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Leading-edge tubercles, inspired by the humpback whale flipper, have been proposed as a
passive means of improving wing stall behaviour. Existing studies consist largely of
numerical studies or based on force measurements, where experimental data on chordwise
surface pressure distribution of a tubercled wings at low Reynolds number remain scarce.
This thesis measures that distribution and compares it directly with an equivalent smooth
wing.

Two NACA 4424 wings were tested, one with a standard baseline profile, and one with a
sinusoidal leading edge, were tested in a low-speed wind tunnel at a chord Reynolds number
of 2.5 - 105, The surface pressures were measured through embedded pressure taps using an
inclined multi-tube manometer across angles from 0° to 30°, with the bio-inspired wing
measured at both crest and trough locations to resolve spanwise variation.

The baseline wing showed the pressure distributions expected of a cambered airfoil, with
peak loading agreeing in magnitude with published data for the same section. The principal
result is a strong spanwise variation in leading-edge pressure distribution, where the trough
taps exhibited strong suction while the crest showed very little, the difference being more
pronounced toward the leading edge at moderate angles. In comparison, the baseline wings
pressure coefficient values fell between that of the crest and trough, indicating that the
tubercles redistribute the leading-edge loading spanwise rather than altering it uniformly.

The measurements were limited by wind tunnel blockage effects, and by unsteady high-
angle pressures, which causes the baseline to appear to stall above its true angle, and by a
forward-chord bias of the tubercled wing. The results provide experimental evidence of the
spanwise pressure redistribution produced by leading edge protuberances at low Reynolds
numbers.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A

b

Poo

qeo

tubercle amplitude

span

chord length

manometer scaling factor
manometer column length
number of waves

pressure

free-stream static pressure
free-stream dynamic pressure
temperature

velocity

chordwise coordinate

spanwise coordinate

Greek characters

Angle of attack

manometer inclination angle
tubercle wavelength
dynamic viscosity

density



Constants
g gravitational acceleration [9,81 m/s?]

R specific gas constant of air [/ (kg - K)]

Dimensionless quantities

Cn normal-force coefficient
Gy Pressure coefficient

Re Reynolds number

x/c chordwise position
Subscripts

L manometer liquid

ref reference

tap pressure tap

o0 free-stream condition
Abbreviations

AoA angle of attack

CFD computational fluid dynamics
SLA stereolithography

UAV unmanned aerial vehicle
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1 Introduction

Unmanned Aerial Vehicles (UAVs) have become popular across a growing scope of
applications, ranging from surveillance tasks to search-and-rescue missions, extending itself
even towards the medical logistics and agricultural monitoring. There are many different
types of UAVs, however, this research is specifically interested in exploring fixed-wing
aircraft, classified more carefully as Forward-Flight Lift Only (FFLO) aircraft, referring to
plane-like drones that require forward motion to generate lift. The increasing demand for
improved flight endurance and operational range has engendered a preference for the use of
fixed-wing aircraft over their multirotor counterparts by offering significant improvements

in aerodynamic efficiency, and subsequently, overall power efficiency (Mohsan et al. 2023).

Despite these potential improvements, the adoption of these fixed-wing UAVs comes with
its own aerodynamic challenges that can cause a variety of performance issues depending
on its application. One of the main problems affecting fixed-wing forward-flight drones is
stall: a sudden loss of lift and rise in drag caused by boundary layer separation over the upper
surface of the wing. The boundary layer is a thin viscous region of air that follows the contour
of the upper surface of the wing, which enables the pressure difference responsible for lift.
Once separation occurs, the pressure difference between the upper surface and the lower
surface collapses, causing stall. This phenomenon is detrimental to small UAVs because
recovery from a stalled state is often impossible, and the resulting losses directly undermines
their potential usability. The mitigation of stall, or the delay of its onset is therefore central

to extending their range of application.

Aerodynamics research has increasingly turned to biomimicry as a source of design
inspiration due to natures astounding efficiency. Examples of this range from investigating
the flight of snakes (Rafie, et al. 2019), the silent flight of owls (Jaworski and Peake, 2013),
and improving existing vehicle architecture ranging from high-speed trains (Foo et al. 2017)
to flying cars (Fan et al. 2025). Among these the sinusoidal leading edge of humpback whale
flippers have drawn attention due to their ability to their supposed ability to both delay stall
and improve post-stall performance (Fish et al. 2011). The medium in which a whale hunts

and the size of their flippers approaches the Reynolds number of the environment created by
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the wind-tunnel at LUT-university, making it suitable for an experimental exploration of

these geometric changes inspired from whale flippers.

This thesis presents an experimental investigation of flow and stall characteristics of an
unmodified baseline NACA 4424 wing profile against its sinusoidal leading-edge
counterpart with the same profile. Surface pressure measurements are collected via
chordwise pressure taps using a wind-tunnel mentioned before, with the help of an angled
well-type multi-manometer. The resulting pressure distributions are used to identify
different flow behaviour between the two configurations across a range of angles of attack

(AoA).

The aim of this paper is to identify whether bio-inspired changes in geometry to the leading
edge of a wing can have positive impacts on pressure distributions and stall behaviour of a
NACA 4424 wing, and whether modern methods of rapid prototyping are reasonable tools
to do such research. The objectives are, firstly, to design and manufacture a NACA 4424
wing and its geometrically equivalent tubercled variant suited for pressure tap
instrumentation. Secondly, to measure the chordwise pressure distribution on both wings
across a range of AoA, spanning pre-stall, stall, and post-stall flow regimes. And finally, to
compare the resulting pressure distributions, derive lift coefficients, and stall characteristics

of both configurations.

The research is guided by the following question: how do sinusoidal leading-edge
protuberances affect stall behaviour and flow characteristics of a NACA 4424 relative to its

baseline counterpart?

The scope of the project is limited to and controls for a single airfoil profile, a single profile
geometry, and a single Reynolds number that is determined by the test section of the LUT
wind tunnel. Unfortunately, computational fluid dynamics and 3D flow visualizations are
outside the scope of this work. The analysis is based exclusively on surface pressure data

and some smoke-testing at lower speeds.

The remainder of the work contains reviews that are relevant to stall, flow control, and
inspiration on evolution for engineering (Section 2), a description of the theoretical
framework, choice of wing design, data interpretation, among others (Section 3), as well as
a presentation of the final results (Section 4), its interpretation (Section 5), as well as a

conclusion and discussion of the findings and recommendations for future work (Section 6).
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2 Literature Review

This chapter reviews literature relevant to the aerodynamics of fixed-wing forward flight
UAVs, and presents context for why biomimicry, or any form of passive flow control might
be necessary. Section 2.1 establishes the operational context of fixed-wing UAVs and
introduces stall. Section 2.2 gives a depiction of why passive flow control methods are used
and how they can potentially mitigate unfavourable conditions produced by stall. Section
2.3 introduces biomimicry as a methodology for aerodynamic design, while Section 2.4
justifies the exploration of leading-edge tubercles inspired from humpback whale flippers.
Section 2.5 explores the experimental evidence produced by previous research, and Section

2.6 identifies a gap in the literature that this thesis addresses.

2.1 Fixed-wing UAVs and the stall problem

UAVs have transitioned from purely military uses into a widely adopted technology that
ranges from commercial uses to agricultural and civil ones, driven by advances in
miniaturization, manufacturing and control technology (Mohsan et al. 2023). Within this
rapidly expanding field, drones are divided into two major configurations; multi-rotor, and
fixed-wing UAVs, with each suited to different operational demands. Multi-rotor systems
offer vertical take-off and stable hovering capabilities, while fixed-wing aircraft provide
hugely improved flight endurance and range, making them attractive for tasks requiring
coverage over large areas such as environmental mapping (Boon et al. 2017). This endurance
advantage stems from the fixed-wing’s reliance on a lifting surface, rather than the multi-
rotors requirement for continuous thrust provided by motors to remain airborne, creating a
substantial gap in potential aerodynamic efficiency which is one of the main determinants
of overall performance. Improving the overall aerodynamic efficiency of a system rather
than propulsion or control systems alone has become a central focus in fixed-wing UAV
design (Panagiotou and Yakinthos, 2020), with efforts to bridge the gap between the two
configurations by giving fixed-wing drones the short take-off and landing capability that
multi-rotors achieve through vertical flight (Yayli et al. 2017).



13

The lift generated by a wing arises from the pressure difference between its upper and lower
surfaces with the upper surface, known as the suction surface, sustaining a lower pressure as
flow accelerates across the wing section during motion (Abbott and von Doenhoff, 1959).
This flow over the wing creates a pressure distribution across the surface of the wing and is
conventionally expressed as the coefficient of pressure (Cp), which is a value that normalizes
the local pressure difference with the free-stream dynamic pressure. Allowing pressure to be
expressed in this way allows the relative pressures to be observed and contrasted directly
across variables like airfoil sections, angles of attack, as well as flow conditions. Lift is only
generated through the preservation of this difference in pressure distribution, which is
preserved by an intact boundary layer. This is what makes the boundary layer so central to
the concept of lift. This thin region of air adjacent to the surface is where viscous effects of
the air begin to dominate, meaning the fluid velocity transitions from zero to the observed
freestream velocity (White, 2003). As long as that boundary remains attached, the wing
produces lift in proportion to its angle of attack; its detachment causes the pressure difference
to break down, causing stall to occur, which will be explored further in the following

paragraph.

The emergence of separation bubbles along the negative pressure surface of the wing is the
mechanism that leads to stall. As the angle of attack increases, the adverse pressure gradient
over tail of the wing increases. The adverse pressure gradient basically represents the
reduced negative pressure compared to the leading edge, which leads to a lower flow velocity
across the surface. If the leading edge has significantly lower pressure compared to the tail,
this means that there is a significant change in the velocity across the suction surface of the
wing, separating the flow that therefore impairs lift (White, 2003). The initial separation of
the boundary layer causes a chain reaction that forms into a separation bubble which causes
total collapse of lift accompanied by a sharp increase in drag. These mechanisms in
combination define stall. The manifestation of this is not uniform across all wings.
Depending on the conditions of flow and the geometry of the wing, airfoils display specific
types of stall, namely, trailing-edge stall, leading edge stall, and thin-airfoil stall
(McCullough and Gault, 1951). The type of stall occurs is a function of the 2D section
geometry itself, meaning two profiles can experience stall for differing reasons in otherwise
identical conditions. This sensitivity is further complicated at the low Reynolds numbers that
are characteristic of the conditions where small UAVs operate (Re < 300,000). These

conditions cause the boundary layer to remain laminar as it meets the adverse pressure
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gradient towards the tail of the wing, further increasing the effects of the emerging separation
bubble mechanism mentioned earlier in this paragraph. Flow may however reattach to the
wing despite the presence of detached flow, creating the phenomenon called a laminar
separation bubble (Ananda et al. 2015). Its formation, duration, and collapse of the bubble
governs how abrupt stall occurs at lower Reynolds conditions, which makes its behaviour

substantially more unreliable than its higher-Reynolds environments.

These stall characteristics carry exceptional weight for fixed-wing UAVs, which mostly
operate within the low Reynolds-number regime where laminar separation and bubble
behaviour dominate (Ananda et al. 2015). Because laminar separation bubbles can burst
abruptly, stall and its onset occur both earlier on, as well as more abruptly as compared to
the higher Reynolds number behaviour from which a lot of the classical data is drawn. The
consequences for small fixed-wing drones are therefore unambiguous; unpredictable stall
constrains achievable lift, which limits the minimum flight speed and potential drone size,
while stall encountered mid-flight can cause challenges in recovery as low-Reynolds stall
exhibits a phenomenon known as stall hysteresis, a mechanism that inhibits flow re-
attachment at the same angle of attack, meaning stall is history dependent (Hu et al. 2007).
Since aerodynamic efficiency of the wing is a principal determinant of a fixed-wing UAV’s
endurance and range (Panagiotou and Yakinthos, 2020), any measure that delays stall,
softens its onset or mitigates stall hysteresis can improve its range of use, motivating the
search for methods of controlling boundary-layer behaviour examined in the following

section.

