Thus, the driving variable for a pitching aerofoil is the 

reduced frequency. It is notable, however, that the pitch rates in turbulence considerably exceed those of the 

sinusoidal-pitching cases. This, in turn, results in less dependence on the Reynolds number, as the range of 

pitch rates encountered remains high. 

6.1.6 Can Dynamic Stall Models represent turbulent flow? 
The basic semi-empirical dynamic stall models available for sinusoidal-pitching are not suitable for 

representing an aerofoil in large-scale onset turbulent flow. Similarities can be seen between these unsteady 

motions, leading to similarities in the resulting flow features over the wing and the corresponding time-

averaged performance. The ease with which an aerofoil enters dynamic stall is also reflected in its response 

to unsteady onset flow, notably the generation of leading edge vortices. However, this is not translatable to 

the semi-empirical models optimised for regular pitching. 

The turbulent onset flow provides a much greater pitch rate than is typically seen in periodic, sinusoidal-

pitching, which presents difficulties for delay functions optimised for a smoothly-changing AoA. 

Compounding this is the rapid rate of pitch direction reversal. Whereas a sine sweep moves with a steady 

increase in pitch angle, followed by a reduction in pitch rate and a subsequent decline in pitch angle, the 

turbulent flow can rapidly switch between increasing and decreasing AoA with each time step increment. 

Furthermore, the model cannot adequately assume the separated and vortex conditions in turbulent flow, as 

there are insufficient timesteps for these modules to activate before the AoA declines to below the static stall 
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AoA, and so not meeting the criteria for activation. While this may appear to simply be a timestepping issue, 

timestep refinement produced no improvement in model accuracy. 

What this model can do, however, is estimate the time-averaged lift slope change from a sinusoidally-

pitching flow with an equivalent amplitude to the onset turbulence. This requires generating a sine-sweep 

with the same standard deviation of the instantaneous pitch angle as the turbulent flow. Through this, it is 

therefore possible to estimate the time-averaged Cl at low AoA and, via normalisation of σ(Cl), to estimate a 

normal loading distribution. Thus, the model does have some use, albeit not directly through a transient 

response. 

6.1.7 Implications for UAVs 
The remaining question is, what do these conclusions mean for UAVs in adverse weather? It is seen that the 

addition of camber has an adverse effect on the maximum lift coefficient, producing less lift as the turbulence 

intensity is increased. Despite that, however, the time-averaged lift coefficient remains higher than the 

symmetrical aerofoil counterpart for a given AoA. Furthermore, although the load fluctuation magnitude 

prior to the static stall AoA is seen to be insensitive to camber, the higher stall AoA of the cambered aerofoil 

results in a delay in the rise of the load fluctuations, as the aerofoil begins to dynamically stall. This would 

be beneficial from a control point of view, minimising the magnitude of fluctuations the UAV must counter 

when cruising at low AoA. Hence, that addition of camber may be seen to have the overall advantage, albeit 

with the maximum design lift coefficient restricted to that of the aerofoil in turbulent flow rather than the 

clean-flow lift coefficient. The symmetrical aerofoil is seen to provide a more consistent maximum lift 

coefficient, but with the disadvantage of an earlier onset of increased unsteadiness and a lower lift coefficient 

for a given AoA than its cambered counterpart. 

Can the unsteady flight loads be predicted for the flight of a UAV, or used to aid design, without numerous 

wind tunnel tests? There is potential for the time-averaged and unsteady loads to be estimated via the 

Beddoes-Leishman type models. This does not provide a direct loading time-history, but rather contributes 

an approximate time-averaged lift slope. This, in turn, can allow the time-averaged Cl to be estimated at low 

AoA and a normal distribution to be generated to produce an approximate load envelope. From these values, 

an operator may be able to decide whether the UAV can continue to carry a useful load in the specified 

environment, or the designer may decide whether the aerofoil should be iterated further to reduce control or 

structural loads. 
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6.2 Key Findings 
• The ABL statistics relevant to a small UAV were successfully replicated in the wind tunnel for flight 

conditions which may be experienced by such an aircraft. 

