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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT

Aerodynamics and Flight Mechanics

Doctor of Philosophy

FLUID-STRUCTURE INTERACTIONS OF MEMBRANE WINGS IN

FREE-FLIGHT AND IN GROUND-EFFECT

by Robert Bleischwitz

Currently, there is a growing demand to improve the aerodynamic performance of Micro-

Air-Vehicles for extended mission time, higher payload capacity and improved agility.

Their wings have to operate within a challenging Reynolds number regime of Re =

104− 105 which is known for its low energy content in the boundary layer, causing early

flow separation and loss in lift production. Flexible wings, inspired from bats, could

potentially exploit given flow separations by forming lift carrying shedding structures

close to the upper wing surface. The aspect-ratio is one key parameter which modifies

these vortex formations and their ability to couple with the membrane. However, vortex

related lift production comes at a price of increased drag and limitation in aerodynamic

efficiency. Membrane wings in ground-effect could combine ground-effect related effi-

ciency enhancement with flexibility related stall improvements. Therefore, two separate

wind tunnel experiments are conducted to understand the impact of aspect-ratio and

ground-effect on the fluid-structure interaction of membrane wings. Multiple high-speed

recordings involve lift, drag and pitch moment measurements with a load-cell, membrane

deformation measurements with photogrammetry and digital image correlation (DIC)

and flow measurements with planar/stereo particle image velocimetry (PIV). Next to

time-averaged quantities, reduced order models are used to group predominant flow

and membrane dynamics. Synchronised fluid-membrane coupling of flexible membrane

wings allows to exploit separated flow conditions to provide further lift enhancement

from vortical flow formations. An exemplary membrane wing at α = 25◦ shows sim-

ilar vortex-shedding to a rigid flat-plate at α = 15◦, but comes with 50 % more lift

production. Higher aspect-ratios are found to exploit the benefits of wing flexibility to

a larger extend, showing a gain in peak-lift of up to 60% for an aspect-ratio of 2 and

31% for an aspect-ratio of 1 (in reference to rigid flat-plates). Membrane wings extend

their performance window in ground-effect conditions by delaying ground-effect induced

premature flow separation by ∆α = 5◦. In addition, membrane wings in ground-effect

are found to be up to 30% more efficiency than rigid flat-plates.
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Nomenclature

α global angle-of-attack [◦] ∆CL increment in lift coefficient

β membrane contact angle [◦] CL/CD aerodynamic range efficiency

γ force angle lift / drag [◦] (CL/CD)′ fluctuation in CL/CD ratio

λ POD eigenvalue ∆(CL/CD) increment in aero. efficiency

Π aeroelastic parameter (Etqc )1/3 CM/4 pitch coefficient at 1/4 chord

σ standard deviation E spectral energy [dB]

φ cycle based phase of CCF [◦] h height above ground

ω flow vorticity [1/s] k phase of cross-correlation

A POD eigenvector LAR low aspect-ratio

AR aspect-ratio (full span) LE leading-edge

a POD coefficient n mode number

b wing full span [m] POD proper orthogonal decomposition

c chord length [m] PSD power spectral density [dB]

CCF cross correlation function q dynamic pressure 1
2ρU

2
∞ [N/m2]

CD drag coefficient Re Reynolds number U∞c
ν

C ′D drag coefficient fluctuation s1,2 two signals for correlation

∆CD increment in drag coefficient St Strouhal number fc
U∞

CL lift coefficient TE trailing-edge

C ′L lift coefficient fluctuation U∞ freestream velocity [m/s]

Coordinate system of wing structure Coordinate system of flow

x chordwise wing coordinate [m] x chordwise flow coordinate [m]

y spanwise wing coordinate [m] y vertical flow coordinate [m]

z camberwise wing coordinate [m] z spanwise flow coordinate [m]

U streamwise flow velocity [m/s]

V vertical flow velocity [m/s]

W spanwise flow velocity [m/s]
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Chapter 1

Introduction

1.1 Overview

Moderate Reynolds number flight (Re = 104 − 105) is known to require different wing

designs which differ to typical high Reynolds number layouts. Moderate Reynolds num-

ber flow conditions come with a weak boundary layer and low energetic flow conditions,

resulting in a low lift-to-drag ratio (Figure 1.1), problems with lift generation, and flow

attachment (McMasters and Henderson, 1979; Lissaman, 1983).

Figure 1.1: Fundamental limitations in aerodynamic efficiency for moderate
Reynolds number flow conditions (104 ≤ Re ≤ 105) (McMasters and Henderson,
1979).

Nature offers with membrane wings of bats and feathered wings of birds different solu-

tions for enhancing the flight performance in this challenging moderate Reynolds num-

ber flow regime. The aerodynamic efficiency between the two wing types were found

in favour to bird wings and their benefit was suggested to be linked with their need to

cover longer migration distances and higher flight speeds (Muijres et al., 2012). On the

other hand, membrane wings of bats are known for performance benefits in a cluttered
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surrounding (Swartz et al., 2012) and show a high manoeuvrability with the ability of

high turn-rates (Tian et al., 2006). In addition, thin and flexible membrane wings could

offer options of a reduced wing mass, high impact resistance, low damage potential by

impact on objects/persons, and easier foldability, making them specifically interesting

for applications on MAV and their usage in densely populated cities (Shyy et al., 2005).

Therefore, the current study focusses on bat-inspired membrane wings.

Based on thin, flexible membrane wings of bats, some criteria are found specifically

important for enhancing the flight performance of MAVs in moderate Reynolds number

flow conditions. First, the wings typically involve low-aspect-ratios (LAR), which allow

the development of tip-vortices that entrain freestream fluid closer to the surface thereby

promoting lift generation (Shields and Mohseni, 2013). Second, thin airfoils allow early

leading-edge vortex formation, which can be used in combination with flexible airfoils

to couple membrane and shedding dynamics, allowing retention of these (lift-producing)

vortices closer to the wing surface (Muijres et al., 2008; Rojratsirikul et al., 2009).

Experimental studies on rigid flat-plates for MAVs highlights the influence of the aspect-

ratio (AR) as the most affecting parameter for changes in the aerodynamics of LAR

wings (AR-1 to 2). However, changes in aspect-ratio of flexible membrane wings could

alter the surrounded flow which in turn could change the static cambering, membrane

dynamics and the overall aerodynamic performance. Therefore, one key element of this

study focusses on the implications of aspect-ratio changes in combination with flexible

membrane wings.

Wings in moderate Reynolds number flow conditions are known for their strong limi-

tations in aerodynamic efficiency (Figure 1.1). Membrane wings show improvements in

the overall lifting performance by making use of static cambering and membrane dynam-

ics, however, this often comes with additional drag penalties and efficiency constrains.

Making use of ground-effect conditions could be one operation solution to extend the

aerodynamic wing performance. A combination of flexible wings, used in ground-effect,

could combine flexibility related lift, stall and gust reaction benefits with ground-effect

related gains in lift and aerodynamic efficiency. As a result, MAVs with membrane

wings in ground-effect might carry higher payloads, travel longer distances and could

cope better with unsteady flow conditions. Therefore, the second part of this thesis

concentrates on the elaboration of membrane wings in ground-effect conditions.

1.2 Motivation

The development of advanced MAVs has to cope with the major question: how to ex-

tend the mission range, flying time and vehicle stability in moderate Reynolds number

flows ? The flexibility of membrane wings in contrast to rigid wings offers an additional

parameter to change the flow and thus the aerodynamics in a beneficial way. Previous
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studies compared membrane wings with similar (mean cambered) rigid wings and found

that the vibrations in the membrane energise the boundary layer over the airfoil, result-

ing in smaller recirculating areas and delayed flow separation regions (Gordnier, 2009;

Rojratsirikul et al., 2009). The vibrations in the membrane promote an early leading-

edge vortex roll-up which account for strengthened low pressure regions over the wing

top surface. As a result, it is possible to improve post-stall aerodynamics with the usage

of membrane wings.

The inherent flexibility of membrane wings allows to stimulate chordwise as well as

spanwise deformations. Changes in aspect ratio result in the modification of the sur-

rounded flow which in turn changes the deflection of the membrane. This phenomena of

flow-structure interaction is found to be most distinct for aspect ratios between AR-1.0

and AR-2.0, where tip vortices start to gain influence over large regions of the wing

(Torres and Mueller, 2004; Mizoguchi and Itoh, 2013). Previous membrane wing studies

(Song et al., 2008) focused mainly on the influence of aspect-ratio on static lift and

drag coefficients, whereas dynamic effects have not been considered in detail. Other

studies focused on the dynamics of membrane wing motions, however restricted to one

specific aspect ratio (Galvao et al., 2006; Rojratsirikul et al., 2011; Hubner and Hicks,

2011; Attar et al., 2012; Albertani et al., 2007; Hu et al., 2008). Detailed knowledge of

the effect of aspect-ratio to membrane motions, changes in the flow and aerodynamic

performance is essential to understand the flexibility modified performance envelope of

low-aspect-ratio membrane wings.