2.2 Passive flow control methods

Since boundary-layer separation is the main driver of stall, aerodynamic flow-control
methods have been researched and developed in order to keep flow attached to the suction
surface as long as possible. These methods are grouped into two categories: active and
passive flow control methods. Active flow control methods require the use of external energy
sources that create suction, blowing, or move surfaces to improve desired flow behaviour,
while passive methods modify the surface geometry of the wing itself to influence flow
without the need for an external energy source (Sathyabhama and Sreejith, 2022). Passive

flow control methods are especially suited for these circumstances, as small UAVs have
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limited payload capacity. By relying on fixed geometric features, they avoid mechanical
complexity, power consumption, and therefore additional mass. (Sathyabhama and Sreejith,

2022).

Among the passive flow control devices, the vortex generator is the most established. Vortex
generators are small, fixed elements that protrude from the surface of the wing, typically
placed upstream from the location of expected separation which create small vortices that
disturb the slow-moving air near the boundary layer. The subsequent disruption transfers
energy from the high momentum free stream flow into the surface, allowing it to withstand
the adverse pressure gradient and retain lift (Lin, 2002). Their efficacy depends on geometry
and placement, and considerable work has been towards improving these parameters
(Godard and Stanislas, 2006), including studies that relate directly to improving lift
coefficients as well as delaying stall (Fouatih et al. 2016). A natural drawback of these is the
additional drag penalty they produce at lower angles of attack, where their presence is

redundant.

This trade-off has motivated interest in passive geometries that achieve comparable
separation control while being integrated into the wing itself, rather than added later as direct
protrusions. One such approach draws inspiration from nature, where evolved geometries
achieve efficient flow control without moving parts, and without the penalty incurred at

lower angles of attack, which will be discussed in the next section.

2.3 Biomimicry in aerodynamic design

Engineering design has frequently looked to nature for inspiration, particularly in cases
where evolutionary pressure has refined biological structures to suit very specific
requirements to support survival of species. This is not lost in the field of aerodynamics.
This approach, known as biomimicry, reverse-engineers these shapes found in nature that
have found to have very favourable properties depending on its chosen inspiration. For
example, the streamlined forms of fast-moving animals have been adapted to reduce drag of
high-speed trains (Foo et al. 2017), while the silent flight of owls has inspired the design of
trailing edges that produce lower noise levels (Jaworski and Peake, 2013). More recent
studies have even investigated cross sectional geometries of air-gliding snakes as a basis for

novel airfoil profiles as well as exploring the lifting surface itself (Rafie et al. 2019), showing
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that biological inspiration is even now being used to explore aerodynamic properties that

may shed light on improvements to current designs.

Marine animals have proved to be an important source of biomimetic design inspiration as
their bodies have evolved to efficiently traverse dense fluid environments. Whale inspired
geometries, for example, have been explored in applications that extend to even flying
vehicle fuselage design (Fan et al. 2025). Within this field, the humpback whale has been of
particular interest due to their rounded protuberances located on the leading-edge of its
pectoral flippers. These features have attracted considerable attention due to their reported

aerodynamic benefit, which are discussed further in the next section.

2.4 Humpback whale tubercles: biological origin and proposed mechanisms

The leading-edge protuberances that inspire this thesis originate from the pectoral flippers
of the humpback whale (Megaptera novaeangliae). The flipper is a high aspect ratio control
surface whose leading edge is disrupted by a series of regularly spaced, rounded
protuberances, which give it its distinctive ‘tubercled’ profile (Fish and Battle, 1995). This
morphological study of the flipper suggests that this geometry is not incidental, but
functional, which is to say that the humpback relies on agile manoeuvres to herd prey during
feeding, and the tubercles are thought to acts as improved lift devices that allow the flipper
to maintain lift at higher angles of attack that is demanded of such movements (Fish and
Battle, 1995). The flipper is the hydrodynamic surface operating in water, yet the
engineering interest lies in transferring its geometry to aerodynamic lifting surfaces where
comparable flow phenomena are expected at corresponding Reynolds numbers (Fish et al.

2011).

When applied to an engineered wing or airfoil, leading-edge tubercles have been shown to
delay stall and maintain lift to higher angles of attack than the equivalent smooth-edged
section (Fish et al. 2011). Numerical investigations indicate that the sinusoidal protuberances
affect the chordwise pressure gradient over the suction surface and delay the onset of
boundary-layer separation relative to the smooth leading-edge geometry (Zhang et al. 2013).

The precise flow mechanism still, however, remains an open question.
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Several mechanisms have been proposed, and the literature has not yet converged on a single
explanation (Sathyabhama and Sreejith, 2022). The most frequent comparison is the earlier-
mentioned passive flow method of vortex generation, where it has found support in
numerical flow-analyses where the tubercled sections have been shown to generate pairs of
counter-rotating vortices, that, much like vortex-generators, energize the boundary layer, and
thus create gentler stall behaviour (Sathyabhama and Sreejith, 2022). Other analogies are
considered too, that instead emphasise the compartmentalization of the flow that ameliorates
span-wise stall progression (Watts and Fish, 2001), or variations in angles of attack of peaks
and troughs observed through the change in geometry (Van Nierop et al. 2008). All of these
proposed mechanisms are not mutually exclusive, and this lack of consensus combined with
the strong dependence on observed effects on changes in configuration is exactly what
motivates detailed numerical and experimental investigations of tubercled wings, which is

more closely explored in the next section.

2.5 Experimental and numerical studies on tubercled airfoils

Building on the mechanisms outlined above, this section examines the experimental and
numerical evidence on aerodynamic effects of leading-edge tubercles. Four aspects are
considered: their effect on lift and the characteristics of stall (2.5.1), the influence of tubercle
geometry (2.5.2), the dependence of these effects on Reynolds number (2.5.3) and common

measurement approaches in existing literature (2.5.4).

2.5.1 Effect on maximum lift and stall angle

The most widely reported effect of leading-edge protuberances is a change in the
characteristics of stall. So rather than an abrupt loss of lift typical for a standard wing,
tubercled sections stall more gradually and retain useful lift at angles of attack beyond that
of the smooth-edged wings (Fish et al. 2011). This improved post-stall behaviour does come
at a cost in pre-stall regimes for thinner sections however, as tubercled wing sections that
have their maximum thickness of 30% produce a lower maximum lift coefficient than their
smooth equivalents in the pre-stall regime, except for profiles that have a maximum

thickness at 50%, where the losses at pre-stall are negligible (Johari et al. 2007; Hansen et
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al. 2011). The effects are therefore usually considered a trade-off; gentler stall in exchange

for a reduction in peak pre-stall performance rather than an overall improvement.

This trade-off does not extend itself to all configurations. A recurring distinction in the
literature is between finite-span wings or flipper models, where tubercles are more consistent
in improving performance, and 2D airfoil section tests, where pre-stall penalties are more
pronounced, and their benefits more ambiguous (Hansen, 2012). This sensitivity to
configuration, tubercle geometry and Reynolds number means that the results obtained for
one arrangement do not necessarily translate to another, being of direct relevance to present

study.

2.5.2 Effect of tubercle geometry (amplitude and wavelength)

Beyond the broad theme of stall, a large portion of the literature seek to characterise how
tubercle performance depends on the two variables that define the sinusoidal leading edge:
the amplitude and the wavelength. Johari et al. (2007), through a systematic study of
tubercled airfoil sections, found that amplitude created a larger effect on aerodynamic
performance while wavelength played a comparatively smaller role, with the best overall
behaviour gained from the smallest tested amplitude. Hansen (2012), by contrast, found that
the effect of the tubercles depended additionally on the airfoil profile itself, reporting that
the effect of the tubercles depended additionally on the profile of the airfoil as well, reporting
that smaller amplitudes raised the maximum lift coefficient and stall angle while larger
amplitudes improved performance in the post-stall regime. Other literature has suggested
that both variables have influence and that performance is governed less by either in isolation
than by their ratio, having optimal amplitude-to-wavelength ratio that varies with

configuration (Sathyabhama and Sreejith, 2022).

The implication of these findings is that there is no single tubercle geometry that is optimal
across all conditions. The most effective ratio between amplitude and wavelength depends
on the overall picture which includes the airfoil section, flow regime, and the desired
performance metric. This dependence on configuration is the reason that present studies
explore optimised configuration (Fernandes et al. 2013), rather than treating any single

geometry as optimal.
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2.5.3 Reynolds number dependence

Another source of variation relevant to this field is the operational environment, or flow
regime. The performance of any airfoil at low Reynolds numbers is strongly influenced by
the laminar separation bubble discussed in Section 2.1, and tubercled wings have been shown
to interact directly with that element. Numerical investigations at Reynolds numbers as low
as Re = 1-10° has found that tubercles substantially alter the size and position of the
laminar separation bubble, in some cases reducing or even, for the smallest amplitude and
wavelength tested, eliminating it altogether (Sathyabhama and Sreejith, 2022). Instead of a
single straight bubble forming on the straight-edged wing, the tubercled wings produce
three-dimensional spanwise bubbles, withe separation and reattachment occurring at
different chordwise positions behind the peaks and troughs (Sathyabhama and Sreejith,
2022).

The sensitivity to Reynolds number is of particular relevance to smaller fixed-wing UAVs,
which operate in the low-Reynolds number regime where the adverse pressure gradients
cause laminar separation. Recent experimental studies on tubercled sections at low Reynolds
numbers (as low as 2 - 10%) have examined their effects on the unsteady characteristics of
flow (Wang et al. 2021), while studies framed specifically about UAV application have
investigated whether stall mitigating benefits observed at higher Reynolds numbers carry
over to that regime (Zhang et al. 2021). The idea is that tubercle performance cannot be
assumed to transfer across Reynolds numbers, reinforcing the need for evidence gained from

the conditions that represent the intended envelope of operation.

2.5.4 Measurement approach

A final observation concerns the methods that these studies have used to obtain their results.
Most of the studies discussed above have characterised tubercle performance through
integrated force measurements, or through computational fluid dynamics (Johari et al. 2007,
Hansen et al. 2011; Zhang et al. 2021). These methods are well suited to assess the overall
aerodynamic effect of the tubercles, but they reveal very little about the local flow behaviour
along the chord that produce those effects. Where surface-pressure information has been

reported, it has often come from numerical simulations rather than direct experimental
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measurement. The numerical study by Sathyabhama and Sreejith (2022) for example, looked
at chordwise pressure coefficient distributions and differing behaviour at the peaks and
troughs, but detailed pressure data remains scarce in experimental work, particularly at

Reynolds numbers relevant to small UAV operation.

This is a significant distinction because the chordwise pressure distribution is the most direct
experimental indicator of where and how the flow separates, and of the local mechanism that
is caused by the tubercles. Surface pressure measurements can offer a means of examining
the tubercle effect that complements the force-based and computational evidence that is

frequent in recent literature, which is an approach that the present experiment adopts.

2.6 Research gap

The literature reviewed above shows that leading-edge tubercles can have a meaningful
impact on stall behaviour, usually softening stall while improving post-stall lift at some cost
to pre-stall performance. It is very clear, however, that these effects are strongly dependent
on overall configuration, meaning the airfoil profile, tubercle geometry, and Reynolds
number all have their independent effects on their efficacy. At low Reynolds numbers
commonly encountered by small UAVs, stall behaviour is strongly influenced by laminar
separation bubbles. However, much of the existing evidence is based on integrated force
measurements or through computational simulations, while surface-pressure data, which

provides more direct indications of local separation behaviour, remain comparatively scarce.