• Thick aerofoils produce a different response to onset turbulence than flat plates. This is due to the 

leading edge radius, and so the ease with which vortices form. 

• The effect of the Reynolds number on the performance of the aerofoil is less significant than the 

influence of onset turbulence, at high turbulence intensities. 

• Camber does produce a difference in the response of a low Reynolds number aerofoil to onset 

turbulence, distinct from thickness and the Reynolds number. 

• This difference can be linked to the dynamic stall behaviour of cambered aerofoils. As these less 

readily form dynamic stall vortices, they cannot maintain lift as readily as a symmetrical aerofoil. 

Cambered aerofoils, despite losing more lift than their symmetrical counterparts, nevertheless 

maintain a higher lift coefficient for a given AoA. Thus, the positive influence of camber on Cl 

remains more significant than the loss of lift. 

• The lift slope and the AoA at which the maximum lift coefficient arises in highly-turbulent flows is 

independent of camber. 

• The influence of the Reynolds number on the LSB is not the same as increasing the turbulence 

intensity. A higher Reynolds number produces a shorter LSB which changes little transiently for a 

fixed AoA. Turbulence, in contrast, results in the LSB appearing intermittently. The LSB on the 

symmetrical NACA0012 is more sensitive to this due to the sharp leading-edge suction peak, as 

opposed to the cambered NACA4412 LSB for which this is larger but further downstream. 

• Similarities can be seen between aerofoils in turbulent flow and periodic pitching of the aerofoil in 

traditional dynamic stall. Both produce leading edge vortices which may be convected along the 

aerofoil and large-scale separation, passing the static stall AoA intermittently at a high pitch rate. 

Turbulent flow, however, produces higher pitch rates and AoA ranges with a normal distribution, 

leading to irregular vortex development and so providing transient behaviour unlike that of periodic 

pitching. Thus, it can be said aerofoils in turbulent flow, while not encountering traditional, periodic 

dynamic stall, do experience a modified form of irregular dynamic stall. 

• The semi-empirical Beddoes-Leishman-type dynamic stall model is unsuitable for assessing the 

performance of low Reynolds number aerofoils in highly-unsteady turbulent flows. However, it may 

be used to estimate the time-averaged lift slope, and so produce an approximate time-averaged load 

and its unsteady distribution. 
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6.3 Future Work 
While this work demonstrates that a change in the camber of an aerofoil does produce a change in the 

response of an aerofoil in unsteady flow, predictive trends cannot be generated from just two data points. 

That is, it is impossible to say for a certain percent camber at a given percent chord, the change in the time-

averaged performance will be a given amount. This restriction to two aerofoils was due to the time and cost 

involved in making the test wings. Hence, future work would benefit from the use of additional aerofoils of 

the four-digit series, with varying camber magnitudes and locations, to allow such trends to be developed. 

These could include the NACA2412, NACA2212 and NACA4212 of the same series. 

The use of Particle Image Velocimetry, not available for this work, would significantly aid the development 

of this field. This allows the instantaneous flow angle to be related directly to the forces generated, as well 

as improving the quality of the flow visualisation, to compare the flow around the wing for different aerofoils 

and flow conditions. The ability to record the overall drag coefficient also would have been beneficial, 

allowing assessment of the lift-to-drag ratio. 

The cost of manufacturing these test wings could be overcome by the development of suitable simulations. 

Although the basic dynamic stall model did not produce satisfactory results, it may be possible to refine this 

if links can be established between the instantaneous pitch angle and the resulting aerofoil forces. 

Alternatively to PIV, this could comprise of a sufficiently small sensor upstream of the wing so as not to 

disturb the flow over the aerofoil, or controlled motion of the wing.  