It is known that MAVs, equipped with membrane wings, are able to improve their

maximum lift production and stall characteristics by allowing static cambering and

the development of vortical (low-pressure) shedding structures close to the upper wing

surface (Tregidgo et al., 2011, 2012). However, the added gain in lift production is

accompanied with an increase in drag, resulting in a strong limitation of the aerody-

namic efficiency. Improvements in the aerodynamic efficiency are of specific high value

in moderate Reynolds number flows, where wings suffer from significant performance

constrains in comparison to high Reynolds number flows (McMasters and Henderson,

1979), limiting fundamentally the range and flight time of MAVs (Mueller, 1999; Mueller

and DeLaurier, 2003; Pines and Bohorquez, 2006; Grasmeyer and Keennon, 2000).

During the decade of 1960s, Russian engineers developed a variety of large scale Wing

In Ground (WIG) effect vehicles (Udalov and Belyaev, 1999; Komissarov and Gordon,

2010). The main aim focused on the radar invisibility and amphibious qualities. Further

high Reynolds number wind tunnel tests showed significant improvements in aerody-

namic efficiency and improved payload capacity of wings in the vicinity of the ground

(Yun et al., 2010). However, very few studies are available on ground-effect based gains

at moderate Reynolds number that we can utilise to design MAVs in ground-effect.

Those studies which exist focus purely on rigid wings (Rozhdestvensky, 2000; Pistolesi,
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1937). To the current knowledge of the author there are no experimental (as well as com-

putational) studies to date that have explored the performance of moderate Reynolds

number membrane wings in the vicinity of the ground. Wind tunnel test could be of

high value to understand the flow-structure-ground interaction of membrane wings with

the ultimate aim to apply the idea on MAVs with improved gust capabilities, combined

with enlarged range and power efficiency by flying close to the ground.

1.3 Research Objectives and Approach

The first part of this work focusses on the influence of aspect-ratio on the aeromechanics

of rectangular, simple leading/trailing-edge supported membrane wings in free-flight

conditions. The following open questions are addressed in the first part of this thesis:

• What are effects of changes in aspect-ratio on the aerodynamic performance of

membrane wings and how do these changes compare with thin rigid flat-plate

wings ?

• How does the pitch stability of membrane wings change with aspect-ratio and how

does it compare with thin rigid flat-plate wings ?

• How do membrane spatial and temporal oscillations modify with aspect-ratio?

• How do membrane oscillations correlate with dynamics in aerodynamic loads ?

These open questions are examined by conducting wind tunnel experiments with time-

resolved force and moment measurements by a load cell from which time-averaged and

time-resolved aerodynamic properties (lift, drag, and pitch moment) are determined.

Rigid flat-plate and membrane wings are compared for three different aspect-ratios

(AR-1.0, 1.5, and 2.0) at a moderate Reynolds number of Re = 67,500. High-speed

photogrammetry is applied separately to capture static and dynamic chordwise mem-

brane motions at four different wingspan positions.

The second part of this thesis considers the influence of ground-effect on rigid flat-

plate and perimeter-reinforced membrane wings at similar moderate Reynolds numbers

conditions. The following open questions are tackled:

• Could MAVs with rigid flat-plate wings at moderate Reynolds number benefit from

a higher aerodynamic efficiency by flying in ground-effect?

• Does a membrane wing provide even superior aerodynamic performance in ground-

effect and if so why?
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• How does pitch and height stability change with ground-effect and how does it

affect both wing types?

• What are the differences in the flow features for rigid flat-plate and flexible wings

in ground-effect?

• How do flow, membrane and load dynamics change in close proximity to the

ground?

In order to answer these questions, the aerodynamic performance of rigid flat-plate

and perimeter-reinforced membrane wings is compared at a moderate Reynolds number

(Re = 56,000) for different heights-over-ground and angles-of-attack. Load cell measure-

ments, digital image correlation (DIC) and particle image velocimetry (PIV) are applied

in high-speed to resolve time-synchronised lift, drag and pitch oscillations simultaneously

with membrane and flow dynamics. PIV acquisition is conducted parallel and normal

to the free-stream direction, showing flow-structure interactions above/below the wing

at quarter–span and in a cross–flow–plane placed one chord downstream of the trailing–

edge. Time-resolved loads are used to extract mean values in lift, drag and pitch moment

coefficients, their average fluctuation intensity and spectral content. Similarly, time-

resolved membrane deformations are used to calculate mean deflection, fluctuation in-

tensity, spectral content, whereas proper orthogonal decomposition (POD) is conducted

to determine the spatiotemporal evolution of the membrane motions. Time-resolved

flow results are used for time-averaged flow statistics and flow dynamics (POD-based).

Selective cases involve time-synchronised load, membrane and flow measurements which

reveal underlying coupling physics between each other.

1.4 Thesis Outline

The thesis outline starts in Chapter 2 with a literature survey which covers the fun-

damental aeromechanics of membrane wings, effects of aspect-ratio and ground-effect.

Chapter 3 illustrates the experimental facility as well as measurement and analysis

techniques that were used for the two different experiments to examine the effects of

aspect-ratio and ground-effect. Chapter 4 focusses on the effect of aspect-ratio and its

impact on aerodynamic loads and membrane deformations. Most of the work in this

chapter has been published as a journal article (Bleischwitz et al., 2015b). Chapter 5

focusses on the impact of ground-effect on the loads, membrane motions and flow struc-

tures. The aspects related to the loads and membrane motions has been published as

a journal article (Bleischwitz et al., 2016). This chapter also presents results that show

correlations between loads, membrane and flow dynamics. Finally, Chapter 6 discusses

the key results and provides ideas for future work. The Appendix A includes details

about a Wing-In-Ground UAV with membrane wings, the development of which led to

the exploration of different concepts presented in this thesis.





Chapter 2

Literature Survey

2.1 Aeromechanics of Membrane Wings

2.1.1 Membrane Wing Types

Typical membrane wings for MAVs consist of a rigid support structure which transfers

aerodynamic loads from the membrane to the main (center) body. The aerodynamics

of membrane wings are largely effected by the attachment method of the membrane

and the general layout of the wing frame. Figure 2.1 shows the three most common

membrane wing configurations of perimeter (Tregidgo et al., 2011; Rojratsirikul et al.,

2010b; Albertani et al., 2007), batten (Hu et al., 2008; Waszak and Jenkins, 2001; Timpe

et al., 2013; Albertani et al., 2007), and leading/trailing-edge supported wing designs

(Song et al., 2008; Galvao et al., 2006; Arbos-Torrent et al., 2013a).

Figure 2.1: Membrane wing types: a.) Perimeter supported b.) Batten sup-
ported c.) Leading/trailing-edge supported with free root/tip

7
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The wing structures depend on the attachment region of the membrane on leading-edge

(LE ), trailing-edge (TE ), root, and tip and allow for varying degrees of adaptability.

The perimeter support configuration (Figure 2.1a) allows large but wing tip constrained

cambering. The batten support configuration (Figure 2.1b) allows the membrane to flex

and reduce effective angle-of-attack for passive wash-out, reducing gust impact on the

vehicle movement. The leading/trailing-edge support configuration (Figure 2.1c) allows

the membrane to deflect along its full span, which gives this membrane configuration

the ability to adapt to the flow to a high extent.

The aspect-ratio related experiment of this thesis considers leading/trailing-edge sup-

ported membrane half wings (Figure 2.1c) because they represent a simple and common

attachment method for wings in MAVs, where the fuselage is located in the mid axis

with wings attached to either side of the fuselage. In addition, this membrane wing

type offers low attachment constrains, allowing to study large membrane deformations

which are easier to resolve. The ground-effect related experiment of this thesis considers

a perimeter-reinforced membrane wing design (Figure 2.1a) due to available reference

studies and mounting issues.

2.1.2 Load Performance

Figure 2.2 compares the aerodynamic lift and pitch coefficient between rigid and batten

/ perimeter-reinforced membrane wings. The billowing effect of perimeter-reinforced

membrane wings was found to reach higher lift slopes (Figure 2.2a), higher lift coefficients

and an improved pitch stability (Figure 2.2b). Batten-reinforced membrane wings have

in contrast to perimeter-reinforced membrane wings a very similar lift slope to rigid

wings. On the one hand, billowing of the membrane between the battens increases the

lift slope by static cambering. On the other hand, adaptive washout reduces the effective

angle-of-attack by lifting up the unsupported trailing edge between the battens, resulting

in a reduction in the lift slope. Therefore, these two competing effects result in a lift slope

that stays comparable to a rigid wing. Figure 2.2 does not include the aerodynamics

of LE/TE supported wings with free root/tip and there is currently (to the authors

knowledge) no literature available which references the aerodynamics of leading/trailing-

edge supported membrane wings (Figure 2.1c) to other membrane wing types. The

results are seen as essential to validate the two different membrane wing types, which

will be both individually considered within this thesis. Therefore, a part of this thesis

will cover the aerodynamic effects between perimeter-reinforced (Figure 2.1a) and free

root/tip (Figure 2.1c) membrane wings (see later in setup validation, Figure 3.20).
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(a) Lift coefficient (b) Pitch moment coefficient

Figure 2.2: Lift and pitch behaviour of rigid and membrane wings (PR =
perimeter-reinforced (Figure 2.1a), BR = batten-reinforced (Figure 2.1b)) (Al-
bertani et al., 2007).