This study addresses that gap. It presents an experimental investigation of chordwise surface-
pressure distribution over a NACA 4424 section, with and without sinusoidal leading-edge
tubercles, at a Reynolds number representative of small fixed-wing UAV operation. By
comparing the pressure distribution from a baseline and a tubercled wing sections directly,
it aims to investigate how these protuberances affect the local separation behaviour and
stalling progression using pressure-based measurements in a regime where such

experimental evidence is limited.
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3 Methods

This section is dedicated to the detailed explanation of the methods used to explore the
research question. Section 3.1 lays out the theoretical framework underlying the pressure
measurements. Section 3.2 describes the design and manufacture of the baseline and
tubercled wing models, while Section 3.3 will go through the design and placement of the
pressure taps. The details of the wind tunnel and the experimental arrangement will be
described in Section 3.4, the instrumentation and the data acquisition in Section 3.5, the test
matrix in Section 3.6. Finally, Section 3.7 will go through the data-reduction procedure and

the treatment of measurement uncertainty.

3.1 Theoretical Framework

Lift is described in this work using Bernoulli’s principle, which, when simplified is a form
of conservation of energy along a streamline in steady, incompressible, inviscid flow. The
principle, or equation, shows that the addition of static and dynamic pressures add up to total

pressure:

Ps+den:Pt0t (1)
where F; is static pressure, Py, is dynamic pressure, and Py, is total pressure, all in pascals.

Dynamic pressure is defined as:

1

denzz'P'Vz (2)

where p is the fluid density (kg/m3) and V is the local flow velocity (m/s). It should be
noted that Bernoulli’s principle applies to the inviscid free stream and is used here only to
define the free-stream dynamic pressure rather than applying to the viscous boundary layer

or the separated flow over the wing surface which are the phenomena of interest.

The distribution of pressure over the surface of a wing is conventionally expressed in non-
dimensional form through the pressure coefficient, C,,, defined as:
P~ P

Cp = . (3)
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where p is the local static pressure at the point on the surface, p,, is the free-stream static
pressure, and g, is the free-stream dynamic pressure with p,, being free-stream density and
V, being free-stream velocity. Expressing surface pressure in this form allows us to compare
loading between different sections, angles of attack, and flow conditions. The pressure
coefficient is the central measured quantity of this work, being obtained directly from the
surface pressure measurement at each tap. The undisturbed wake-rake tubes register free-
stream total pressure rather than free-stream static pressure, however. The conversion from
this total pressure reference measurement to the static pressure referenced coefficient defined

in Equation (3) is described further in Section 3.7.
The flow regime of the experiment is expressed through the Reynolds number,

PV
u

where c is the chord length (m) and p is the dynamic viscosity of the fluid approximating to

Re 4)

1.81-107> Pa - s. The Reynolds number expresses a ratio of inertial to viscous forces in
the flow and, as discussed in Section 2, governs the low Reynolds separation bubble
behaviour central to this study. The experiments were conducted at chord-Reynolds numbers
of approximately 2.5 - 10°, representative of the expected flow encountered by small fixed-

wing UAVs.

The surface pressures are measured using an inclined well-type manometer, in which a
pressure applied is manifested as a rise in water column. For a manometer inclined at an
angle 0 to the horizontal, the pressure difference (Ap) between the measured point and the

reference value is related to the length of the water column measured along the inclined tube

(D), by:

Ap=p,-g-l-sin(0) (%)
where p; is the density of the manometer liquid (kg/m?3), and g is the acceleration due to
gravity (m/s?). The angle associated with the equation arises due to the angle of the
manometer influencing the true vertical height of the liquid column if it were entirely
upright. The smaller the angle of the manometer, the more sensitive the water columns are

to pressure differences, which improves the resolution of the reading.
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For the baseline wing, where the surface pressure is measured on both the upper and the
lower surfaces at different percentages of the chord line, the pressure distribution can be

integrated to estimate a sectional partial normal-force coefficient, C,:

1
Cn = f (Cp,lower - Cp,upper) d(*/c) (6)
0

where (¥*/) is the non-dimensional chord position. The integral is evaluated numerically
from discrete tap measurements using the trapezoidal rule. Because of the limited points of
measurement along the chord of the wing, and no measurements were taken towards the
trailing edge of the wing, the coefficient is approximate and is used to indicate trends rather
than precise force measurements, whereby its limitations are discussed in Section 3.7. The
normal force coefficient is approximately equal to the lift coefficient at angles closest to zero
and approximates it at the small-to-moderate angles of attack considered here. The normal

force coefficient is therefore treated as an indicative measure of lift.
3.2 Design and Manufacture

The baseline section chosen for this study was the NACA 4424 profile for two main reasons.
Firstly, the section is considered relatively thick, with a maximum thickness of 24% of the
chord, which provided the internal volume necessary for routing the internal pressure tap
channels through the 3D-model. This was a practical requirement that proved to be
demanding during manufacture, particularly for the lower pressure taps, as they had to be
navigated across each other as well as the front bolt holding the wing in place. This
advantage of accommodating the internal structure and instrumentation has been noted in de
Almeida and Dias (2024) paper. Secondly, the aerodynamic behaviour of the NACA 4424
at low Reynolds number has been characterised experimentally and found to offer favourable
lift-to-drag ratios and predictable stall behaviour suitable for small low-speed aerial vehicles,
although at a cost to relatively thinner sections like the NACA 4418 for example (De
Almeida and Dias, 2024), which has a maximum thickness of 18%. That same study provides
a dataset for the smooth baseline wing at a comparable Reynolds number which allows for

a direct data comparison.

The tubercle geometry was based on Fernandes et al. (2013), who reported that their
0.13A0.2W configuration was optimal. 0.13A corresponds to an amplitude of 0.13 - ¢, and



24

0.2W to a wavelength of 0.2 - ¢. Ensuring that the sinusoidal leading edge started and ended
at zero amplitude at both wingtips to avoid asymmetries by the walls, the wavelength was
adjusted such that there would be a mirror symmetry, as well as both ends having opposite

slopes starting from zero. The equation defining the leading edge was therefore shifted to:

Z'TL"N'Z) )

b

where (Ax,g) is the chordwise position that traces the sinewave, (z) being the spanwise

Ax;p(2) = A- sin(

coordinate, (A) being the amplitude (zero-to-peak), (N) the number of full waves across the

span, and (b) being the wingspan.

This was done to both reduce aerodynamic wall effects, and to retain structural rigidity of
the wing, as the strength of the resin was uncertain when experiencing forces equalling those
experienced at the wind tunnel during testing. This yielded 8.5 wavelengths across the span,
with a corresponding wavelength of 29.41mm, or 0.196-c¢, which is approximates

Fernandes value to within 2%.

It is important to note that the geometry was founded based the literature rather than as a
configuration optimised for its operating conditions. As established in Section 2, the effect
of the tubercles depends strongly on the airfoil profile and the Reynolds number, meaning
that an optimum found for one configuration does not correspond to another. The Fernandes
geometry was selected because it represents a documented and experimentally tested
configuration, providing a defensible basis for the modified wing, and acknowledging that

it may not be optimal for the NACA 4424 at the present Reynolds number.

Both the baseline and the tubercled wing geometries were designed in SolidWorks using the
surface feature, and manufactured using stereolithographic 3D printing, using a Wiiboox
Light 2808 printer with Anycubic Eco UC Clear photopolymer resin at a layer height of 0.05
mm. Due to the complex geometry, the tubercled wing had to be thickened outwards by 1
mm, resulting in a 2 mm total discrepancy in overall chord length. The locations of the
pressure tap locations were therefore shifted to their true chordwise tap locations. 3D
printing was selected because it was the only practical means of producing the geometric
complexity that was demanded of the tubercled wing, and more critically, the internal
pressure channels inside of the wing. The models were oriented on the build plate with the

pressure taps facing away from the build plate to avoid the risk of material obstruction in the
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thin channels. The wing geometry was exported from SolidWorks CAD models to STL

format at the highest available resolution to minimize surface imperfections.

The complexity of the geometry made successful printing extremely challenging. Of
approximately 30 attempts made, each requiring a full day to print, only two sets of each
wing were successfully printed. Following the printing, the flow of each pressure tap was
tested using a compressor, by passing air through the channels ensuring that the tubes were
not obstructed by residual resin or support material before testing. The pressure taps size was
tested using drill bits to find that they were about 1.2 mm in diameter. The pressure taps
being this large is an acknowledged limitation, since pressure taps being too large compared
to the chord, the measured pressure represents an average pressure over the tap opening,
rather than a point-source value. This represents itself as a smoothing of the pressure
distribution and reduce the magnitude of the suction-peak, as well as introduce local

boundary-layer effects which can affect downstream tap readings.

The models were tested in their printed state, without sanding or surface finishing. This was
a deliberate decision, since post processing by sanding risked the obstruction of the pathways
of resin dust. The channels were so narrow that the risk of obstruction, combined with the
low successful print yield led me to trade the precision of the measurements for a successful
experiment. The resulting surfaces showed small but perceptible lines due to the faceting of
the exported STL files. The additional surface roughness is an acknowledged limitation,
since at low Reynolds numbers, surface roughness can promote premature transition of the
boundary layer and thereby influence the development of separation and stall (McCullough
and Gault, 1951). Despite this limitation, this allowed for both models to be tested at identical
surface conditions. Any influence of the printed finish therefore applies equally to both, so
that the comparison between baseline and tubercled wings remain valid even if the absolute

pressure values are affected.

3.3 Pressure Tap Placement

The surface static pressure was measured through small taps normal to the surface of the
wings, leading to internal channels inside the wing which led through a small hole between
two mounting holes in the mounting plate of the wind tunnel. These holes were attached to

the manometer tubes using thin brass tubes that were fitted into the 3D print itself. The
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number and placement of the taps determine the resolution of the measured pressure
distribution and therefore the flow features that can be described. The layout was designed

with both the flow physics and physical constraints in mind.

The baseline wing taps were placed at six chordwise locations, namely 3.333%, 10%, 20%,
30%, 40% and 63.333% of the chord line on both the upper and the lower surfaces, giving
twelve taps in total. The stations were concentrated toward the leading edge, where the
suction peak and the largest chordwise pressure gradients take place, and where the onset of
separation can be detected. Coverage was sparser toward the mid-chord, and no taps were
placed beyond the 63.333%, as this is where the pressure distribution is most predictable.
The upper surface pressure taps were staggered spanwise by 10 mm gaps starting with the
63.333% location at 100 mm from the left edge, 40% at 110 mm, and so on, while being
reversed on the lower surface, with 3.333% starting at 100 mm from the left edge and so on.
The taps were kept as close to the central span as possible to avoid the wall effects from

interfering with the data.

The staggered arrangement’s main purpose was to ensure measurement quality, making sure
that no taps lay directly downstream of another on the same streamline since they can present
small surface disturbances that can adversely affect the local boundary layer. By creating
this spanwise offset, the flow contamination for other taps was minimised. Since the baseline
section has a constant profile, the flow over the central span can be assumed to be nominally

two-dimensional so that the taps can be considered to sample the same sectional pressure

field.

On the tubercled wing, the taps were located at three chordwise locations on the top and
bottom surfaces, at both peaks and troughs, at 3% 10% and 40% of the chord, giving 12 taps
in total. Determining the pressure at both peak and trough was the central purpose of the
tubercled measurements, as it captures the spanwise-varying flow that distinguishes a
tubercled leading edge from a smooth one, which has been rarely measured experimentally.
The peak and trough taps were placed at differing spanwise locations, each placed at a crest
of a peak or base of a trough. The staggered tap placement approach was utilised for the
same reasons as the baseline. Since the peaks and troughs sample at different spanwise
locations, the comparison between them relies on the assumption that the successive peaks
and troughs behave equivalently, meaning that the spanwise periodic flow behaves

equivalently, and repeats from one wave to the next. The assumption of spanwise periodic
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behaviour is consistent with flow behaviour reported in the tubercle literature mentioned in

Section 2.