Furthermore, the development of CFD models, while unlikely to be viable for a design study, may allow 

more detailed investigation of various geometries and the flow around the wing. This was not pursued further 

in this work due to the computational cost of establishing the large-scale onset flow in LES, necessary for 

the simulation of the unsteady loading, compounded by the fine mesh required for the transitional boundary 

layer around the wing. CFD may also allow greater control of the onset turbulent flow. Furthermore, active 

turbulence generation methods may allow for a greater range of experimental onset flow conditions and 

better control of the flow properties desired. 
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Appendix A Tubing Filters 
A.1 Pressure Signal Distortion 
Jones and Howland (1962) observed that pressure measurement using tubing produces complex attenuation 

and distortion due to pressure resonance. As the pressure wave moves along the tube, Holmes (1984) noted 

that the wave encounters reflections of prior signals, and so the true magnitude and frequency are distorted, 

limiting accurate pressure data to effectively only the time-averaged value.  

Physically modifying the tube to produce a uniform gain and linear phase shift has been previously achieved 

through the use of constrictors, which Holmes and Lewis (1987) described as reducing amplification and 

attenuation distortion through impeding reflection. Details on the use of such methods can be found in 

Gumley (1984). Gerstoft and Hansen (1987) suggested a controlled leak may be a better option, eliminating 

the closed-end resonance by allowing pressure to escape. Both of these methods, however, require tedious 

calibration and adjustment of each tube, and are still limited in tube length and frequency, and so are not 

favoured. 

Alternatively, filters can be used to post-process the data to correct for tubing effects on the signal. Irwin et 

al. (1979) introduced an intuitive and popular spectral method. For this, a transfer function is created for the 

desired tube using the ratio of signals at each frequency measured from the desired tube and a reference short 

tube from a common pressure source. Thus, a scaling transfer function is applied to any signal measured 

through the long tube, correcting for the nature of the tube. However, this must be applied in the frequency 

domain, increasing computational load as the signal must have a Fourier transform applied prior to 

correction, and the inverse Fourier transform subsequent to filter application to arrive at the output signal.  

A time-domain digital filter, such as that detailed by Halkyard et al. (2010) can be employed instead, 

reducing computational cost. Processing time is a particular concern with the large number of pressure taps 

or a large number of test runs to be conducted, and thus avoiding Fourier transforms is beneficial. Whereas 

the method of Irwin et al. (1979) scales at each frequency, the time-domain digital filter estimates the 

influence of pressure signals at each time delay before and after the desired signal time. Van Vliet and Lucas 

(1998) highlight prior use of this concept was focused on electrical signal processing in the form of low-pass 

filters to remove signal noise, working via linear approximations of temporal transfer functions (Sagara, 

Zhao 1989). Feintuch (1976) further identified a key advantage that the filter can be applied in real-time to 

the data. Huang and Flay (2002) showed the time-domain digital and spectral to be equivalent in terms of 

peak results, but highlighted the improved processing speed of the digital method. 

Post-processing filters were used for this research due to their ease of application for the significant number 

of tubes and test cases. Of the two post-processing filters examined, the digital filter of Halkyard et al. (2010) 

was used. This is because of its faster derivation and application, working in the time domain. This is through 

scaling signals received within delay brackets before and after the desired time step, estimating the speed at 

which various frequencies travel along the tube. Presented here is a brief description of the digital filter 



Appendix A 
 

 
 

242 
 

compared to the spectral filter, with Kay (2020a) examining the sensitivity of the digital filter to the 

calibration signal and Kay (2020b) detailing the suitability of this filter in 3D-Printed tubing systems. 

A.2 Digital Filter 
Generation of the Halkyard et al. (2010) filter requires a time-series reference pressure signal, p, and the 

same signal measured through the tube to be filtered, m, which are then arranged into the vector P and time-

lagged matrix T 

𝑃𝑃 =

⎝

⎜
⎛
𝑝𝑝𝑠𝑠+1−𝑝𝑝
𝑝𝑝𝑠𝑠−𝑝𝑝
⋮

𝑝𝑝𝑁𝑁+1−𝑝𝑝
𝑝𝑝𝑁𝑁−𝑝𝑝 ⎠

⎟
⎞

 

𝑇𝑇 = �

𝑚𝑚𝑠𝑠+1 𝑚𝑚𝑠𝑠 ⋯ 𝑚𝑚1
𝑚𝑚𝑠𝑠+2 𝑚𝑚𝑠𝑠+1 ⋯ 𝑚𝑚2
⋮
𝑚𝑚𝑁𝑁

⋮
𝑚𝑚𝑁𝑁−1

⋱ ⋮
… 𝑚𝑚𝑛𝑛−𝑠𝑠

� 

Where N is the number of samples generated while d is the number of delay terms, or half of the filter order, 

s. The filter order is estimated by Equation A.1, where f is the sampling frequency, l is the tubing length and 

c is the speed of sound. For a 1500 mm tube sampling at 400 Hz, the filter has seven terms. 