2.1.3 Membrane Motions

The inherent flexibility of membrane wings allows to static camber with the incom-

ing aerodynamic pressure. For typical MAV applications, membrane wings show up

to 15 % (chord-related) static out-of-plane camber displacements (Song et al., 2008).

This camber range of membrane wings appears relatively large in comparison to rigid

cambered-plates, which were found to perform best for 6% to 9% camber (Null and

Shkarayev, 2005). Membrane oscillations are known to appear above the mean camber

(typically 1-10 % of mean displacement) and are suggested to be a key factor to enhance

lift production even under large cambering and close-to-stall conditions (Gordnier and

Attar, 2014; Rojratsirikul et al., 2010a). Figure 2.3 shows two examples of instanta-

neous membrane oscillations (wing structure with fixed LE/TE) which are excited due

to boundary layer perturbations (at lower incidences) and/or leading-edge vortex shed-

ding (at higher incidences).

Figure 2.3: Instantanious membrane wing oscillations for two different angle-
of-attack, showing a membrane mode 5 (five peaks) and a membrane mode 2
oscillation (Rojratsirikul et al., 2009).
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The membrane motions base on the fundamental membrane eigen mode shapes and their

harmonics. An exemplary mode–shape 1 represents the fundamental breathing–mode

without any node (a single peak). Mode–2 reflects the first harmonic as a bending mode

with one single node in the center of the chord (two peaks). Mode–3 is represented by

two nodes as the second harmonic (three peaks), and so on.

Within low angles-of-attack around zero, membrane wings exhibit large membrane fluc-

tuations (accompanied with low mode numbers) due to low aerodynamic loading (lack

of membrane tension) and a bi-stable nature of flexible membranes (snap-through ef-

fect). For moderate angles-of-attack, membrane vibrations tend to reduce in amplitude

and increase in mode number with increasing flow–induced tension of the membrane

(Figure 2.3 left). Incidences in the vicinity of stall and post-stall reflect high fluctuation

intensities and low mode numbers (Figure 2.3 right) which appear to be independent of

membrane tension due to excitation with vortex-shedding.

2.1.4 Flow Development

The assessment of flow modification is important to understand the source of changes

in the aerodynamic performance. Figure 2.4 shows results of an important study of

Gordnier and Attar (2014) which compares the turbulent kinetic energy of the flow from

rigid flat-plates, over rigid mean-cambered plates to membrane wings at three angles-

of-attack. Rigid flat-plates (Figure 2.4, upper horizontal plots) show an early increase

in flow dynamics with increasing angle-of-attack.

Figure 2.4: Turbulent kinetic energy of the flow for (a) rigid flat-plate, (b) rigid
mean-cambered, (c) flexible membrane wing (Gordnier and Attar, 2014).
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The shedding induced flow dynamics detach early from the upper wing surface and result

in a sudden lift break-down. Rigid cambered-plates (based on membrane mean shape)

show reduced flow separations and flow dynamics which appear slightly closer to the the

leading-edge. Membrane wings (Figure 2.4, lower horizontal plots) show a concentration

of the flow dynamics close to the upper wing surface. In addition, close-to-stall angles-

of-attack (α = 23◦) show drastically enhanced flow dynamics to both other wings. The

results open the fundamental question how wing dynamics can change the flow condi-

tions and what coupling mechanism are important for the illustrated modifications. The

question extends further to understand the spatiotemporal flow-membrane-load interac-

tions of flexible membrane wings with the ultimate aim to path the way into performance

enhanced membrane wing MAVs with the ability to actively control the flow dynamics

by the wing oscillations (active wings are not in focus of this pure passive membrane

wing study).

2.1.5 Flow-Structure Coupling

Studies of Rojratsirikul et al. (2009), Gordnier and Attar (2014) and (Arce and Ukei-

ley, 2014) started to understand the coupling dynamics between the membrane and the

flow. Figure 2.5 illustrates a key result of Rojratsirikul et al. (2009), showing normalised

vibration frequencies of the flow and membrane dynamics for different angles-of-attack

and freestream velocities. Membrane and flow frequencies are found to match for spe-

cific cases in wing stall conditions, suggesting strong fluid-membrane coupling. Fluid-

membrane coupling seems to require a membrane oscillation frequencies which are of

the order of the (wake) shedding frequency of the wing. In addition, the shedding struc-

tures and membrane dynamics seem to require a certain strength to couple. However, to

validate and understand the global coupling mechanisms and their limitations in more

detail, experimental studies would need to combine time-synchronised high-speed load,

membrane and flow measurements, which are (up to this point) not existent within the

current literature.

Figure 2.5: Normalised membrane and flow oscillation frequencies, changing
with freestream velocity and angle-of-attack (Rojratsirikul et al., 2009).
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2.2 Effects of Aspect-Ratio

The aspect-ratio is a key parameter for the wing performance at high as well as low

Reynolds numbers. Bats typically fly within moderate Reynolds numbers of 10, 000 ≤
Re ≤ 100, 000 (Swartz et al., 2012; Neuweiler, 2000) and involve high as well as low

aspect-ratios wings, which depend on their natural habitat. Figure 2.6 reflects that bats

with larger aspect-ratios are often found for open air and long distance flights, whereas

low aspect-ratios are used for slow, low distance flights in cluttered habitats (based on

study of Norberg and Rayner (1987), with extension of Canals et al. (2011)).

Figure 2.6: Impact of migration distance of bats on aspect-ratio and wing-
loading. Filled circles represent migration distances of bats with >1000 km,
empty circles between 200 and 1000 km. The axis show difference to average
values. (Norberg and Rayner, 1987).

Experiments on simple rigid-flat or cambered-plates highlight the influence of AR as

a parameter that significantly affects aerodynamics of LAR wings (AR-1 to 2) (Torres

and Mueller, 2004; Okamoto and Azuma, 2011). The tip vortex strengthens with LAR

wings and can cover almost 40% of the wing surface (Lian et al., 2003). However, the

low pressure of tip vortices can only add additional lifting performance if it is located

close to the wing top surface. The overall size, chordwise and spanwise position of the

vortex systems depend strongly on the aspect-ratio and angle-of-attack (Mizoguchi and

Itoh, 2013).

Figure 2.7a shows the impact of aspect-ratio changes on the lift production of rigid

cambered-plates. Higher aspect-ratios show higher lift-slopes and involve sharper and
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earlier stall angles. Lower aspect-ratios related gain in tip-vortex strength results in

reduced lift slopes and a more horizontal stall characteristic.

(a) Rigid cambered-plates (Pelletier and Mueller, 2001) (b) Membrane wings (Song et al., 2008)

Figure 2.7: Time-averaged lift capability of rigid cambered-plate and membrane
wings, modifying with aspect-ratio (two seperate studies of Pelletier and Mueller
(2001) and Song et al. (2008)).

The ability of membrane wings to interact with the flow raises the question how the

aspect-ratio of membrane wings affects not only the membrane mean camber, but also

membrane and load dynamics and the overall wing performance. Previous membrane

wing studies focused mainly on static lift (Figure 2.7b) and drag coefficients and found

similar downwash related effects for AR-changes compared with rigid flat-plates (Song

et al., 2008). However, aspect-ratio effects were not in the main focus of this mem-

brane wing study (nor their comparison to rigid flat-plates), which results in a lack of

a complete dataset. In addition, membrane dynamics are only available for different

membrane wing studies of a certain selected aspect-ratio, making it hard to interpret

between the given AR-results. Nevertheless, an exemplary isolated experiment of Song

et al. (2008) considered an AR-1.4 wing which exhibited stronger wing tip vibrations

than a lower AR-0.9 wing of a different membrane wing study from Galvao et al. (2006).

This result could be seen as an indication that membrane dynamics probably react to

changing flow conditions, caused by the selection of different aspect-ratios.

In summary, previous aspect-ratio related experiments focused mainly on performance

statistics of separately conducted rigid and membrane wing studies and did not consider

modifications arising in membrane, load or even coupling dynamics. Additional exper-

iments would be of high value to understand how and why aspect-ratio changes affect

the global aerodynamic performance of membrane wings in comparison to their impact

on rigid flat-plates.
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2.3 Ground-Effect

Operating membrane wings close to a surface could be one option to gain efficiency

whilst maintaining the stall characteristics and weight benefits of (passive) membrane

wings. A wing is said to be in moderate ground-effect if its height from the ground is

either lower than half of the wingspan h/b < 0.5 or below one chord length h/c < 1

(Yun et al., 2010), where the height-over-ground is measured from the trailing-edge of

the airfoil and normalised with chord length.

(a) Out of ground-effect (b) In ground-effect

Figure 2.8: Change in flow circulation in and out of ground-effect (Yun et al.,
2010).