The number of taps was constrained primarily by the wind tunnels mounting plate. The
model was secured by two bolts whose spacing left approximately 45 mm of usable width
for the taps and their connecting tubes. This finite space, as well as the size of the manometer
tubing restricted the number of taps that could be placed side by side. The layout described
the densest instrumentation realistically achievable within the space constraint, as well as by
the strength of the material, as slight strain on the tubing could compromise the structure of
the thin internal tubing. The taps were therefore concentrated over the forward portion of the
chord, where the suction peak and the steepest pressure gradients, and influence of the
tubercles were more pronounced, at the expense of coverage over the rear of the section, due

to its predictability mentioned earlier in this section.

The three chordwise locations were nearly identical between the two geometries, with the
exception of the tubercled leading-edge tap, where the earliest baseline tap location being at
3.333% of the chord, while the earliest leading edge tap for the tubercled wing was placed
at 3% of the chord. These nearly identical locations provide the principal basis for the direct

comparison of the baseline and tubercled pressure distributions.

3.4 Wind tunnel facility & experimental arrangement

The experiments were conducted in an open-circuit wind-tunnel, which draws air from the
laboratory and exhausts it outside of the building. Flow conditioning is provided by a
contraction ratio of 16:1, preceded by a single honeycomb section and five turbulence
reducing screens. This arrangement is characteristic of tunnels designed to deliver uniform,
low-turbulence flow to the test section. The free-stream turbulence of the wind tunnel has
been measured prior to this study using the same wind tunnel, which had a reported value of
T, = 1.1%, which was tested across the entire range of speeds of the wind tunnel. This
moderate level of free-stream turbulence is relevant to the interpretation of the results since
the stalling and laminar-separation behaviour that is characteristic of low Reynolds numbers

are known to be sensitive to free-stream turbulence, which was discussed in Section 2.
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The test section has a rectangular cross section, measuring 400 mm high, and 250 mm wide.
The flow speed is controlled by a fan with pneumatic variable pitch control, which allows
for repeatable adjustments for the free-stream velocity. Although the tunnel is capable of a
maximum velocity of 30 m/s, the tests were conducted at 25 m/s, since the fan could not
reliably sustain maximum speeds for the periods of time required by the experiment. This
velocity corresponds to a chord Reynolds number stated in Section 3.1, and was held

constant across all tests, with a velocity uncertainty of approximately +0.5 m/s.

The wing model spanned the entire 250mm width of the test section and was mounted on
one side, such that the angle of attack could be set about a spanwise axis. With a chord of
150 mm in a test section 400 mm in height, the model presents a frontal area blockage of
approximately 9% at zero incidence. This lies within the range of 1-10% of frontal-area-to-
test-section ratio commonly employed in wind tunnel testing, although towards the upper
limit and above the typical value of about 5% (Barlow et al. 1999). Simple blockage
corrections are reliable only when the model is small relative to the test section, meaning
that higher blockages, the tunnel walls distort the flow more substantially and such
corrections become less dependable (Barlow et al. 1999). Because the wings projected area
grows as angle of attack increases, the effect is most significant in the near- and post-stall
regime. No blockage correction has been applied to this work, and the blockage effect is
therefore acknowledged as a limitation most significantly affecting the near- and post-stall
regimes. It is worth noting however, that both wings were tested in the same tunnel, at the
same chord and span, such that the blockage effect applies almost identically to wings. The
comparison between the two geometries, which is the central concern of this study, is

therefore largely unaffected, even though values may be influenced at high angles of attack.

3.5 Instrumentation & Data Acquisition

The measuring instruments that were used in this experiment included a pitot-static tube,
which, when connected to a digital micromanometer (DP Measurement, Buckingham),
accurately gave a digital free-stream velocity reading. It does this by measuring the
difference between the total and static pressures, or the dynamic pressure, from the free
stream via Equation (2). The autozeroing feature help measurements consistent while the

digital display provided an accurate reading of the free-stream velocity during testing.
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The surface and wake pressure measurements were observed using an inclined well-type
multi-tube manometer (T.E.M Engineering Limited, Crawley, Sussex, Serial No. M1914),
which contained 36 tubes inclined at 55° from the horizontal axis, and filled with water. The
36 tubes were sufficient to accommodate all the wings surface taps and wake-rake tubes
simultaneously, such that every pressure at a given test condition was registered against a
common datum for each measurement. The free-stream static pressure used as the reference
for the pressure coefficient in Equation (3) was taken from the undisturbed tubes of the wake

rake described in Section 3.1.

Before testing, the ambient air temperature and atmospheric pressure, and relative humidity
were recorded to determine the air density used in the calculations for dynamic pressure and
Reynolds number. The tubing to the pressure taps were also inspected prior to testing.

Hearing protection was used during testing due to the sound of the fan.

The data was recorded photographically. At each angle of attack, the angle was recorded by
photographing the mounting plate, the free-stream velocity was checked on the
micromanometer, and the full set of multi-manometer tubes was photographed, before
moving to the next angle. Recording the manometer photographically allowed for all 36
tubes to be captured immediately, which avoided values to drift between recording the first
and last values. The settings on the digital device were altered to ensure good quality
photographs such that they could be reliably interpreted, and multiple photographs were
taken if the brief post-photo analysis generated suspicion of a poor reading. The tube levels
were then read from the images and inserted into a spreadsheet, in which the data reduction
described in Section 3.7 was performed. The reduced data was then directly read by

MATLAB for the generation of the figures presented in the Results section.

3.6 Test Matrix

Table 1. Test Matrix

Regime Angle of attack (°) Interval
Pre-stall 0,2,4,6,8,10,12 2°
Stall region 12,13, 14, 15, 16, 17, 18, 19, 20 1°
Post-stall 20, 22, 24, 26, 28, 30 2°
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Both the baseline and the tubercled geometries were tested over the same range of angles of
attack, from 0° to 30°, at a fixed free/stream velocity of 25 m/s. Instead of stepping the angle
of attack uniformly, the spacing was varied to concentrate measurements where flow
behaviour was expected to change the most. From 0° to 12°, the flow was expected to remain
attached and the pressure distribution to vary smoothly. The stall region, being 12° to 20°,
the angle incrementation was changed to 1° steps to improve the resolution of the collapsing
suction peak, onset of separation, and the difference of the two configurations behaviour as
they stall. After 20° the intervals were again changed to 2° steps, up to 30°, as the wing
behaviour is not expected to change dramatically this deep into their stall angles. The
complete set of test angles is displayed in Table 1. It is worth noting that the tubercled
measurement which was supposed to take place at 24° was accidentally measured at 23° but

is reported at its true value in the analysis of the results.

This distribution allocates the highest resolution to the stall region, which is the primary
interest to this study, while subjecting the attached and fully separated regimes to a coarser
analysis. As noted in Section 3.4, the blockage effect is most pronounced at the highest
angles of attack which affects the readings for those angles, both tests were made under

identical conditions, making the comparison between the two configurations valid.

3.7 Data-reduction & Measurement Uncertainty

This section describes the data reduction method used to achieve the final pressure
coefficient values from the raw data, introduces the effects and implications of uncertainty

in the measurements, and expresses limitations identified in the experiment so far.

3.7.1 Data-reduction

The raw data was recorded during testing consisted of manometer tube levels, angle of
attack, free-stream velocity, and ambient temperature and atmospheric pressure. They were
recorded in the units of their respective instruments: Tube levels in centimetres, temperature
in degrees Celsius, and atmospheric pressure in millibar, which were converted to SI units

during their respective calculations made in Microsoft Excel.
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For each tap at each angle of attack, the surface pressure relative to the free stream was
obtained through the process mentioned in Section 3.1. The tube level, measured along the
include tube relative to the 50 cm datum, was first converted to vertical height via the
inclination angle, and then to pressure relative to atmospheric in Equation (5). The free-
stream static pressure was obtained through the undisturbed wake-rake tubes was subtracted
to give the pressure relative to free stream. Dividing by the free-stream dynamic pressure,
by means of Equation (2), yields the pressure coefficient. Combining these steps, the

pressure coefficient at each tap may be written as:

PL 9" sin(@) ' (ltap - lref)
(1/2) *Poo Vooz

where liqp and l,.r are the manometer column lengths for the tap, and the free-stream

C,=1+ ®)

reference respectively. The remaining symbols are defined previously. The free-stream

density is determined by the ideal gas law:

__ Patm

Po = o )

Using the measured atmospheric pressure (pq¢,) and temperature, with R being the specific

gas constant for air. Because the manometer column lengths, inclination angle, liquid
density, and dynamic pressure are all common to every tube, the pressure coefficient, in
practice, depends on the difference in column lengths between the tap and the reference

scaled by the inclination factor.

The baseline configurations chordwise pressure distribution was integrated to obtain the
approximate sectional normal-force coefficient by the trapezoidal rule of Equation (6),
where the limitations of the chordwise tap coverage was already noted. The reduced data
was tabulated and the resulting pressure distributions and coefficients generated as described

in Section 3.5.

3.7.2 Uncertainty

The uncertainty of the pressure coefficient arises from several independent factors, the most
significant of which is the resolution of the manometer. Each tube level can be read to the
nearest 0.1 cm. Since the pressure coefficient depends on the difference between the tap and

the free-stream reference, the reading uncertainty of both contribute, and the uncertainty of
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their difference is larger than that of a single reading. As the free-stream reference appears
in every pressure coefficient, its uncertainty applies across the whole distribution rather than

varying from tap to tap.

Further contributions come from the free-stream velocity measurement, which appears in
the dynamic pressure in the denominator of Equation (8), and was kept within the £0.5 m/s
window, and from the density, which depends on the measured temperature and atmospheric
pressure. The angle of attack, which was set and read manually on the mounting plate
showed 1° increments, carries the uncertainty of approximately +0.5°. This uncertainty is
more important near stall where the pressure distribution changes rapidly with each

increment, where the precise angle in which stall occurs is also about 1°.

3.7.3 Limitations

Many limitations have been identified regarding the interpretation of the data in the previous
sections and will be summarized here. The blockage effects, being uncorrected in this work
become significant at high angles of attack, mentioned in Section (3.4), which can inflate
surface pressure values (Barlow et al. 1999); the surface roughness of the wing may
influence the boundary layer behaviour (Section 3.2), and reduce surface pressure values by
inducing separation; the pressure measurements being limited in resolution due to the 6-tap-
max per surface, mentioned in Section (3.3); the diameter of the pressure taps (Section 3.2)
can reduce the resolution of the pressure distribution by averaging the pressure over the
opening. In addition, the multi-manometer readings only register snap-shot readings, rather
than time dependent flow phenomena. The present measurements therefore characterise
peak-flows, as the data acquisition method involved taking photos as pressures reached their
peaks when fluctuations occurred (Section 3.5), and cannot address unsteady effects such as
aerodynamic hysteresis discussed in Section 2. The limitations, however, apply comparably
to both wing geometries, such that the central aim of this study, being the comparison

between them, is preserved.

As briefly mentioned in section 3.2, the chord of the tubercled wing was 2mm longer than
the baseline wing resulting in a 1.3% increase in the Reynolds number. This has not been

compensated for in the results and is acknowledged as a limitation.
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4 Results

This section presents surface pressure measurements obtained from the baseline and
tubercled wings. The baseline distributions and their validation are presented first, followed
by the baseline stall behaviour and lift, the crest and trough distributions of the tubercled
wing, and a direct comparison between the two geometries. The section concludes with an

assessment of the measurement uncertainty.

4.1 Baseline pressure distribution

The measured surface pressure distributions for the baseline NACA 4424 are shown in
Figure 1 for selected angles of attack spanning the attached, pre-stall, and post-stall regimes.
The distributions show the characteristic features expected of a cambered airfoil, providing

confidence that the measurement and data handling captured surface pressures correctly.

Baseline NACA 4424 - Surface Pressure Distributions
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Figure 1 — Baseline NACA 4424 Surface Pressure Distributions
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At zero incidence, the upper and lower surface distributions resemble each other, showing
very small differences between the upper and lower surface pressure coefficients, and
therefore low lift. As the angle increases to 6°, the two curves show a clearer sign of lift as
the difference between the pressures becomes more apparent, with the largest difference near
the leading edge. This increasing difference in pressure is a direct representation of

increasing lift with an increasing angle of attack.