 𝑐𝑐 = 4
𝑓𝑓𝑙𝑙
𝑆𝑆

 (A.1) 

These signals are generated via the calibration set-up shown in Figure A.1. A speaker is employed for this 

task as it creates a planar signal, with high coherence between the two sampling ports, and can produce a 

high signal-to-noise ratio with its strong signal. This is in contrast to the wind tunnel, in which neither can 

be guaranteed. White noise was used for the calibration due to the strong signal at all frequencies, and the 

speaker produces this with a large fluctuating range but little mean pressure. The speaker does, however, 

have a limitation, with the minimum frequency being 20 Hz. The reference tube is kept below 10 mm to 

minimise distortion of the reference signal.  

 

Figure A.1: Tubing Calibration Set-Up 

The filter coefficient array, A, was subsequently found by Equation A.2. 
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 𝐴𝐴 = [𝑇𝑇𝑇𝑇𝑇𝑇]−1𝑇𝑇𝑇𝑇𝑃𝑃 (A.2) 

Application of the filter is via Equation A.3, the derivation of the T matrix being as per the calibration. 

 𝑃𝑃𝑓𝑓𝑖𝑖𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑇𝑇𝐴𝐴 (A.3) 

A.3 Spectral Filter 
The Spectral Filter of Irwin et al. (1979) employed the same calibration rig, assessing the difference between 

the reference and long tube signals. However, as it works with frequency transfer functions, the data needs 

to be Fourier transferred to the frequency domain prior to filter generation. For smoothness, this is usually 

done across a series of n data blocks and then averaged, with the filter derivation for one block given by 

Equation A.42.4, where Pn is the FFT of one block of reference tube data, while Mn is the same for the long 

tube signal. 

 
𝐴𝐴𝑛𝑛 =

𝑃𝑃𝑛𝑛 ∙ 𝑀𝑀𝑛𝑛
∗

𝑃𝑃𝑛𝑛 ∙ 𝑃𝑃𝑛𝑛∗
 (A.4) 

Application of the signal is also conducted in blocks via Equation A.5, with Pn, filtered and Mn both being in 

the Fourier domain, thus requiring two transforms of the data. 

 𝑃𝑃𝑛𝑛,𝑓𝑓𝑖𝑖𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐴𝐴 ∙ 𝑀𝑀𝑛𝑛  (A.5) 

While the Bergh and Tijdman (1965) model could also be used to estimate the tubing transfer function, this 

model represents the ideal, rather than real-world, nature of the tube. Notably, this model does not take into 

account wall stiffness, which Holmes and Lewis (1987) found to be significant, Wang et al. (2018) indicating 

a stiffer tube will have a higher resonance amplitude. Furthermore, exact specifications cannot be found for 

the transducer internal volume and stiffness, additional to manufacturing tolerances on the tube diameter and 

tube fittings. Hence, calibrating the real tube experimentally was preferred. 

A.4 Comparison to the Spectral Method 
A direct comparison of the phase and gain functions of the digital filter is not possible, due to the digital 

filter working in the time domain. However, an equivalent function was generated by the application of the 

filter to a reference signal, to simulate the correction of the tubing distortion. This was then used as an input 

with the original signal for the derivation of a spectral filter via the method of Irwin et al. (1979). The 

equivalent frequency gain of the 10 dB White Noise Digital filter can be seen in Figure A.2, along with a 

comparison to the theoretical model of Bergh and Tijdeman (1965). The latter includes the constriction of 

the mounting barbs on the wing and in the pressure transducer box, but does not account for tubing wall 

rigidity. The transducer volume was estimated at 8.85x10-8 m3, while diaphragm deflection was assumed 

negligible. Furthermore, a spectral filter derived directly from the same data is presented as a comparison. 