Ground-effect of common thick airfoils relies on the increase in pressure below the wing

which leads to a drop in velocity and results ultimately in a downwards movement of the

stagnation point (Ahmed and Sharma, 2005). Extreme ground-effect is defined as h/c <

0.1, where air is forced to stagnate below the wing, causing a large pressure increase,

called ram-pressure. As a result, the flow is diverted over the upper wing surface. A

wing’s effective aspect-ratio is virtually increased by going from free-flight (Figure 2.8a)

into ground-effect conditions as the tip vortices are pushed outwards (Figure 2.8b). The

interference of the tip vortices with the ground slows down their rotation, accompanied

with a reduction in tip-vortex size and strength. As a result, the downwash angle and

induced drag are found to decrease in ground-effect, allowing significant benefits in

aerodynamic efficiency of up to 100% (Rozhdestvensky, 2006).

The vast majority of ground-effect research has focused on high Reynolds number flows

Re > 105 passing over thick and rigid wings (Qu et al., 2014, 2015) and their application

on Formula-one aerodynamics (Zhang and Zerihan, 2003; Diasinos et al., 2012), trains

(Moon et al., 2005) or large Wing-In-Ground (WIG) vehicles (Van Beek and Oskam,

1998; Carter, 1961; Lee et al., 2011). Figure 2.9 shows the concept of such a WIG

vehicle in comparison to a conventional high altitude airplane design. A WIG plane

(Figure 2.9b) involves typically a reduced aspect-ratio (for turning reason) in combina-

tion with end-plates to trap the airflow below the wings surface. A reduction in airfoil
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(a) Out of ground-effect (b) In ground-effect

Figure 2.9: Typical wing layout between conventional high altitude and ground-
effect airplanes (Rozhdestvensky, 2006).

thickness is found to benefit (lift producing) wings in ground-effect by reducing drag

and lowering the risk of negative down-force caused by the Venturi effect (suction on

lower concave surface) (Rad and Kazemi, 2001; Moon et al., 2005). An increase in wing

camber is found to improve aerodynamic efficiency within ground proximity, but also

shows a higher risk of flow separation on the suction side of the wing (Mosaad et al.,

2011), which results in stronger limitations in flight incidences where high aerodynamic

efficiency can be achieved.

(a) CAD-design (b) Prototype

Figure 2.10: Moderate Reynolds number Wing-In-Ground vehicle with mem-
brane wings. Further details can be found in Appendix A.

Studies on Reynolds number influence reveal a reduction in lift coefficient and aerody-

namic efficiency with lower Reynolds numbers, which appear even more severe for small

ground clearances (Hsiun and Ghent, 1996; Mateescu et al., 2012). Most studies of

rigid wings in ground-effect at low to medium Reynolds number date back to the early

20th century and focus on time-averaged aerodynamic performance (Raymond, 1921;

Wieselsberger, 1921; Pistolesi, 1937). A recent computational study at Re = 15,000
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concentrated more on the dynamics and found enlarged amplitudes in lift oscillation

and tip-vortex-ground interactions within close proximity to the ground (Prasad and

Damodaran, 2013).

The physics of flexible membrane wings in ground remain still totally unknown and could

be important for the development of a membrane wing Wing-In-Ground MAV/UAV

(Figure 2.10), aiming to combine improved vehicle range (ground-effect related), flow-

structure tuning and smooth gust reaction (membrane related).
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Experimental Setup and Method

3.1 Wind Tunnel

Figure 3.1: Wind tunnel dimensions

Wind tunnel experiments are conducted in an open-loop, low-speed blow-down wind

tunnel at the University of Southampton (Figure 3.1). The author designed and built the

contraction and test section within the first three months of his research period. The test

section measures 43 cm width by 48 cm height with a free-stream turbulence intensity

of less than 0.1%. The turbulence level was measured with hot-wire anemometry. The

wind speed can be varied between 2 to 14 m/s. The wind speed is determined by

measuring dynamic pressure with a pitot-static probe together with barometric pressure

and ambient temperature, where the latter two are used to determine the air density

ρ. The typical uncertainty in the free-stream velocity of the wind tunnel is ±0.1 m/s

and was verified throughout different experiments with flow-field (PIV) and hot-wire

17
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measurements (next to pitot-tube recordings). The experiments were conducted for a

chord related Reynolds number between 56, 000 ≤ Re ≤ 67, 500.

The maximum blockage-ratio of all cases is measured no worse than 6% at the wing

models, peaking with the highest angle-of-attack case at α = 40◦ (ground-effect setup,

see Section 3.3).

In the following text, the constitutive parts of the wind tunnel are explained in more

detail.

• Fan unit

A radial fan (recycled from an existing facility) delivers the air flow for the wind

tunnel. The fan is raised in height such that the minimum test section height

required for inserting the rolling road system for ground effect experiments can be

achieved.

• Flow-conditioning section

The flow-conditioning section was also a part of an existing facility. This section

consists of a honeycomb section as well as 3 screens of varying mesh dimensions

to ensure a high quality airflow entering the contraction. The screens and the

honeycomb are designed with common rules outlined in the literature (Mathew,

2006).

• Contraction

The contraction (Figure 3.2a) is based on a match-cubic polynomial that ensures

the first and second derivation at the inlet and outlet to be zero thereby resulting in

a continuous change in cross sectional area. The influence of three different transi-

tions points was considered between the matched cubics (15%, 35% and 50%, based

on large inlet dimension). The transition point was found to displayed a signifi-

cant impact on the pressure drop along the inner surface of the duct and therefore

is conducive to flow separation. The commercial software ANSYS-FLUENT was

used to find the transition point with the lowest risk of flow separation in the

contraction. The closer the transition point was placed to the large inlet of the

duct, the lower appeared the risk of flow separation. This result corresponds to the

theory that a smoother pressure drop can be reached with distributing it along a

longer travelling way, resulting in a reduce gradient (Bell and Mehta, 1988). How-

ever, the manufacturing process of a contraction with a favourable 15% transition

point is not trivial. The forces required to keep wooden plywood sheets attached

to the highly curved curvature would be extremely high. Therefore, a compromise

was made to manufacture a contraction with a transition point at 35%. In the

literature, this transition point in combination with a contraction ratio of 1:6 was

found to prevent flow separation in the boundary layer (Bell and Mehta, 1988).
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(a) Contraction (b) Test section

Figure 3.2: Contraction and test section design

The contraction design was modelled with the use of CAD (Computer Aided De-

sign). The focus was on a light structure, ensuring easier handling during assembly

and later use. Plywood frames, 18mm thick were cut using a CNC (computer nu-

meric cutting) and were used to support the inner sheet material. Both ends

of the contraction were equipped with aluminium interfaces. These interfaces in

combination with a sealing groove ensured an airtight intersection between the

flow-conditioning/contraction section and the test section.

• Test section

The test section design (Figure 3.2b) aimed to allow as much optical access for

the later use of optical diagnostics. The side windows of size 750×430 mm2

(length×height) and the top windows of size 750×410 mm2 (length×width) are

manufactured out of acrylic. The optical access for the vertical sections extends

to the bottom of the wind tunnel to ensure full optical access for ground effect

experiments. The inner part of the wind tunnel test section is made of aluminium

bars which include a revolving groove with a silicon pipe sealing.
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3.2 Setup-1: Aspect-ratio Experiment

The focus of this half-wing setup is to investigate the impact of aspect-ratio (AR) on

the aeromechanics of membrane wings. Time-resolved wing forces and moments are

captured with a load cell in a wind tunnel from which time-averaged and time-resolved

aerodynamic properties (lift, drag, and pitch moment) are determined. Rigid flat-plate

and membrane wings are compared for three different aspect-ratios (AR-1.0, 1.5, and

2.0) at a Reynolds number of Re = 67,500 (free-stream velocity 10 m/s). High-speed

photogrammetry is applied separately (not load-synchronised) to capture static and

dynamic chordwise membrane motions at four different wingspan positions.

3.2.1 Setup Design

The half-wings (Figure 3.3a) are mounted on a rotating disc-system (Figure 3.3b) that

rotates around the quarter-chord point. This system places the wing outside of the

boundary layer of the wind tunnel wall, measured 10 – 15 mm within the streamwise

location of the wing. This system consists of a 1 mm thin, 170 mm diameter aluminium

disc and a 17 mm high, hollow streamlined body, which clamps the supports 15 mm

deep and allows for inclusion of the load cell sensor (Figure 3.3b). The adjustment

of the angle-of-attack is controlled by a highly geared stepper motor NEMA-17, which

high gear ratio, in combination with a spring loaded shaft, enables a rotation without

significant backlash and an uncertainty in positioning angle of ∆α ≤ 0.05◦.

(a) Half wing mount with disc (b) Streamline body below disc

Figure 3.3: Half wing mount concept

3.2.2 Wing Design

The compliant membrane half-wings consist of latex sheet material with a thickness of

t = 0.2 mm, a density of ρ = 1 g/cm3 and a linear approximated stiffness of about E

= 1.5 MPa. This stiffness was measured in a separate experiment by applying a static
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pretension (σ = 0.05 MPa) representing the membrane tension in the wind tunnel,

followed by measuring the resulting strain. The resulting slope of the stress-strain curve

was approximated by a linear fit. Significant J-curve behaviour of the membrane was

only detected for higher pretensions. The aeroelastic parameter Π = (Et/qc)1/3 (Smith

and Shyy, 1996) was found to be Π = 3.68 for U∞ = 10 m·s−1.