On the suction surface at 6° and 12°, a distinct suction peak is observed at the 10% taps
(Figure 2), where the pressure coefficient reaches its most negative values of about -2.0 and
-3.0 respectively. For both, the leading edge tap at 3.33% reads slightly less negative while
the pressure recovers towards the trailing edge. As the angle increases (16°, 20°), the suction
peak improves, and moves towards the leading edge, with the most negative pressures now
present at the first (3.33%) tap, at -3.75 and -4.5. The suction peak at 16° is substantially

greater than at 6° which is a hallmark of increasing lift.

Suction-surface C, progression with angle of attack
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Figure 2 - C, Progression

The difference between the upper and lower surfaces increases through to 20° (Figure 1), up
to 26° (Figure 2) where the upper surface pressures are larger than that of the preceding
angles. Beyond this, however, the distribution of the pressure coefficient collapses
completely, clearly indicating flow separation, and thus displaying the loss of lift via stall

(at 28°). A clearer resolution of when stall occurs is displayed in Figure (2), where we see a
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direct comparison between the suction surface pressure coefficient distributions of
increasing angles of attack. The upper surface contains the information that indicates
pressure drops, indicating separation trends. Figure 2 therefore shows a higher resolution of

where separation, and therefore stall, begins to occur compared to Figure 1.

4.2 Baseline stall behaviour and lift

The development of the suction peak with angle of attack is displayed in Figure (3), shown
below. This graph plots the most negative upper surface pressure coefficient with its
respective angle of attack. The peak suction increases steadily and approximately linearly
with increasing angle, from approximately -1.09 at 0° to -3.97 at 18°. A small reduction in
peak suction occurs at 19° where the magnitude decreases from -3.97 to -3.88 before
resuming the trend preceding it. The peak suction continues to approximately -5.0 at 26°,
after which there is an abrupt collapse at 28°, where the suction peak value drops to -1.09.

This collapse can be seen in Figures 1-2.
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Figure 3 - Suction Peak vs AoA

The approximate normal-force coefficient, C,, obtained through the integration of the
difference between the pressure coefficient distributions is shown below (Figure 4). The
normal coefficient increases steadily from 0° to 12°, where the trend diminishes slightly. At

17° the trend reaches a plateau which extends to 26° before total collapse at 28°, where the
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value drops to approximately 0.8, consistent with the collapse of the suction peak. The
maximum normal coefficient value at 20° is comparable to the maximum lift coefficient
reported for the same airfoil at a similar Reynolds number by de Almeida and Dias (2024),

which is marked as a red dot in Figure (4).
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Figure 4 - Cn vs AoA

4.3 Tubercled pressure distributions (crest vs trough)

The surface pressure distributions measured at the crest and troughs are compared in Figures
(5) and (6) for the upper and lower surfaces respectively at the selected angles of attack. The

two spanwise locations are plotted on common axes to show direct comparison.
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Tubercled NACA 4424 - Crest vs Trough (Upper Surface)
a = 0° (upper) a = 6° (upper)
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Figure 5 - Upper surface suction comparison (Crest vs Trough)

The upper surface (Figure 5) crest and trough distributions show clear differences in their
respective pressure coefficients, especially in the leading edge, and converge as they
approach the trailing edge. At 6°, the trough shows strong leading-edge suction with a
pressure coefficient of approximately -2.95 at the 3% tap, while the crest pressure coefficient
displays a value very close to zero. This represents the largest crest-to-trough difference
observed across that range of angles. At higher angles, the difference continues but reduces
in magnitude. At 16°, the leading-edge suction is approximately -2.5, while the crest has a
value of about -0.5. At 26°, the trough continues to show a higher value, -2.4 than the trough
value, -0.9. At this range of angles, the trough pressure coefficient shows stronger leading-

edge suction than the crest.

On the lower surface, the crest and trough distributions are far more alike in comparison to

upper surface pressure distributions (Appendix 2).

The evolution of the leading-edge suction against angle of attack is shown for both locations
in the figure below (Figure 6). The trough leading-edge suction is consistently more negative

than the crest values throughout the entire range of measured angles. The trough suction is
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at its strongest at moderate angles of attack before reducing, while the crest leading-edge

pressures remain stable, but low in comparison.

35 Leading-edge suction: crest vs trough
e T T T T

—&6— Crest (upper, 3%)
—&— Trough (upper, 3%)

05 1 1 1 1 |
0 5 10 15 20 25 30

Angle of attack a (°)

Figure 6 - Leading edge suction. Crest vs Trough comparison

The difference between upper surface the crest and trough pressures is shown directly in

Figures (7) and (8):

3 Spanwise pressure difference (crest - trough)
T &) T T T T
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Figure 7 - Spanwise pressure differences for the chordwise taps
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Crest-minus-trough difference along the chord

251
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- trough (upper)

AC, = crest

-0.5 !

chord station (%)

Figure 8 - Crest minus Trough difference along the chord

Figure (7) presents the Crest minus Trough difference:

ACp = Cp,Crest — Up,Trough (10)
At each chordwise tap as the angle of attack progresses. At the 3% tap, the difference is
considerably large and positive, reaching a maximum of approximately +2.9 at 6° and 8°,
and decreases at higher angles. The difference at the 10% taps follows a very similar trend,
but with lower magnitudes, reaching a maximum difference at 8° of about +2.26. The 40%
chordwise taps however show comparatively small differences which diverge maximally
from zero at 12°, earning a maximum difference of -0.61. Figure (8) on the other hand shows
the same difference along the chord at the same angles displayed in Figures (5), displaying
maximum crest minus trough difference at the leading edge, and converges towards the 40%

tap, having the largest difference at 6°.

4.4 Baseline versus tubercled wing comparison

The upper surface pressure coefficients of the baseline wing and the tubercled wing at the
crest and trough locations are compared in Figure (9) at the three nominally common chord

stations (3%, 10%, and 40%), which are plotted against angle of attack. The baseline and the
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tubercled taps have slightly different (x/c) locations but are used comparatively. The small

difference in location is not accounted for in the comparison and is simply displayed as 3%.

Baseline vs Tubercled (crest & trough) - upper surface, by chord station
~ 3%chord ~ 10% chord

[—e— Baseline |
—g— Crest -4
Trough

~ 40% chord

-5 -4.5

Cp (upper)

0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Angle of attack o (°) Angle of attack a (%) Angle of attack a (°)

Figure 9 - Comparison - Baseline vs Tubercled Crest & Trough

At the leading-edge tap, the baseline wings pressure coefficient sits between the crest and
the trough at angles below 12°, then extends beyond the troughs pressure coefficient is
comparatively higher for the baseline wing, achieving peak negative pressure coefficient
values of -5 at 26°. When comparing the crest and the troughs, we see that the trough exhibits
higher pressure coefficients across the entire range of angles as discussed in 4.3, hits a peak
value of -3.2 at 8°, and drops to a plateau near -2.5 for the remainder of range. The crests
pressure coefficients remain weak in comparison to the rest, while rising gradually with

angle.

At the to 10% taps, the system exhibits similar behaviour to the leading-edge taps, with the
trough pressure values achieving a maximum at 8° with a value of -2.84, slowing down
slightly at 10° with a value of -2.78, before dropping to a plateau similar to the 3.33% taps.
The baseline crosses the boundary of the trough pressure coefficient trend at 12°, while the
crest remains weak in comparison to both. A single trough reading at 18° shows a remarkable

difference to the expected trend, which will be explored further in the discussion in Section

(5).

The 40% tap position exhibits less systematic behaviour compared to the tap readings nearer
to the leading edge. They all show an initial upwards trend, but then begin to show

considerable scattering beyond 15°, where the curves cross over each other repeatedly.
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4.5 Uncertainty and limitations

The measurements for the pressure coefficients contain uncertainty from several sources.
The manometer columns have a read-resolution of approximately 0.1 cm, as each pressure
coefficient depends on the difference between a tap reading and the measurement reading.
This corresponds to an uncertainty of C,, of approximately +0.015. The freestream velocity,
being held at 25 +0.5 m/s, which was initially recorded with a micromanometer with a
reading accuracy of +£0.05 m/s. The free-stream velocity affects the pressure coefficients
through the dynamic pressure, since the velocity is squared, the +0.5 m/s velocity
uncertainty produces roughly twice that of the initial uncertainty, equalling to 4%
uncertainty. Since this appears in the denominator of the pressure coefficient calculation, it
results in a 4% uncertainty in its value. As a percentage uncertainty, its absolute size grows

with the increased magnitude of C,. For example, when C,, is around -1, its uncertainty is

approximately +0.08, or when C,, is found to be -4, the uncertainty is +0.2:

AC, = 0.04-|C, — 1 (11)

Above 15°, the surface pressure became unsteady with the manometer columns fluctuating

by 1 cm, which corresponds to a C,, uncertainty of approximately +0.2.
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5 Discussion

This chapter interprets the results presented in Section 4 and considers their significance.
The validity of the measurement method is first assessed, then, the baseline stall behaviour
the spanwise variation introduced by the tubercles, and the comparison between the two
wings are discussed and related to the existing literature. The chapter closes by considering

the broader limitations of the study.

5.1 Validation of the measurement method

Two lines of evidence that support the measurement and data-reduction procedure must be

mentioned before the tubercle measurements are interpreted.

First, the baseline pressure distributions exhibit the features expected of a cambered airfoil,
showing distinct leading-edge suction peaks on the upper surface that strengthens and
migrates forward with increasing angles of attack, and a lower surface-pressure that
approaches the stagnation value near the leading edge, and progressive pressure recovery
near the trailing edge. The forward lower-surface tap approached a pressure coefficient of
+1 at the angles where stagnation was expected, which is consistent with the theory. The
form of the distributions and the correct recovery of the stagnation curve on the lower surface
indicate that the sign convention, reference treatment and the conversion of the manometer

readings to pressure coefficients were applied correctly.

Second, the magnitude of the loading is consistent with the independent published data for
the same airfoil. The maximum approximate normal-force coefficient obtained in this paper,
is close to the maximum lift coefficient reported by de Almeida and Dias (2024) for the
NACA 4424 at a comparable Reynolds number. This should be regarded as approximate
rather than exact, as the present value is an approximate normal-force coefficient roughly
integrated over the chord, while de Almeida and Dias obtained lift coefficients from direct
force-balance apparatus. The closeness of the maximum values is therefore partly fortuitous.
Nevertheless, the present measurements find peak loading of the correct order of magnitude
on the same airfoil, providing a reasonable confidence that the method produced sensible

results in the attached-flow regime.
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The validation applies mostly to the low and moderate angles of attack, where flow is
attached and the measurements are least affected by the unsteadiness and blockage effects
discussed in Section (5.2). At high angles of attack, the absolute values are less reliable, and
the agreement with the data provided by de Almeida and Dias is correspondingly weaker, as

reflected in the discrepancy in the apparent stall angle.

5.2 Baseline stall behaviour and stall angle discrepancy

The baseline measurements show the suction peak growing steadily with angle of attack to
-5.0 at 26°, before collapsing to -1.3 at 28° (Section 4.2). On this basis the baseline wing
appears to stall between 26° and 28°. This is considerably higher than the stall angle of
approximately 14° reported for the same airfoil at a comparable Reynolds number by de

Almeida and Dias (2024).

The discrepancy of more than 10° is substantial and is unlikely to represent the true
aerodynamic properties capture by the present experiment. It is plausible, therefore, that this
is an artifact of the limitations mentioned in Section (3.7), which can overstate the pressure

distribution in the high-angle regime.