The digital filter provides a good match to theory. In particular, the first peak is well-matched. However, 

there are deviations at high and low frequencies. The low frequency deviation is due to the lack of a strong 

mean pressure, and so the difference is amplified. This is more prominent in the spectral method, which 

works at each frequency in turn and does not reject noise. As the speaker does not actuate below 20 Hz, the 
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spectral filter is dominated by noise in this regime. The PSD in Figure A.3 shows a two decades loss of 

energy below 30 Hz, with a second roll-off above 100 Hz. Noise is also a concern at high frequencies, more 

evident in the spectral filter again. Yoshida et al. (1992) noted noise amplification to be a weakness of the 

spectral filter, while the digital filter appears to overcome this. The deviation at high frequencies for the 

digital filter is likely due to the low signal produced by the speaker above 100 Hz. 

 
Figure A.2: Equivalent frequency gain of the Digital Filter, compared with the Bergh-Tijdeman (1965) Theory and the Spectral Filter of Irwin et 

al. (1979) 

 
Figure A.3: PSD of the reference signal 

The phase shift is compared in a similar manner in Figure A.4. In this case there is better agreement between 

the spectral and digital filters, although the noise of the spectral filter is evident. While the form of the phase 
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shift matches that of the Bergh-Tijdeman (1965) Theory, the span of each 180° phase change for the physical 

data is 3 Hz longer, at 98 Hz for the latter compared with 95 Hz. This is likely due to the tube rigidity effects, 

with Wang et al. (2018) noting a shift in phase with stiffer tube walls. 

 
Figure A.4: Equivalent frequency phase-shift of the Digital Filter, compared with the Bergh- Tijdeman (1965) Theory and the Spectral Filter of 

Irwin et al. (1979) 
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Appendix B Additional Aerofoil-in-
Turbulence Spectral Data 

This appendix presents complete PSD for the pitching aerofoils at higher Reynolds numbers, 100,000 and 

200,000, for comparison to the data provided for Re = 50,000 at AoA other than presented in Chapter 4. 

It is seen in Figures B.1 to B.6 that the influence of onset turbulence on the Cp spectra is the same, regardless 

of Re. The low-frequency signal dominates and grows in chordwise extent as Iu is increased, and the LSB 

becomes less prominent. The LSB does, however, change with Re, primarily reducing in length as Re 

increases, but remaining clearer than for an increase in Iu. As discussed in Chapter 4, the apparent frequency 

also changes with the increase in flow speed associated with the Reynolds number. 
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Figure B.1: Surface plots of upper surface pressure coefficient PSD against chord length, Re = 100,000, Iu = 1.3%, AoA increasing, (left) 
NACA0012, (right) NACA4412 
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Figure B.2: Surface plots of upper surface pressure coefficient PSD against chord length, Re = 100,000, Iu = 5%, AoA increasing, (left) 
NACA0012, (right) NACA4412 
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Figure B.3: Surface plots of upper surface pressure coefficient PSD against chord length, Re = 100,000, Iu = 15%, AoA increasing, (left) 
NACA0012, (right) NACA4412 



Appendix B 
 

 
 

251 
 

 

Figure B.4: Surface plots of upper surface pressure coefficient PSD against chord length, Re = 200,000, Iu = 1.3%, AoA increasing, (left) 
NACA0012, (right) NACA4412 
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Figure B.5: Surface plots of upper surface pressure coefficient PSD against chord length, Re = 200,000, Iu = 5%, AoA increasing, (left) 
NACA0012, (right) NACA4412 
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Figure B.6: Surface plots of upper surface pressure coefficient PSD against chord length, Re = 200,000, Iu = 15%, AoA increasing, (left) 
NACA0012, (right) NACA4412 
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Appendix C Additional Pitching Aerofoil 
Data 