(a) Membrane wing (b) Rigid flat plate

Figure 3.4: Leading and trailing-edge concept

The membrane was wrapped around 3 mm round steel-based LE/TE supports and

attached to each other with a 5 mm wide and 0.05 mm thick double sided tape (Fig-

ure 3.4a). The present study uses a free-to-rotate attachment of the membrane on

leading and trailing-edges which differs from clamped LE/TE versions used in previous

studies (Song et al. (2008); Galvao et al. (2006)). Figure 3.5a displays lift and drag coef-

ficient while figure 3.5b shows range and power efficiency with changing angle-of-attack

for both attachment options. The results are shown for an AR-2 wing. AR-1.5 and

AR-1 cases showed similar trends. At a fixed angle-of-attack between 5◦ ≤ α ≤ 25◦,

membrane wings with free-to-rotate LE/TE attachment exhibit a benefit of 30-35% in

lift coefficient CL compared with clamped LE/TE attachments. In addition, the max-

imum lift coefficient CL−max rises by 30% and is delayed by 2.5◦ into higher angles of

attack. The gain in lifting performance is likely related with increasing camber due to

a higher freedom of movement with the free-to-rotate LE/TE attachment.

In addition, the free-to-rotate LE/TE adapts to changes of the local flow angle at the

LE, resulting in a continuous chordwise cambering curve with rising angles of attack. In

contrast, the clamped LE/TE show an inflectional chordwise deformation profile, with

the inflection points located immediately next to the clamped ends. This inflectional

profile leads to extremely unsteady chordwise membrane deformation, especially at high

angles of attack (Rojratsirikul et al. (2009, 2010a); Albertani et al. (2007); Tregidgo et al.

(2011)). The rise in lift for the free-to-rotate LE/TE is accompanied by increased drag of

up to 15-45% between 5◦ ≤ α ≤ 25◦. As a result, the clamped LE/TE show benefits of

up to 23% in aerodynamic range efficiency CL/CD in comparison with the free-to-rotate

attachment at low incidence of α < 15◦, whereas the free-to-rotate LE/TE gains up to

17% over the clamped version at higher angles α > 15◦ (Figure 3.5b). Furthermore, a

free-to-rotate attachment enables a power efficiency increase of 10% at moderate cruise

angles of α = 10◦ and up to 44% at α = 27.5◦.
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Figure 3.5: Influence of clamped and free-to-rotate leading and trailing-edge
attachment for AR-2

The half wing design comes also with an unsupported wing tip, allowing a large degree

of freedom to adapt to changes in tip-flow conditions. The aerodynamic effect of wing

tip constrains are discussed with the introduction of perimeter-reinforced wings, shown

in the second setup description (Section 3.3.2). All membranes are attached without

pre-strain (nominally). The uncertainty on the membrane length was about 0.2 mm. To

avoid ageing effects and account for repeatability of membrane production, all membrane

wing results (forces, deformations) were performed on five membrane wing samples and

averaged afterwards.

Layout Wing aspect-ratio Chord, mm Half-wingspan, mm

1.0 100 50

1.5 100 75

2.0 100 100

Table 3.1: Half wing dimensions

Rigid flat plate wings were manufactured by using 1 mm thick aluminium sheet material

in combination with the same round LE/TE supports of the membrane wing setup

(Figure 3.4b). Additionally, a LE/TE cover was used to obtain a similar transition

surface at the supports as the membrane wing (Figure 3.4a).
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All half-wings have a fixed chord length of c = 100 mm and different aspect-ratios (full

span based) are obtained by changing the half – wingspan b/2 and consequently the wing

area S (Table 3.1). The constant chord length was used to ensure comparable chordwise

membrane deformation lengths with changing AR.

3.2.3 Load

Lift and drag forces, as well as pitch moment data were measured by a six-axis load cell

(ATI-Nano 17) with a maximum load capacity of 8 N. A sampling rate of 1 kHz and a

sample length of 20 s was used. An exemplary time-series can be seen in Figure 3.6a,

showing lift, drag and pitch coefficient oscillations. The uncertainty in the load cell

is given from the company ATI as ±0.002 N in forces and ±0.06 Nmm in moments.

The load-cell comes calibrated from the company (ISO 9001 standard). Adjustments of

the load-cell calibration-matrix are not possible for the end-user. Nevertheless, the wide

usage and acceptance of the ATI-system within the research community verifies the load-

cell (calibration-system) as reliable and accurate within its maximum load specifications

(Wahidi et al., 2014; Gardiner et al., 2011; Zhang et al., 2015; Colorado et al., 2012;

Timpe et al., 2013).
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Figure 3.6: Exemplary time-series signal in CL(t),CD(t) and CM (t) and load
cell integration within mount

Nevertheless, extensive validation of the load-cell system showed that the company given

load-cell accuracy holds only if the measurements were made within a overall time frame

of 60 s due to effect of electrical drift (and or temperature related) of the load cell. In

order to ensure reliable measurements, a wind-off tare point is obtained as a baseline just

prior to the each measurement for all combinations of angle-of-attack. Figure 3.7 shows
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an exemplary repeatability test of the wing force by measuring a rigid flat-plate wing

(AR-1) through a selection of angles-of-attack of −5◦ ≤ α ≤ 45◦. The wing normal force

FN is measured and compared for two separate runs. The wind on/off measurements

are conducted within the (from the author as optimal suggested) time frame of 60 s,

which results in a load repeatability error of ±0.15 g (Figure 3.7b). This overall load

repeatability includes (minor) errors associated with angle-of-attack misalignment, free-

stream velocity errors and load-cell drift (within the short period of 60 s).

(a) Wing normal force FN (b) Repeatability error in force ∆FN

Figure 3.7: Repeatability test of the load cell with one rigid flat-plate wing
(AR-1) at an exemplary wind speed of 5 m/s. The wing normal force FN is
illustrated for two individual runs over a variaty of angles-of-attack. Ultimately,
the load results are found to lie within the company given accuracy of ±0.15g,
if the wind on/off measurements are conducted within a short time-period of 60
s.

A further error analysis focused on the final repeatability of different rigid flat-plate

and membrane wing samples, based on their aerodynamic coefficients (CL, CD, CM ).

Associated manufacturing and attachment errors, temperature effects and errors of the

pitot-meter pressure readings are included in the results. Figure 3.8 shows the mean

values in the lift, drag and pitch moment coefficients, accompanied with their uncertainty

bounds (errorbars with 68% confidence level). Rigid flat-plates and membrane wings are

illustrated for AR-1 and AR-2. All wing samples show high consistency and a low error

within their linear lifting region of 5 ≤ α ≤ 15◦. For example, membrane wings of AR-2

have an uncertainty in drag of less than 3% at α = 5◦ (Figure 3.8b) and this drops to

below 1% for α ≥ 15◦ whereas flat plates of the same AR show higher uncertainties due

to lower drag forces with 5% at α = 0◦, which drop to below 1% at α ≥ 15◦. However,

membrane wings show a defined hysteresis (bistable) region around zero angle-of-attack,

where the membrane can flip between a positive and negative camber, resulting in a large

error. This effect is known and goes confirm with previous membrane wing studies (Song

et al., 2008). In addition, membrane wing samples show larger errors in stall conditions,
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probably due to unstable membrane motions and non-linear effects. In contrast, rigid

flat-plate wings show no significant variations in the stall region.
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Figure 3.8: Uncertainty bounds of aerodynamic coefficents for rigid flat-plate
and membrane wings of AR-1, and 2.

The force-transducer itself exhibited a very high natural frequency of around 5 kHz with

an underdamped behaviour with damping ratio of ζ=0.47 (measured with hammer-test).

Figure 3.9 shows the resonance behaviour (lift related power-spectral-density (PSD)) of

the setup for three different wing scenarios (no wing, flate-plate, membrane wing) and

three different angles-of-attack (α = 0◦, α = 22.5◦, α = 27.5◦). The PSD bases on the

fast-Fourier-transform (FFT) and illustrates the signal power intensity in the frequency

space (Technologies, 1985). Wind on and wind off cases are illustrated for completeness.

The excitation energy for the wind off cases are self-induced from the hardware (mainly

stepper motor for pitch movements). The dominant setup eigen-frequency, mainly driven

by the streamlined body/disc/support system (Figure 3.6b), was found to be 93 Hz with

an energy between -40 to -50 dB (yellow shading in Figure 3.9). In addition, even the

very low energetic excitation frequency of the stepper motor (for pitch motion) could

be resolved with 40 Hz, showing -70 dB of energy with the wind tunnel switch off,

and -55 dB for the wind tunnel switch on (yellow shading in Figure 3.9). The spectral

content around these setup-eigenfrequencies was remarkably constant for all angles of

attack and with significantly lower amplitude levels compared with membrane related

force fluctuations (black shading in Figure 3.9). Clear changes in spectra of membrane

wing force coefficients with changing angle-of-attack and aspect-ratios showed that the

setup eigenfrequencies do not influence the results significantly and can be isolated. It

is interesting to note that the wind tunnel design with a front mounted blower fan raises

the overall background noise-level during its run from approximately -85 dB (wind off) to
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-55 dB (wind on). This wind tunnel fan induced background noise is probably the major

reason why vortex-shedding induced load oscillations of rigid wings (in stall conditions)

can not be resolved in this study.