There are two main effects that are of most relevance. First, the frontal area-blockage of
approximately 9% at zero incidence increases as the angle of attack increases, since the
project area of the models’ cross section grows. The resulting constriction of the test section
artificially accelerates the flow over the model beyond that of the nominal free-stream
velocity (Barlow et al. 1999). This effect is naturally highest at greater angles, where the
apparent stall delay occurs. Secondly, the surface pressures became unsteady as the angle of
attack was adjusted beyond 15°, and because the readings were recorded as they reached
their peaks rather than their time-averaged values. This introduced a bias towards stronger
observed suction. Both effects affect the results in the same direction, inflating the measured
suction at high angles and allowing the suction peak to grow beyond that of the expected
stall region. Consistent with the unreliability of this regime, the suction peak data showed
some irregularity at 19° (Section 4.2), where the peak suction briefly dropped before

resuming growth.
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It is therefore likely the case that the true stall angle of the baseline wing is considerably
lower than observed in this study. As reported by de Almeida and Dias, (2024), the true stall
angle of this profile is closer to 14°, rather than the 26-28° observed in this experiment. The
present facilities do not permit the true stall angle to be determined precisely in this case,
and the stall delay should not be interpreted as a performance characteristic of the wing in

these conditions.

5.3 Tubercle effect: crest vs trough interpretation

The most pronounced feature of the tubercled wing measurements is the strong difference in
the surface pressure between the crest and the trough on the upper surface, particularly near
the leading edge. At 6°, the trough exhibited strong leading-edge suction (C, =
—2.95 at 3%) while the crest at the same chordwise location remained almost unloaded
(Cp, = —0.06). The difference being largest at the leading edge at moderate angles of attack

and diminished towards the 40% at higher angles.

This behaviour indicates that the tubercles create a substantial spanwise variation in the
leading-edge pressure coefficient, rather than having a uniform loading spanwise established
by the unmodified baseline wing. The trough carries a strong leading-edge suction
comparable to, and at some angles exceeding that of the baseline, whereas the crest carries
very little. This suggests that the crest and the trough perform different roles in the modified
flow, with the trough acting as a strongly loaded near the leading edge, and the crest, while
contributing very little, allow for the spanwise behaviour to vary. The strong spanwise
pressure variation is consistent with the tubercles redistributing the flow spanwise rather

than scaling the loading uniformly.

The directional flow redistribution is supported by various studies. Fernandes et al. (2013)
report stronger suction along the trough than along the crest across a range of angles of
attack. Sathyabhama and Sreejith (2022), using surface pressure at both crest and trough
locations using numerical simulations, similarly found that the suction peak became stronger
along the trough and weaker along the crest. Zhang et al. (2013) report disturbance of
spanwise flow caused by the leading edge of the wing, while Wang et al. (2021) attributed

stronger trough loading to a flow-acceleration effect at the trough of the wing. The present
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measurements are therefore consistent in direction with both numerical and experimental

studies in the literature.

The magnitude of the crest-to-trough difference observed here is, however, considerably
larger than that reported by Sathyabhama and Sreejith (2022), whose crest and trough suction
peaks showed only modest differences. This noticeably discrepancy between the data may
be attributed to the low Reynolds number explored in the paper compared with the current
study, as well as the difference in geometries of the tubercled wings. The limited chordwise

resolution present in this study must also be considered.

The present measurements characterise the spanwise variation only over the forward portion
of the chord, as the tubercled wing was observed up to only 40% of the chord. The leading-
edge spanwise variation observed here may have influenced the flow further downstream,
for example, through the vortex behaviour and the spanwise flow reported in the studies
above, but the present experiment did not extend far enough towards the trailing edge to
explore this. The limited resolution therefore prevents the development and collapse of the
pressure distribution to be captured in enough detail to observe such behaviour. The findings
are therefore confined to the forward-chord spanwise observation, and the downstream

consequences remain beyond the scope of the present data.

5.4 Baseline vs tubercled comparison robustness

The comparison at the common tap locations (x/c) along the chord (Section 4.4) shows that,
at low angles of attack, the baseline pressure coefficient lies between the crest and the trough
of the tubercled section. This indicates that the tubercles redistribute the leading-edge
pressures spanwise, with the trough more strongly loaded than the crest, compared to the
uniform loading experienced by the baseline wing. This changed as the angle grew beyond

12°, where the baseline suction peak overtook that of the tubercled trough tap.

The central consideration in the interpretation of this comparison is that the two wings were
tested under identical conditions. The systematic effects that limit the absolute accuracy of
the measurements, like the blockage effect and the high-peak measurement capture are
therefore the same on both wings. While these effects compromise the absolute pressure

values, they are common to both configurations, which largely cancel out when ensuring
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pure comparison between the two. The comparison is therefore more robust rather than the
observations of their recorded values alone, and the spanwise redistribution identified here

is not an artifact of the measurement limitations.

The interpretation of the comparison is nonetheless subject to the same scope limitations
noted in Section (5.3). The comparison is confined to the three forward chord tap locations,
and the behaviour beyond the 40% chord, where the consequences of the spanwise
redistribution could be expected to develop, was not captured. The increased scatter of the
measurements above 15° also limits the confidence of the interpretation of the comparison

between the two sections.

5.5 General limitations

Beyond the measurement uncertainties and the limitations discussed in the previous sections,

several broader limitations apply to this study as a whole.

The fundamental idea of this paper concerns the biological premise of the tubercle concept.
The wings studied and referred to in this work, are all rigid in nature, whereas the humpback
whale flipper that inspired this field is a flexible structure. Testing a rigid model is reasonable
and a largely necessary simplification, since a rigid wing is farm more practical to
manufacture, provides stable geometry for repeatable measurements, and avoids material
selection and deformation that would complicate both instrumentation and interpretation of
the results. The consistent use of these rigid models across the literature reflects this.
Nevertheless, this means that the present comparison between the baseline and the tubercled
wings characterises the tubercle effect on a rigid structure, which may not fully represent the

behaviour of a flexible structure like the wing of a humpback whale.

Practical considerations further constrain the application of the geometry. Tubercled leading
edges are more complex to manufacture compared to smooth-edged wings, which was
evident enough in the present study, where the complex geometry of the pressure taps and
the wavy edge of the wing was difficult to produce reliably. The troughs of the leading edge
also introduce geometric stress concentrations, which may have implications for material

fatigue in flexible or repeatedly loaded structures.
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Two further aspects limit the present comparison. The wings were tested in their as-printed
state, without controlled surface finishing, such that the surface roughness was not controlled
for and may differ between the two wings despite identical manufacturing. The difference
between the geometry of the crest and the trough may also be considered in this case, as
surface roughness may differ between them despite being a part of the same model, and that
excess surface roughness may affect the crest pressure readings more than the trough

pressure readings.

Further limitations concern the quantity used to characterise the wing loading. The surface
pressure instrumentation of this study provides the pressure distribution, from which
approximate normal-force coefficients, rather than lift coefficients, were obtained. The true
lift coefficient either requires integration of the pressure around the complete airfoil contour
and resolution of the resulting force perpendicular to the freestream, or direct force
measurements, neither of which were available. The limited chordwise tap coverage and the
absence of a force balance therefore constrained this study to an approximate normal-force

coefficient, indicating trends rather than precise measurements.
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6 Conclusion

This study presented an experimental investigation of the surface pressure distribution over
a baseline NACA 4424 wing, and its tubercled counterpart, compared at a chord Reynolds
number of approximately 2.5 - 10° using surface pressure measurement apparatus. The aim
was to characterise experimentally, the chordwise pressure distribution introduced by the
leading-edge tubercles at a low Reynolds number and compare it directly with a smooth

baseline.

The baseline wing exhibited pressure distributions expected from a cambered airfoil, with
its peak loading being consistent in magnitude with independently published data for the
same section, supporting the validity of the measurement method in the attached-flow

regime, with the understanding that some limitations may have supported the finding.

The principal finding is that the tubercles introduced strong spanwise variation in the
leading-edge tap pressures. The trough carried a strong leading-edge suction while the crest
carried very little, with the largest differences appearing near the leading edge and
diminishing in the mid-chord and at higher angles. In the comparison with the baseline, the
smooth wings loading lay between the crest and the trough at low angles, indicating that the
tubercles redistribute the leading-edge pressure distribution in the spanwise direction as
compared to its smooth-edged counterpart. The directional behaviour is consistent with
previous numerical and experimental studies. Since both wings were measured under
identical conditions, the comparison is robust to the systematic measurement limitation that

affected the absolute pressure values.

The study was subjected to several limitations. The measurements were affected by frontal-
area blockage of approximately 9% at zero incidence, was uncorrected, and increased with
angle of attack, with the addition of unsteady surface pressure values above 15° that were
recorded at their peak values. Together, these are likely to have caused the baseline wing to
appear to stall at considerably higher angles than data shown in previous studies. The
tubercled wing was limited to taps over only the forward 40% of the chord at two spanwise
locations, so the downstream development of the flow and the full spanwise behaviour could
not be resolved. The wings were tested in their as-printed state, and the loading was an

approximate normal-force coefficient rather than the true lift-coefficient.
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Several directions for future work follow from these limitations. Extending the chordwise
instrumentation towards the trailing edge and increasing the amount of spanwise tap
locations would allow for the downstream consequences of the leading-edge sinusoidal
protuberances to be resolved. A direct force measurement apparatus would provide true lift
and drag coefficients to complement the pressure data. Reducing the model size, testing in a
larger cross-sectional test section, or applying a blockage correction would improve the
reliability of the high-angle measurements. Improving the surface conditions of the wings
would also provide cleaner and more robust data. Finally, since the present study along with
all the literature mentioned used rigid models, the true behaviour of the flexible structure
from which the papers are inspired remains an open question whether the flexible tubercled
wing would exhibit different or enhanced behaviour, particularly during high-angle and

unsteadying manoeuvring regimes in which the humpback whale flipper actually operates.
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Appendix 1. Tap position visualisations

Figure 10 - Overview of baseline NACA 4424

Figure 11 - Top view of tubercled NACA 4424



Appendix 2. Additional graphs

Tubercled NACA 4424 - Crest vs Trough (Lower Surface)
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Figure 12 - Lower surface pressure comparison (Crest vs Trough)
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Figure 13 - Speculative Cn graph of tubercled wing



Appendix 3. Baseline NACA 4424 MATLAB code

% Baseline NACA 4424
% Reads raw manometer readings from the Excel workbook (sheet '27.04.26')
% & recomputes Cp using: Cp = K * (l_ref - 1_tap) + 1

% where:
% K = (rho_water*g*sin(theta)) / q_inf / 100 [per cm]
% 1_ref = undisturbed wake-rake reading (column S)

clear; clc; close all;

file
sheet

'WindTunnelTesting.x1sx"';
'27.04.26";

% Constants

rho_air = 1.192449; % kg/mA3

v_inf = 25; % m/s

g_inf = 0.5*rho_air*v_infA2; % Pa

rho_water = 998; % kg/mA3

g = 9.81; % m/sA2

theta = 55; % manometer inclination from horizontal, deg

K = ((rho_water*g*sind(theta)) / g_inf) / 100; % Cp per cm of (I_ref - 1_tap)
fprintf('g_inf = %.2f Pa, scaling factor K = %.5f per cm\n', g_inf, K);

% Tap positions for later use
xc = [5 15 30 45 60 95] / 150; % = [3.33 10 20 30 40 63.33] %

% Raw readings (ss - upper surface, us - upper surface)
% Column A - AOA

% Column B - atmospheric (datum) reading

% column S - undisturbed rake reference

% Ccolumn D - tap 1 (ss, 3.33%) % Ccolumn K - tap 7 (us, 3.33%)
% Ccolumn E - tap 2 (ss, 10%) % column L - tap 8 (ss, 10%)
% column F - tap 3 (ss, 20%) % column M - tap 9 (ss, 20%)
% Ccolumn G - tap 4 (ss, 30%) % Ccolumn N - tap 10 (ss, 30%)
% column H - tap 5 (ss, 40%) % Ccolumn O - tap 11 (ss, 40%)
% Ccolumn I - tap 6 (ss, 63.333%) % Ccolumn P - tap 12 (ss, 63.33%)

raw = readmatrix(file, 'sheet', sheet, 'Range', 'Al1:S31');