This appendix presents data for the pitching aerofoils at higher Reynolds numbers, 100,000 and 200,000, 

than presented in Chapter 5, which contained only Re = 50,000 data for certain variables. Compared here are 

the time-averaged pressure coefficient and standard deviation of the pressure coefficient on the upper surface 

of both aerofoils, as well as the lift coefficient and pitch moment coefficient PSD. This data is appended as 

there is greater variation in the low-speed data, due to the greater range of reduced frequencies. These plots, 

while contributing to the overall data set, do not add sufficiently to the body of text. The primary effects of 

oscillating the aerofoil are the same as those in Chapter 5. 
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C.1 Time-Averaged Cp 

 

Figure C.1: Surface plots of time-averaged Cp against increasing AoA, Re = 100,000, A = 4.9°, (left) NACA0012, (right) NACA4412 
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Figure C.2: Surface plots of time-averaged Cp against increasing AoA, Re = 100,000, A = 9.9°, (left) NACA0012, (right) NACA4412 
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Figure C.3: Surface plots of time-averaged Cp against increasing AoA, Re = 200,000, A = 4.9°, (left) NACA0012, (right) NACA4412 
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Figure C.4: Surface plots of time-averaged Cp against increasing AoA, Re = 200,000, A = 9.9°, (left) NACA0012, (right) NACA4412 
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C.2 σ(Cp) 

 

Figure C.5: Surface plots of σ(Cp) against increasing AoA, Re = 100,000, A = 4.9°, (left) NACA0012, (right) NACA4412 
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Figure C.6: Surface plots of σ(Cp) against increasing AoA, Re = 100,000, A = 9.9°, (left) NACA0012, (right) NACA4412 
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Figure C.7: Surface plots of σ(Cp) against increasing AoA, Re = 200,000, A = 4.9°, (left) NACA0012, (right) NACA4412 
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Figure C.8: Surface plots of σ(Cp) against increasing AoA, Re = 200,000, A = 9.9°, (left) NACA0012, (right) NACA4412 
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C.3 Cl PSD 

 

Figure C.9: Cl PSD, A = 4.9°, Re = 100,000, (left) NACA0012, (right) NACA4412 
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Figure C.10: Cl PSD, A = 9.9°, Re = 100,000, (left) NACA0012, (right) NACA4412 
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Figure C.11: Cl PSD, A = 4.9°, Re = 200,000, (left) NACA0012, (right) NACA4412 
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Figure C.12: Cl PSD, A = 9.9°, Re = 200,000, (left) NACA0012, (right) NACA4412 
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C.4 Cm PSD 

 

Figure C.13: Cm PSD, A = 4.9°, Re = 100,000, (left) NACA0012, (right) NACA4412 
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Figure C.14: Cm PSD, A = 9.9°, Re = 100,000, (left) NACA0012, (right) NACA4412 
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Figure C.15: Cm PSD, A = 4.9°, Re = 200,000, (left) NACA0012, (right) NACA4412 
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Figure C.16: Cm PSD, A = 9.9°, Re = 200,000, (left) NACA0012, (right) NACA4412 
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Appendix D Modelling Sinusoidal Pitching 
This section evaluates the Beddoes-Leishman dynamic stall model of Singapore Wala et al. (2018) in 

predicting the time-averaged and unsteady lift response of both the NACA0012 and NACA4412 when 

sinusoidally-oscillated. This involves comparing the model output to the wind tunnel data gained from the 

oscillating rig. 

When A = 4.9°, Figures D.1a, D.1c and D.1e show good agreement, at all Reynolds numbers, in the time-

averaged Cl between the basic model of Singapore Wala et al. (2018) and the corresponding wind tunnel test 

data. The NACA4412, however, shows an underestimate of Cl at low AoA, and an over-estimate past stall. 

However, the low AoA region is sufficiently captured to estimate the time-averaged loading. 