Figure 3.9: Resonance behaviour of setup (based on PSD(FLift)), modifying
for rigid flat-plate and membrane wing between 0◦ ≤ α ≤ 27.5◦. Resonance
points of the setup and individual hardware (yellow shading) stay fix for dif-
ferent incidences and can be isolated. Black shaded regions show membrane
wing related dominant oscillation frequencies in lift, which modify (and can be
resolved) for different flow conditions.

Post-processing of the load measurements includes time-averaged statistics such as mean,

standard-deviation (68%- confidence level) and power-spectral-density (PSD). The os-

cillation frequency f of the loads is normalised with the free-stream velocity U∞ = 10

m/s and the chord length c = 0.1 m. The resulting Strouhal number St = fc/U∞ is

commonly used to study and relate unsteady flow phenomenons such as leading-edge

vortex-shedding and represents a measure of the inertial forces due to flow fluctuations

to the inertial forces due to velocity changes within the flow field.

3.2.4 Deformation

3.2.4.1 Photogrammetry

High-speed photogrammetry (Figure 3.10a) is used to measure instantaneous membrane

deformations using a high-speed camera (Photron SA1) at sampling rate of 1 kHz and

sampling time of 5 s. The chordwise measurements are performed along four different

half-wingspan locations (y/(b/2) = 25, 50, 75, 95%). Membrane deformations are defined

in a fixed wing body coordinate system, where x-coordinates measure along the chord

between LE and TE, y-coordinates along the span and z-coordinates in camber direction.
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(a) Setup-sketch
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(b) Membrane motions within 50 time steps

Figure 3.10: (a) Photogrammetry setup, measuring wing deformations at four
sections along span.(b) Exemplary membrane vibrations over mean (blue) and
without mean (red), at one span position

A class-3B CW laser (common powerful green laser pointer) was used in combination

with a planar concave lens to generate a laser sheet in the horizontal x-z plane. The

photogrammetry system had a resolution of 0.1 mm in z-displacement (cambering di-

rection) with an overall measurement uncertainty of ±0.3 mm. Displacements in the

y-direction (along wingspan) were not captured.

The camera images were mapped into spatial coordinates using a mapping function,

which is obtained using a calibration target. Figure 3.10b shows exemplary membrane

vibrations over 50 time-steps for one wingspan section. The fluctuations of ∼ 1 mm

amplitude identify a clear mode shape oscillation with three modal peaks. The angle-

of-attack for these measurements was varied from α = -5◦ to +35◦, in steps of 2.5◦.

Post-processing of the membrane motions includes time-averaged membrane mean de-

formations and averaged fluctuations, instantaneous membrane fluctuations and their

spectral signature. Structural mode shapes of the membrane are studied and grouped

with the help of a low order decomposition model which is discussed in the following

section.



28 Chapter 3 Experimental Setup and Method

3.2.4.2 Sinusoidal-Decomposition

In literature, time-averaged chordwise fluctuations are often considered for indicating

changes in dominant structural mode shapes of the membrane (Rojratsirikul et al.,

2009; Galvao et al., 2006; Tregidgo et al., 2011; Song et al., 2008). However, dominant

mode shapes in the membrane are sometimes difficult to isolate due to an overlap of

several modes shapes or a lack of fluid-structure tuning in these deformations. Their

spectral content is ordinarily found by a fast-fourier-transform (FFT ) of the chordwise

camber point with the highest fluctuation intensity (standard deviation) or the time

history of each chord position.
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Figure 3.11: Sinusodial modal decomposition of membrane vibrations. This
decomposition allows access to distinct spatial modes in the membrane and
their temporal content (Exemplary case: AR-2, mid-semispan, α = 25◦).

Sinusoidal-decomposition is an alternative method, which is able to isolate the space-

time modal behaviour of the membrane oscillations. It provides information of the

contribution of multiple mode shapes to the overall oscillation. In addition, it can

capture the existence of lower mode shapes even with strong high frequency content.

In this method (eq.3.1), photogrammetry based instantaneous chordwise membrane fluc-

tuations z′(x, t) = 1
c (z − z) are decomposed into sinusoidal modes that extend from the

LE (0,0) to the TE (1,0) at a given instant time point t using a least-squares approach

(Wolberg, 2006).
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z(x, t)− z(x)

c︸ ︷︷ ︸
Experiment

≈
N∑
n=1

an(t)sin(nπ
x

c
) with : n = mode = 1, 2, 3, ...︸ ︷︷ ︸

Modal decomposition

(3.1)

Figure 3.11a illustrates exemplarily this decomposition process for three time steps. This

chordwise fitting process results in amplitudes an(t) for each sinusoidal mode number n

at a given time instant t. The sum of all these sinusoidal curves approximates the overall

membrane deflection at a given time step t (eq.3.1). The most dominant mode is the

mode shape that has the highest squared amplitude σn across all times (Figure 3.11b,

upper left, eq. 3.2).

σn =

√√√√ 1

T

T∑
t=0

a2
n(t) (3.2)

Figure 3.11b illustrates an example that shows the time history of the amplitudes an(t)

for the first four modes.

Spectra of mode : bn(St) = PSD(an(t)) (3.3)

Since, we get the amplitude of each mode shape as a function of time, the frequency

content for each mode bn(St) can be obtained by calculating the power spectral densities

of those amplitudes an(t) (Figure 3.11b, upper right, eq.3.3).

Peak Spectral Energy : E(St) = max(bn(St)) (3.4)

The peak spectral energy E(St) (eq.3.4) is calculated by picking the highest frequency

content bn(St) of the decomposed mode selection for a given Strouhal-number and rep-

resents a reduced order (filtered) spectra of key membrane dynamics.
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3.3 Setup-2: Ground-effect Experiment

The focus of this setup concentrates on understanding the fluid-structure interaction of

rectangular perimeter-reinforced membrane full wings, going from free-flight conditions

into ground-effect. A moderate Reynolds number of Re = 56,000 (free-stream velocity

8.4 m/s) is used. The aerodynamic performance of the membrane wings is compared with

a rigid flat plate. Static and dynamic loads are measured using ATI-Nano 17 sensor, the

wing displacements and flow characteristics were measured with non-intrusive high-speed

camera systems. Time-resolved digital image correlation (DIC) is used to capture the

surface deformation of the membrane wing and time-resolved particle image velocimetry

(PIV) is used to measure the flow features. The experiments are carried out for relative

ground clearances ranging from 0.01 ≤ h/c ≤ 2 (based on trailing-edge), where the

height h/c = 2 represents the center of the wind tunnel test section with free-stream

flow conditions.

3.3.1 Setup Design

Figure 3.12: Wind tunnel test section with integrated sting and rolling road
system
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The key elements of the ground-effect setup include a rolling road and sting system which

integrated into the wind tunnel test section (Figure 3.12). Both systems are discussed

individually in the following section.

Figure 3.13: Sting arm with front mounted wing. Adjustable in pitch-angle and
vertical height.

The perimeter full wing design and the wish to study flexible wings in ground-effect lead

to the decision to use a robotic sting system, which was designed and build from the

author during his study. Figure 3.13 shows the technical drawing of the sting system

and its dimensions in mm. The system includes a traverse system with linear guides

(and stepper motors) to change height-above-ground and 1:75-geared stepper motor to

change angle-of-attack (spring-loaded worm-gear for backlash-free motions).

(a) Pitch stepper integration in sting half (b) Boxed sting with heave unit

Figure 3.14: Sting system with heave and pitch units
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The vertical traverse system is decoupled with the sting system with rubber bobbins.

The decoupling allowed to increase the signal-to-noise ratio between the sting eigen

frequencies and flow/membrane induced load frequencies. The sting arm itself consists

of two aluminium half’s and was CNC machined from casted aluminium plates (casted

aluminium allows to reduce machining induced warping). Figure 3.14a shows one open

sting half with the integrated pitch stepper and two independent cable channels. The

two, sting internal cable channels are designed to separate high-voltage cables from low-

voltage signal cables for future electroactive membrane wing studies (not discussed in

this study). For flow visualisation reasons, the sting was color coated in matt black with

a scratch-proof two-component paint. Figure 3.14b shows the complete sting system

within a custom designed transport box. The uncertainty of the sting mechanics is

validated with < 0.1 mm in vertical positioning and < 0.1◦ in angle-of-attack (both

tested with a 1
100 mm accurate dial gauge).

Figure 3.15: Rolling road design for ground-effect measurements. The system
includes a boundary layer, belt and leackage suctioning system.