AOA = raw(:,1);

atmos = raw(:,2); % Col B
upper = raw(:,4:9); % Cols D-I
lower = raw(:,11:16); % Cols K-P
ref = raw(:,19); % col s

% create array where empty rows/columns arent considered if they are empty
valid = ~isnan(AoA) & ~isnan(ref);

AoA=AO0A(valid); atmos=atmos(valid); upper=upper(valid,:); Tower=Tower(valid,:);
ref=ref(valid);



% check for any big differences between atmospheric readings and freestream

% total readings

dref = max(abs(ref - atmos));

fprintf('Rake-vs-atmospheric reference agreement: max diff = %.2f cm\n', dref);

% Cp calculation to be applied

Cp_upper = K .* (ref - upper) + 1;
Cp_lower = K .* (ref - lower) + 1;
sel = [0 6 12 16 20 28];

figure('color','w', 'Position',[100 100 900 600]);

% display matrix

tiledlayout(2,3, 'TileSpacing', 'compact', 'Padding', 'compact');

for k = 1:numel(sel)
nexttile;
jdx = find(AoA==sel(k),1);
plot(xc, Cp_upper(idx,:),
plot(xc, Cp_lower(idx,:),
set(gca, 'YDir', 'reverse'); grid on; box on;
xTlabel('x/c'); ylabel('C_p');

'-0','Linewidth',1.4); hold on;
'-s','Linewidth',1.4);

title(sprintf('\\alpha = %dA\\circ', sel(k)));

if k==1, Tegend({'Upper (suction)', 'Lower (pressure)'},'Location', 'best', ' 'FontSize',8);

end
ylim([-5.5 1.51);
end

sgtitle('Baseline NACA 4424 - surface Pressure Distributions');

prog = [0 6 12 16 20 26 287;

figure('color','w', 'Position',[100 100 700 550]); hold on;

cmap = jet(numel(prog));

for k = 1:numel(prog)
idx = find(AoA==prog(k),1);
plot(xc, Cp_upper(idx,:),

'-0','color',cmap(k,:), 'Linewidth',1.5,...

'DisplayName',sprintf('%dA\\circ',prog(k)));

end
set(gca, 'YDir', 'reverse'); grid on; box on;
xlabel('x/c'); ylabel('C_p (upper surface)');

title('suction-surface C_p progression with angle of attack');

legend('Location', 'northeastoutside');

peakCp = min(Cp_upper,[],2);

figure('color','w',"Position',[100 100 650 4801);

plot(AoA, peakCp, '-o','Linewidth',1.6);
set(gca, 'YDir', 'reverse'); grid on; box on;

xlabel('Angle of attack \alpha (A\circ)'); ylabel('Peak (minimum) C_p');

title('Suction peak vs AoA');

nAngles = Tength(AoA);
Cn = zeros(nAngles, 1);
for i = l:nAngles
total = 0;
for j = 1:5 % 5 gaps between the 6 taps

% difference (lower - upper) at the two

ends of this gap



dl = cp_Tower(i,j) - Cp_upper(i,j);
d2 = cp_lower(i,j+1) - Cp_upper(i,j+1);
width = xc(j+1) - xc(3);
total = total + 0.5 * (d1 + d2) * width; % trapezoid area
end
cn(i) = total;
end

% find the maximum Cn and corresp. angle
CnMax = Cn(1l); CnMaxAoA = AoA(1l);
for i = l:nAngles
if cn(i) > CnMax
CnMax = cn(i);
CnMaxAoA = AoA(i);
end
end
fprintf('Baseline Cn max = %.3f at AoA = %d deg\n', ChMax, CnMaxAoA);

figure('color','w', 'Position',[100 100 700 520]);
plot(AoA, Cn, '-o', 'Linewidth', 1.7);

hold on;
plot(14, 1.41, 'o', 'Markersize', 6,
'MarkerFacecolor', 'r', 'MarkertedgeColor', 'r');

grid on; box on;
xlabel ('Angle of attack \alpha (\circ)');
ylabel('C_n'");
title('Baseline NACA 4424 - approximate 1ift');
legend('Baseline C_n (this study)',
'De Almeida & Dias (2024): c_{1,max}=1.41 @ 14\circ',
'Location', 'southeast');



Appendix 4. Tubercled wing MATLAB code

% Tubercled NACA 4424

% Reads raw manometer readings from Excel (sheet '27.04.26 Tub')
% and recomputes Cp using: Cp = K * (I_ref - 1_tap) + 1

% K = (rho_water*g*sin(theta)) / q_inf / 100 [Cp per cm]
% 1_ref undisturbed wake-rake reading, matched by angle

% - One point was measured at 23 deg (intended 24); kept at its true 23 deg.
clear; clc; close all;

file 'WindTunnelTesting.x1sx"';
sheet = '27.04.26 Tub';

%  Constants (991.9 mbar, 19.2 C)

p_atm = 99190; % atmospheric pressure, Pa

T_K = 19.2 + 273.15; % temperature, Kelvin

R_gas = 287.05; % gas constant for air, 3/(kg K)
rho_air = p_atm / (R_gas * T_K); % air density, kg/mA3

v_inf = 25; % freestream velocity, m/s

g_inf = 0.5 * rho_air * v_infA2; % dynamic pressure, Pa

rho_water = 998; % water density, kg/mA3

g = 9.81; % gravity, m/sA2

theta = 55; % manometer angle from horizontal, deg

K = (rho_water * g * sind(theta)) / q_inf / 100;
fprintf('rho_air = %.4f, g_inf = %.2f Pa, K = %.5f per cm\n', rho_air, g_inf, K);

% nominal chord stations (percent of chord)
xpct = [3 10 40];

% step 1: read the reference (rake) per angle
% angle in column A, rake in column R

rawAoA
rawRef

readmatrix(file, 'Sheet', sheet, 'Range', 'A7:A32');
readmatrix(file, 'Sheet', sheet, 'Range', 'R7:R32');

% step 2: read the organized data block
% column C = AOA.

% crest-upper (cu) : columns E F G
% trough-upper (tu) : columns J K L
% crest-Tower (c1) : columns O P Q

% trough-Tower (t1) : columns T U V
org = readmatrix(file, 'sSheet', sheet, 'Range', 'C39:V63');

AoA = org(:,1);
% reorganize data to make code easier

CU = org(:, [3 4 51);
TU = org(:, [8 9 101);



CL = org(:, [13 14 151);
TL = org(:, [18 19 20]1);

% keep only angles 0 deg and above
good = AOA >= 0 & ~isnan(AoA);

AOA = AoA(good);

CU = cu(good,:); TU = Tu(good,:);
CL = CL(good,:); TL = TL(good,:);

nAngles = Tength(AoA);

% step 3: find each angle's reference
ref = zeros(nAngles, 1);
for i = l:nAngles
for m = 1:Tength(rawAoA)
if rawAoA(m) == AoA(i)
ref(i) = rawRef(m);
end
end
end

% step 4: compute Cp for all four groups
Cp_CU = zeros(nAngles,3); Cp_TU = zeros(nAngles,3);
Cp_CL = zeros(nAngles,3); Cp_TL = zeros(nAngles,3);

for i = l:nAngles

for j = 1:3
Cp_cu(i,j) = K * (ref(i) - cu(,i)) + 1;
Cp_TU(i,j) = K * (ref(i) - TUG,F)) + 1;
Cp_CL(i,j) = K * (ref(i) - cL(i,j)) + 1;
Cp_TL(i,3) = K * (ref(i) - TL(i,3)) + 1;
end

end

% PLOT 1: crest vs trough - upper surface, selected angles
sel = [0 6 16 26];

figure('color','w', 'Position',[100 100 900 600]);
tiledlayout(2,2);
for k = 1:Tength(sel)
rowNum = 0;
for i = 1l:nAngles
if AoA(i) == sel(k)

rowNum = i;

end
end
nexttile;
plot(xpct, Cp_CU(CrowNum,:), '-o', 'Linewidth', 1.5);
hold on;
plot(xpct, Cp_TU(CrowNum,:), '-s', 'Linewidth', 1.5);
set(gca, 'yDir', 'reverse');
ylim([-3.5 1.5]); % shared axis so crest/trough differences are

grid on; box on;
xlabel('chord station (%)'); ylabel('C_p');
title(['\alpha = ' num2str(sel(k)) '\circ (upper)']);

comparable



xticks(xpct);
if k ==
Tegend('Crest', 'Trough');
end
end
sgtitle('Tubercled NACA 4424 - Crest vs Trough (Upper Surface)');

% PLOT 2: Crest vs Trough - lower surface, selected angles
9

figure('color','w',"Position',[100 100 900 600]);
tiledlayout(2,2);
for k = 1:Tength(sel)
rowNum = 0;
for i = 1l:nAngles
if A0A(i) == sel(k)

rowNum = i;

end
end
nexttile;
plot(xpct, Cp_CL(rowNum,:), '-o', 'Linewidth', 1.5);
hold on;
plot(xpct, Cp_TL(rowNum,:), '-s', 'Linewidth', 1.5);
set(gca, 'YDir', 'reverse');
ylim([-3.5 1.51); % shared axis so crest/trough differences are comparable

grid on; box on;
x1abel('chord station (%)'); ylabel('C_p');
title(['\alpha = ' num2str(sel(k)) '\circ (lower)']);
xticks(xpct);
if k ==
Tegend('Crest', 'Trough');
end
end
sgtitle('Tubercled NACA 4424 - Crest vs Trough (Lower Surface)');

% PLOT 3: Leading-edge (3%) suction vs angle, crest vs trough
% column 1 of each group is the 3% station

figure('color','w', 'Position',[100 100 680 500]);
plot(AoA, Cp_cu(:,1), '-o', 'Linewidth', 1.6);

hold on;
plot(AoA, Cp_Tu(:,1), '-s', 'Linewidth', 1.6);
set(gca, 'yDir', 'reverse');

grid on; box on;

xlabel('Angle of attack \alpha (\circ)');
ylabel('C_p at 3% chord (upper)');
title('Leading-edge suction: crest vs trough');
legend('Crest (upper, 3%)', 'Trough (upper, 3%)');

% PLOT 4: Crest-minus-trough difference vs angle (upper surface)

% positive value = crest has less suction than trough

dCp = zeros(nAngles, 3);
for i = l:nAngles



for j = 1:3
dcp(i,j) = cp_cu(i,j) - Cp_Tu(i,j);
end
end

figure('color','w", 'Position',[100 100 720 530]);
plot(AoA, dcp(:,1), '-o', 'Linewidth', 1.6);

hold on;

plot(AoA, dcp(:,2), '-s', 'Linewidth', 1.6);

plot(AoA, dcp(:,3), '-A', 'Linewidth', 1.6);

yline(0, 'k:');

x1ine(15, '--');

grid on; box on;

xlabel ('Angle of attack \alpha (\circ)');
ylabel('\DeltaC_p = crest - trough (upper)');
title('Spanwise pressure difference (crest - trough)');
legend('3% chord', '10% chord', '40% chord', 'Location', 'northeast');

% PLOT 5: Crest-minus-trough difference along the chord, selected angles

figure('color','w', 'Position',[100 100 700 520]);
hold on;
for k = 1:Tength(sel)
rowNum = 0;
for i = 1l:nAngles
if AocA(i) == sel(k)
rowNum = i;
end
end
plot(xpct, dCcp(rowNum,:), '-o', 'Linewidth', 1.6,
'DisplayName', [num2str(sel(k)) '\circ'l);
end
yline(0, 'k:', 'Handlevisibility', 'off');
grid on; box on;
xTabel('chord station (%)');
ylabel('\DeltaC_p = crest - trough (upper)');
title('Crest-minus-trough difference along the chord');
legend('Location', 'northeast');
xticks(xpct);

% PLOT 6: Indicative 1ift curve (Cn vs angle) - NOT comparable to baseline

% 3 chord stations (to 40%), badly under-integrates

% trapezoidal rule written out as a loop (2 gaps between 3 stations).
xfrac = xpct / 100; % stations as fractions of chord