 
Figure D.1: Cl against AoA at all Reynolds numbers, A = 4.9°, (left) NACA0012, (right) NACA4412 

Figure D.2 shows that the overestimate of the time-averaged Cl for the NACA4412 at high AoA is due to 

the inability of the model to adequately model the separated state. When f = 0.08 Hz (k = 0.02), seen in 

Figure D.2a, the model produces an expected hysteresis loop which closely follows the static lift curve. In 

contrast, the wind tunnel data does not appear to fully recover to an attached flow state, resulting in its 



Appendix D 
 

 
 

274 
 

hysteresis loop sitting below the static lift curve prior to static stall. In contrast, at higher frequencies in 

Figure D.2b, the hysteresis loop has excessively opened, resulting in a greater and earlier time-averaged 

maximum Cl. The wind tunnel data, however, continues to show a greater portion of its cycle below the 

static lift curve. Thus, the model may have issues for higher AoA handling, as noted by Rasekh et al. 

(2018). 

 

Figure D.2: NACA4412 phase-averaged Cl against AoA Re = 100,000, A = 4.9°, mean AoA = 16° 

With an increase in A to 9.9°, Figure D.3 shows that, while the general trends are captured, some deviation 

still exists. For the NACA0012, this is most apparent in Figure D.3a, again at higher AoA, where the time-

averaged Cl is underestimated when f = 0.42 Hz (k = 0.16). At lower AoA, however, there is better agreement 

between the model output and wind tunnel data, particularly for higher Reynolds numbers. The reason for 

this is seen in Figure D.4. With a lower oscillating frequency, f = 0.08 Hz (k = 0.03) in Figure D.4a, the 

model makes a reasonable estimate of the instantaneous Cl, albeit not perfectly matching the form of the 

curve but capturing the main features. When f = 0.42 Hz, however, the model does not adequately capture 

either vortex. The peak Cl seen from the primary vortex in the wind tunnel at 23° is not captured, a lower 

peak arising at 26° in the model. Following this, there is no evidence of a secondary vortex in the model, 

despite such a feature being seen in the associated wind tunnel test. This results in the reducing AoA loop 

having a lower Cl at most AoA, and failing to recover lift as readily on the upstroke. 

The NACA4412, in contrast, underestimates the time-averaged Cl at low AoA, but a reasonable match at 

higher AoA. Interestingly, the lift slope is correctly estimated at low AoA, but appears to be vertically offset. 

These results are, however, sufficient for the model to capture the time-averaged lift curve for this aerofoil. 
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Figure D.3: Cl against AoA at all Reynolds numbers, A = 9.9°, (left) NACA0012, (right) NACA4412 

 
Figure D.4: NACA0012 phase-averaged Cl against AoA Re = 50,000, A = 9.9°, mean AoA = 18° 

Figure D.5, showing σ(Cl) when A = 4.9°, demonstrates that the model has again captured the general form 

of the curve, but not the magnitude of the unsteadiness. This is to be expected, given Figures D.2 and D.4 

demonstrated the phase cycle seen in the wind tunnel is not perfectly captured by the dynamic stall model. 
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In general, σ(Cl) is overestimated, more so at low AoA, with the exception of the NACA4412 when 

Re = 50,000 in Figure D.5b, where the high AoA are overestimated. However, the AoA at which local 

maxima and minima arise have been correctly estimated, suggesting the model does do a reasonable job of 

estimating the processes underway on the aerofoil. 

 

Figure D.5: σ(Cl) against AoA at all Reynolds numbers, A = 4.9°, (left) NACA0012, (right) NACA4412 

This is also seen to be the case for σ(Cl) when A = 9.9° in Figure D.6. At this higher amplitude, the general 

form of the model output is correct, but the low AoA amplitude higher than seen in the wind tunnel. For the 

NACA4412, however, the peak σ(Cl) is seen to be 2° higher for the model than that of the wind tunnel data. 
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Figure D.6: σ(Cl) against AoA at all Reynolds numbers, A = 9.9°, (left) NACA0012, (right) NACA4412 

While the model of Singapore Wala et al. (2018) may not quantitatively replicate the fluctuating loads of the 

sine-sweep loading, it does qualitatively. Ferrari (2012) noted this is common for Beddoes-Leishman-type 

models, and is a limitation of the nature of semi-empirical models; they remain an approximation, not an 

exact simulation. However, the model is seen to, in most cases, provide a reasonable estimate of the time-

averaged loads for sinusoidal-pitching, and thus its effectiveness in irregular flows was further assessed. 
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