The measurement of wings within ground-effect involved a rolling road system (Fig-

ure 3.15), allowing correct boundary layer conditions. The main rolling-road structure

was kindly given to us from previous experiments, but was highly modified and ex-

tended from the author. The major steel panels of the rolling-road were replaced with

aluminium panels due to weight limitations to lift the rolling-road into the wind tunnel

test section. In addition, the rolling-road was enclosed in a CNC-machined wooden box

(Figure 3.16a) and equipped with boundary-layer (B.L.) suctioning, leakage and belt

suctioning. Figure 3.16b shows the belt suctioning array of the rolling road in more

detail (next to the sting system placed on top). Belt movements along the span are con-

strained with small ball-bearings which are in contact with the edges of the belt. The

idea avoids the need for an active axis alignment system which is often used for large
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(a) Casing with vacuum system valves (b) Circular belt suctioning perforations

Figure 3.16: Rolling road add-ons

rolling-road systems. The wooden casing is decoupled to the rolling road with rubber

bobbins and placed on a lifter system for vertical elevation into the wind tunnel test

section. The custom lifter was successfully tested for a weight of up to 100 kg and comes

with a 2nd-barrier safety system to reduce the drop risk by mechanical failure. The

rolling road belt speed is modified with a 0 to 10 VDC analogue signal. The maximum

belt speed reaches 30 m/s (however, max. 15 m/s is recommended due to vibrations).

Without the usage of the rolling road system (inserted, but system switched off), the

velocity at the wind tunnel wall declines to 70% of the free-stream-velocity 1.5 mm (

h/c = 0.015 ) above the ground (Figure 3.17, black curve).

For correct boundary-layer conditions, the belt speed is matched to the free-stream

velocity (8.4 m/s) and boundary layer suction is applied with air slots in front of the

300 mm wide belt, enabling a nearly uniform, vertical velocity-profile, reaching 98%

of the free-stream-velocity 1.5 mm ( h/c = 0.015 ) above the ground in the mid-span

position (Figure 3.17, blue curve). In addition, the boundary layer was measured offset

by 100 mm in wing-span direction on either side of the wind tunnel center (Figure 3.17,

green+red curve). The error-bars indicate that the spanwise velocity variations stay

small and within the overall measurement uncertainty of ±0.1 m/s.

A video that shows the development process of the sting and rolling road system can

be found at https://youtu.be/7aE1_ShQybc. A further video shows the ground-effect

setup during wind tunnel measurements https://youtu.be/RAHejb3RHLI.

https://youtu.be/7aE1_ShQybc
https://youtu.be/RAHejb3RHLI
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Figure 3.17: A rolling road system removes the boundary layer and ensures a
uniform boundary layer profile with deviations of less than 2% from the free-
stream velocity.

It should be mentioned that the illustrated ground-effect setup required a special mea-

surement procedure to overcome gravity and membrane flexibility related problems.

The horizontal wing arrangement of the ground-effect setup caused the flexible wings

to camber down around their zero angle-of-attack (−5 ≤ α ≤ 5◦). This is different to

the previous vertical AR-related setup (Section 4.1) and caused problems specifically in

ground-effect due to physical wing-to-ground contact. The solution involved an initial

pitch-up-angle of the wing of α = +5◦ (with wind tunnel switched on), causing the

membrane to billow up (creating positive camber), followed by a pitch down movement

to the actual (problematic) measurement angle within 0 ≤ α ≤ 5◦ and its acquisition.

3.3.2 Wing Design

The full wing models have a rectangular planform with a chord length of 100 mm and

a wingspan of 200 mm, resulting in an aspect-ratio of AR = 2 (Figure 3.18). The

wingspan to tunnel – width ratio for this span is 0.47, which is well below a maximum

of 0.8 suggested by (Barlow et al., 1999) to avoid significant wall effects.

The rigid flat plate consist of a 1 mm thin aluminium plate which is surrounded by

a 3 mm diameter perimeter steel frame. The transition between steel frame and the

aluminium plate is aerodynamic covered to be comparable with the edge design of the

membrane wing models (Figure 3.18, top left). The aluminium flat plate was replaced
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with a similar thick transparent acrylic flat plate during flow measurements, giving

optical access above and even below the wing (Figure 3.19a).

Figure 3.18: Sting system with illustrated perimeter reinforced wing layout for
rigid flat plate and membrane wing

The perimeter reinforced membrane wing consists of a flexible latex membrane (Fig-

ure 3.19b,c) and a steel frame. PIV related experiments involve a membrane with a 10

mm wide translucent window at quarter-span to allow laser light to reach above and

below the wing. The latex sheet material has a thickness of t = 0.2 mm, density of

1 g/cm3 and a stiffness of E = 1.5 MPa. The aeroelastic parameter Π = (Et/qc)1/3

(Smith and Shyy, 1996) is found to be Π = 4.27 for U∞ = 8.4 m·s−1. The membrane

was wrapped around the 3 mm perimeter steel frame and attached to itself with a 5 mm

wide and 0.05 mm thin double sided tape (Figure 3.18, top right).

The 3 mm supports were selected based on the findings of Arbos-Torrent et al. (2013b),

who found that larger support diameters (5 mm instead of 3 mm) can act more like a

bluff body and can promote (unwanted) larger separation bubbles, causing a steeper lift

incline, accompanied with earlier and sharper stall conditions. In contrast, the smaller

3 mm support was found to maintain a smoother lifting behaviour beyond stall and

encourages the dynamic response of membranes to a larger extent. In addition, sharp

instead of round leading-edge shapes were found to excite the interference between the

rigid wing support structure and the membrane, which coupling was not in focus of the

current study.
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Figure 3.19: (a) Transparent rigid flat plate and (b,c) membrane wing with
translucent section, allowing optical access for PIV measurements above and
below the wing.

Assembly of the membrane wing is conducted using a custom made aluminium frame

that supports the thin membrane in mid plane of the perimeter steel frame during

assembly ensuring a maximum excess length of ε/c < 0.01 of the membrane and no pre-

tension (nominally). The wrapped attachment method of the membrane allows to change

contact angles β of the membrane on the outer perimeter steel frame (rotation around

LE/TE and both wing tips, with slight constrains at the corners, see Figure 3.18).
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Figure 3.20: Aerodynamic effect of side (tip) support fixation on membrane
wings. Comparison of half wing Setup-1 (Figure 3.3) and perimeter reinforced
full wing Setup-2 (Figure 3.19). Errorbars show standard-deviation (1σ=68 %)
of all measured wing samples.
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The study on membrane half wings with unsupported wing tips (membrane free to

billow up at wing-tip, Section 3.2.2) showed that the usage of free-to-rotate leading and

trailing-edges allowed smoother shape adaption, resulting in higher stall angles and a

gain in maximum lift. The given perimeter setup uses a similar free-to-rotate membrane

attachment concept, however the membrane is additionally constrained at the wing

tips. The aerodynamic comparison of a membrane wing with a free and fixed wing tip

attachment (Figure 3.20) shows that the constrained perimeter wing-tip concept of the

current study comes with a significant reduction in lift slope. Since the Reynolds number

of the perimeter (fixed tip, full wing) study Re = 56,000 lies between the Reynolds

numbers of the reference cases of Re = 33,700 and 67,500 (free tip, half wing), and

the lift slope of the perimeter (fixed tip, full wing) study is shallower than both the

reference studies (free tip, half wing), the difference can be attributed to the difference

in free and fixed wing tip. For the perimeter wing-tip concept the membrane is more

constrained and cannot freely billow up at the wing tips. As a result, the overall mean

camber is restricted to grow, resulting in a lift penalty. The membrane with a fixed tip

also exhibits a lower drag (most likely due to a reduction in induced drag).

3.3.3 Load

(a) CAD-design(load cell in red) (b) Half-opened sting nose

Figure 3.21: Load-cell integration in sting nose

All force and moment measurements are made for five different membrane wing samples

and the mean loads and moments are computed from the resulting data. The attachment

error has very little effect on the membrane dynamics as the force/moment spectra show

almost identical dominant frequencies for a given angle-of-attack and height. The overall
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standard deviation (1σ = 68% confidence level) is computed by pooling the data from

the five different samples.

Lift and drag forces are measured by a six-axis load cell (ATI-Nano 17), similar to the

load cell used in Setup-1 (Section 3.2.3), but with a higher maximum load capacity of

25 N instead of 8 N. The decision for the larger 25 N load cell was necessary due to

reaching overload limits with the 8 N load cell in maximum pitch moment. The load

cell is integrated into a sting as shown in Figure 3.21. A sampling rate of 10 kHz and

a sample length of 20 s was used. The uncertainty in the load cell is ± 0.006 N in

forces and ± 0.03 [Nmm] in pitching moment. Calibration and drift compensation are

conducted as previously described in Setup-1 (Section 3.2.3).

Figure 3.22 shows the mean values in the aerodynamic lift, drag and pitch moment

coefficients, accompanied with their uncertainty bounds (errors come mainly from wing

sample attachment and the load-cell, errorbars are shown with 68% confidence level).