Cn_crest = zeros(nAngles,l);
Cn_trough = zeros(nAngles,1);
for i = l:nAngles
totC = 0;
totT 0;
for j = 1:2 % 2 gaps between the 3 stations
width = xfrac(j+1) - xfrac(j);



% crest

cl = cp_cL(i,j) - Cp_cu(i,jd;

c2 = Cp_CL(i,j+1) - Ccp_cu(i,j+1);

totC = totC + 0.5 * (cl + c2) * width;

% trough

tl = Ccp_TL(,L ) - Cp_Tu(i,j);

t2 = Cp_TL(i,j+1) - Cp_Tu(i,j+1);

totT = totT + 0.5 * (tl + t2) * width;

end

Cn_crest(i) = totC;

Cn_trough(i) = totT;
end

figure('color','w', 'Position',[100 100 700 520]);

plot(AoA, Cn_crest, '-o', 'Linewidth', 1.5);

hold on;

plot(AoA, Cn_trough, '-s', 'Linewidth', 1.5);

grid on; box on;

xlabel ('Angle of attack \alpha (\circ)');

ylabel('C_n (3-station, indicative)');

title('Tubercled - INDICATIVE ONLY (not comparable to baseline C_n)');

legend('Crest (indicative)', 'Trough (indicative)', 'Location', 'southeast');



Appendix 5. Comparison MATLAB code

% Baseline vs Tubercled (crest & trough) - common tap comparison
clear; clc; close all;

file = '"windTunnelTesting.xTIsx';

% BASELINE (sheet 27.04.26)

rho_b = 1.192449; Vb = 25; qgb = 0.5*%rho_b*VvbA2;
Kb = (998%9.81*sind(55)) / gb / 100;

rb = readmatrix(file, 'Sheet', '27.04.26', 'Range', 'A11l:S31');
bAoOA = rb(:,1);

bup = rb(:,4:9); % upper taps at 3.33 10 20 30 40 63.33 %
bref = rb(:,19);

gb = ~isnan(bAoA) & ~isnan(bref);
bAoA = bAoA(gb); bup = bup(gb,:); bRef = brRef(gh);

bCcpu = Kb .* (brRef - bup) + 1;
% pick the columns nearest 3, 10, 40 % (columns 1, 2, 5)

base_3 = bcpu(:,1);
base_10 = bCpu(:,2);
base_40 = bcpu(:,5);

% TUBERCLED (sheet 27.04.26 Tub)

p_t = 99190; T_t = 19.2+273.15; rho_t = p_t/(287.05*T_t);
vVt = 25; qt = 0.5*%rho_t*VtA2;

Kt = (998%9.81*sind(55)) / qt / 100;

rawA readmatrix(file, 'Sheet', '27.04.26 Tub', 'Range', 'A7:A32');
rawR = readmatrix(file, 'Sheet', '27.04.26 Tub', 'Range', 'R7:R32');

org = readmatrix(file, 'Sheet', '27.04.26 Tub', 'Range', 'C39:V63');
tAoA = org(:,1);

cU = org(:, [3 45]); % crest upper at 3 10 40 %

TU = org(:, [8 9 10]); % trough upper at 3 10 40 %

gt = tAoA >= 0 & ~isnan(tAoA);
tAOA = tAoA(gt); CU = cu(gt,:); TU = Tu(gt,:);

% reference per angle
tRef = zeros(length(tAoA),1);
for i = 1:Tength(tAoA)
for m = 1:1ength(rawA)
if rawA(m) == tAoA(i)
tRef(i) = rawR(m);
end
end
end

Cpcu
CpTU

Kt .* (tRef - cu) + 1;
Kt .* (tRef - TU) + 1;



% PLOT: 3 panels (3%, 10%, 40%)
station = {'3% chord', '10% chord', '40% chord'};
base = {base_3, base_10, base_40};

figure('color','w', 'Position', [100 100 1200 420]);
tiledlayout(l,3, 'TileSpacing', 'compact', 'Padding', 'compact');
for s = 1:3
nexttile;
plot(bAoA, base{s}, '-o', 'Linewidth', 1.6); hold on;
plot(tAoA, Cpcu(:,s), '-s', 'Linewidth', 1.6);
plot(tAoA, CpTU(:,s), '-A', 'Linewidth', 1.6);
set(gca, 'YDir', 'reverse');
grid on; box on;
x1abel('Angle of attack \alpha (\circ)'); ylabel('C_p (upper)');
title(station{s});
if s ==
Tegend('Baseline', 'Crest', 'Trough', 'Location', 'northeast');
end
end
sgtitle('Baseline vs Tubercled (crest & trough) - upper surface, by chord station'



Appendix 6. Wing size and chordwise tap locations.
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Appendix 7. Image of multi-manometer and test section

Figure 16 - Image of multi-manometer and test section



Appendix 8. Excel data

Control
Wing #1 1 2 3 4 5 6 7 8 9 10 11 12 13
Tap x Tap x
degrees (mm) > (mm) >
17.8c¢c UPPER 5 15 30 45 60 95 LOWER 5) 15 30 45 60 95 DRAG 1
relative
humidity  Delta
% v Section Upper Surface readings (cm) Lower Surface readings (cm)
50
A0A (°)
v
-6
-4
-2
0 50 55.5 | 59.1 59.5 | 59.8 | 59.7 | 58.5 57.1 | 59.3 | 58.6 | 57.8 | 57.2 | 55.7 50.1
2 50 57.1 | 60.5 60.3 | 60.3 | 60.1 58 55.4 | 568.1 | 57.9 | 57.3 | 56.7 | 55.8 50.1
4 49.9 59.1 | 62.5 615 | 61.3 | 60.9 | 58.5 53.7 | 56.9 | 57.1 | 56.7 | 56.3 | 55.6 50
6 49.9 61.2 | 63.9 62.3 | 619 | 614 | 58.7 52.4 | 55.7 | 56.3 | 56.1 | 55.7 | 55.3 50
8 50.1 62.8 | 64.5 62.5 | 619 | 61.8 | 58.2 51.5 | 54.3 | 55.2 | 55.3 | 55.1 55 50.1
10 49.9 65.4 | 66.5 63.7 | 62.9 62 | 58.5 50.7 | 53.5 | 54.7 55 | 54.9 | 54.9 50
12 50 67.2 | 67.7 64.3 | 63.6 | 60.8 | 58.3 50.3 | 52.8 | 54.2 | 54.5 | 54.6 | 54.8 50.1
13 49.9 68.5 | 68.3 64.7 | 64.1 | 61.1 | 58.3 50.2 | 52.5 | 53.9 | 54.4 | 54.5 | 54.7 50
14 50 69.3 | 68.7 65 | 64.5 | 61.3 | 58.1 50.2 | 52.3 | 53.7 | 54.2 | 54.3 | 54.7 50.1
15 50 70.3 | 69.2 65.3 | 63.7 | 61.5 58 50.1 52 | 53.5 54 | 54.3 | 54.7 50.1
16 49.9 71.5 70 65.8 | 62.7 | 615 | 57.9 50.1 | 51.7 | 53.3 | 539 | 54.1 | 54.5 50.1
17 49.9 72.6 | 70.4 66.4 63 | 61.5 | 57.7 50 | 51.5 53 | 53.7 54 | 54.5 50
18 50.1 73.2 | 70.7 66.7 63 | 61.2 | 57.1 50.1 | 51.3 | 52.9 | 53.6 | 53.9 | 54.5 50.1
19 50 72.8 | 70.1 66.1 | 62.3 | 60.4 57 50.2 | 51.1 | 52.6 | 53.3 | 53.7 | 54.4 50.1
20 50 75.5 72 65.3 | 63.1 | 60.9 | 57.8 50.3 | 51.1 | 52.7 | 53.5 | 53.9 | 54.6 50.1
22 50 76.7 | 72.7 64.7 62 | 59.1 58 50.3 | 50.9 | 52.6 | 53.5 54 | 54.9 50.1
24 49.9 77.3 | 73.2 64.2 | 60.4 | 58.3 | 58.4 50.5 | 50.7 | 52.3 | 53.3 | 53.8 | 54.9 50.1
26 50 77.9 | 74.7 64.7 | 59.5 | 58.5 | 58.8 50.9 | 50.6 | 52.2 | 53.2 | 53.8 | 54.9 50.1
28 49.8 60.5 | 60.6 59.4 | 59.5 60 | 60.5 49.9 51 53 54 | 54.5 | 55.7 49.9
30 49.7 60.7 | 60.8 59.6 | 59.8 | 60.3 | 60.6 499 | 509 | 52.6 | 53.5 | 54.1 | 55.1 49.9




Tubercled
Wing #2

A0A () v

o o A~ N O

10
12
13
14
15
16
17
18
19
20
21

22
23
26
28
30

Tap #

Tap #
Delta
v

50
50
50

50.1
50.1
50.1

50
50.1

50
49.9
49.9
49.8
49.8
49.7
50.4
49.9
49.9
49.9
49.6

50.1
49.8
50
49.7
50

4 5 6 7 8 9 10 11 12 13 14 15
T1 T2 T3 T4 5 T6 17 T8 T9 T10 T11 T12
Cu TU cu TU cu TU TL CL TL CL TL CL
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00
Ah values (in mm)

51.1 54 52.9 57.7 57.8 58.7 63.5 55.5 64.3 57.5 57.4 59.3
51.7 55.5 53.3 58.4 58.1 59 62.8 54.7 63.5 56.8 57 58.3
52.2 57.3 53.9 59.5 58.7 59.5 63.3 54.1 61.7 56.2 56.9 57.9
52.8 59.5 54.4 60.3 59.1 59 61.7 53.3 61 55.4 56.6 57.3
53.3 61.9 55 61.6 59.7 59.5 60.4 52.9 60 55 56.6 57.1
54.1 65.3 55.9 63.4 60.5 60 58.2 52.3 58.6 54.3 56.4 56.8
55 68.3 56.6 65.1 61 60.2 55.9 51.8 57.6 53.7 56 56.3
55.8 69.4 57.4 67.8 61.3 60.1 53.7 51.3 56.4 51.1 55.7 55.6
56.4 68.2 57.9 67.5 61.7 59.9 52.5 51 55.7 52.6 55.5 55.2
56.9 67.6 58 66 62.7 59.9 52 50.7 55.3 52.3 55.5 55.1
56.5 66.5 57.7 65.9 61.7 59.9 51.9 50.7 55.2 52.1 55.5 55.1
56.2 66.2 57.5 65.9 61.6 59.7 51.5 50.5 55 52 55.4 55
56.5 66.3 57.6 65.2 61.6 59.7 51.4 50.5 54.9 51.9 55.4 54.9
56.8 66.3 58 65.3 62 60.5 51.3 50.4 54.9 51.9 55.7 55.1
58 66.8 58.7 65.8 61.5 60.8 51.7 50.9 55.2 52.1 56 55.4
57.4 66.2 57.1 58.5 59 59.8 51.1 50.3 54.7 51.7 55.5 54.9
57.3 65.5 58.1 64.5 61.6 59.9 50.9 50.2 54.4 51.5 55.5 54.9
57.4 65.5 58.1 63.9 61.6 60.8 50.7 50.1 54.2 51.4 55.5 54.7
57.7 65.6 57.9 64.5 59.3 59.6 50.6 49.9 53.9 51.1 55.3 54.5
57.8 65 58 62.7 61.7 59.9 50.7 50.3 53.9 51.4 55.5 54.5
58.2 65.7 58.5 64.1 61.6 61.3 50.1 49.9 53.6 50.9 55.4 54.5
58.9 65.5 58.4 63 61.6 60.9 50.1 50.1 53.2 50.8 55.3 54.2
59.1 63.5 57.8 61.6 60.8 60.7 49.9 49.9 52.3 50.3 54.7 53.5
59 63.6 57.7 60.7 60.5 60.4 50 50 52.3 50.4 54.7 53.5
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