Rigid flat-plates and membrane wings are illustrated in free-flight (h/c = 2) and in

one ground-effect case (h/c = 0.1) for brevity. All wings show a very consistent and

small error, even in wing stall conditions. An exemplary membrane wing in free-flight

conditions (h/c = 2) shows an uncertainty in drag of less than 3% at α = 0◦ and <

1% for α ≥ 15◦, whereas the flat plate shows a slightly higher uncertainty due to lower

drag forces with 5% at α = 0◦ and < 1% for α ≥ 15◦. Ultimately, the error levels are

found to be sufficient to compare the key parameters of the study (height-over-ground,

angle-of-attack, flat-plate vs. membrane wing).
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Figure 3.22: Uncertainty bounds of aerodynamic coefficents for rigid flat-plate
and membrane wings at free-flight (h/c = 2) and ground-effect conditions (h/c
= 0.1)
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The dynamic behaviour of the experimental setup is separately validated to obtain the

eigenfrequencies and damping characteristics of all its electro-mechanical components.

The dynamics of all wing model structures are measured, avoiding resonance points

for the measured wind/rolling road speed. As a result, the wind speed of 8.4 m/s

was specifically selected for this setup as a result of resonance problems occurring by

10 m/s, which velocity was previously selected for the early aspect-ratio experiment

on membrane half wings (Section 3.2). Although not illustrated here in detail, results

showed that reduced Reynolds numbers shift the dynamic behaviour of membrane wings

into lower angles-of-attack, resulting in lower mode shape orders (with lower frequencies)

for a comparable angle-of-attack.
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Figure 3.23: Resonance behaviour of the setup. Cases: No wing mounted, flat-
plate mounted, membrane wing mounted. U∞ = 8.4m/s, stall-conditions at
α = 25◦, free-flight. Flow induced load-shedding of rigid flat-plates can not
be resolved due to relatively strong wind tunnel fan induced noise (blower-type
related) and excitation of the wing frame eigenfrequency (EF). Wing frame
eigenfrequencies were localised with external hammer-tests. However, mem-
brane wing load dynamics (membrane/flow induced) can be resolved (68Hz +
138 Hz) and emerge out the setup background frequencies.

Figure 3.23 illustrates the lift based (load-cell acquired) resonance frequencies of the

setup without any wing (blue-dotted line), a flat-plate (red-line) and a membrane

wing (black-line) installed. The vibrations are excited due to all machinery equipment

switched-on (rolling-road, wind tunnel fan, vacuum) and are measured with the wings

in stall conditions (α = 25◦). The eigen frequencies of the wing frame (made of steel

rods) are identified with an external hammer-test at 19 Hz for the flat-plate and 25 Hz

for the membrane wing (again, steel frame related). Their excited energy level measures

-40 dB to -35 dB. The sting eigen frequency was also identified with a hammer test and

measures 33 Hz with an excitation of -35 dB. The wind tunnel blower-fan was found to
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be an important noise producer and could be measured with up to -30dB at 52 Hz. As a

result, the shedding frequencies of rigid flat-plates are often below this fan-based value

and can not be resolved with the load-cell (but fortunately with the flow). In compari-

son, the load dynamics of membrane wings are strong enough and can be resolved at 68

Hz and 138 Hz by showing generally equal or higher energy levels of ≥-30 dB. It is even

possible to use the membrane and the flow spectra to trace the origin of specific unclear

load frequencies. This is one further benefit to use multiple measurement techniques.

Figure 3.24 shows the modifications of the resonance frequencies of the setup, involving

rigid flate-plates and membrane wings and changes in angle-of-attack (15◦ ≤ α ≤ 30◦).

The spectral content of the rolling road/sting, wind tunnel fan and the attached wing

appears remarkably constant for all angles-of-attack (yellow shading) and has mostly

lower amplitude levels compared with membrane wing induced load fluctuations. Clear

changes in the load spectra of membrane wings with modifying angle-of-attack show that

the setup eigen frequencies do not significantly influence the results. Additionally, the

modification of the load spectra of membrane wings correlates well with the frequencies in

leading-edge vortex-shedding and membrane oscillation (modifying with angle-of-attack

and height-over-ground), providing evidence to capture real flow/membrane induced

load dynamics.

Figure 3.24: Resonance behaviour of setup (based on PSD(FLift)), modifying
for rigid flat-plate and membrane wing in angle-of-attack of 15◦ ≤ α ≤ 30◦.
Resonance points of the setup (yellow shading) stay fix for different incidences
and can be isolated. Black shaded regions show membrane wing related domi-
nant oscillation frequencies in lift, which modify (drop) within stall conditions.

Post-processing of the load measurements includes time-averaged statistics such as mean,

standard-deviation (68%- confidence level) and power-spectral-density (PSD, Technolo-

gies (1985)). The vibration frequency f is normalised with the (ground-effect setup
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related) free-stream velocity U∞ = 8.4 m/s and chord length c = 0.1 m to the Strouhal

number St = fc/U∞. Time-synchronised load-membrane-flow acquisition allows to

cross-correlate the load dynamics to the membrane and the flow dynamics. The corre-

lation is of major importance to understand the coupling quality and phase leads/lags

between the signal dynamics. The study uses the cross-correlation-function (CCF, see

eq. 3.5) which normalises two signal amplitudes (s1, s2) with their individual standard-

deviation (σs1 , σs2). The MATLABTM function crosscorr is used to conduct the corre-

lation.

CCF (k) =
1
T

∑T−k
t−1 (s1,t − s1)(s2,t+k − s2)

σs1σs2
with : k = 0, 1, 2, ... (3.5)

It provides information about the overlap quality of the two signals (CCF = 1 = 100%)

at zero phase difference (neglecting amplitude information) and their phase alignment

(k) between each other. The time-shift k (eq. 3.5) between the two signals is modified

to a phase shift φ(k) in [◦] which references to a 360◦ oscillation cycle of the acquisition

frequency (eq. 3.6).

φ(k) = k
fdominant
facquisition

360[◦] (3.6)

The normalised phase shift φ in [◦] allows to compare cases of different dominant fre-

quency (e.g. different frequencies in vortex-shedding) with a common base frequency

(the acquisition frequency).

The load measurements were conducted for angles-of-attack ranging from 0◦ ≤ α ≤ 40◦

with a step size of 2.5◦ and heights-over-ground of h/c = [0.01, 0.02, 0.05, 0.1, 0.2, 0.3,

0.4, 0.5, 0.75, 1, 1.5, 2].
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3.3.4 Deformation

3.3.4.1 Digital-Image-Correlation

Stereoscopic digital image correlation (DIC) is carried out to measure instantaneous

membrane deformations using two high-speed cameras (Phantom V341, Figure 3.25)

with 50 mm focal length lenses (Nikon AF Nikkor 50mm f/1.8D) with aperture set to

f/8. The field of view is 1312×1000 pixels, capturing the entire membrane wing surface.

Volumetric calibration is conducted using a calibration plate (aluminium plate with

dot-pattern) which was imaged at different positions within the measurement volume.

The later volume reconstruction is conducted with the help of commercial software

(LaVision). The black parts of the membrane are sprayed with a white random speckle

pattern with ∼3 to 5 speckles per mm (∼2 pixels per speckle).

Figure 3.25: Digital image correlation (DIC) of membrane surface. Blue LED-
light is used for illumination. The illustrated speckled membrane has a translu-
cent streamwise section for later PIV measurements above and below the wing.

The patterns are illuminated with blue light emitting diodes (LEDs), which in combi-

nation with blue bandpass filters eliminates any interference from the green laser light

during simultaneous DIC and PIV recordings. The light sheet window, a 10 mm wide

translucent region in the membrane (Figure 3.25, upper), did not cause major problems
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for the DIC measurements as the translucent surface even allowed DIC-correlation based

on its natural texture.

High-speed images are captured at a sampling-rate of 800 Hz over a sampling-time of 10s

for one of the five sample wings from the force/moment measurements. The sampling

frequency allows to resolve dynamics in the membrane below 400 Hz. A total of 8000

images are obtained, spanning over 50 cycles of the most energetic modes.

Commercial software, LaVision StrainMaster, is used to obtain deformations from the

stereo images. A subset size of 89×89 pixels with a grid step of 15 pixels is chosen,

resulting in an average spatial resolution of 0.03c. The uncertainty of the membrane

deformation is estimated to be no worse than 0.1% of the chord length and is measured

by recording two images in still position while comparing the displacement between

them. The DIC-technique is widely used in experimental mechanics, allowing sub-pixel

accuracy due to grey value interpolation schemes over the interrogation grid (Schreier

et al., 2000). The results agree with previous studies that have applied DIC on membrane

wings (Rojratsirikul et al., 2011; Galvao et al., 2006; Stanford et al., 2014).

Membrane deformations are defined in a fixed wing body coordinate system, where x-

coordinates measure along the chord between LE and TE, y-coordinates along the span

and z-coordinates in camber direction. Out-of-plane displacements of the membrane are

referenced with respect to the plane coinciding with the wing’s rigid frame. Final re-

sults include mean membrane deflections, instantaneous and time-averaged fluctuations

and their spectral content (conducted at the surface point with the highest fluctua-

tion intensity). The spatiotemporal relation of membrane dynamics is investigated with

the proper-orthogonal-decomposition technique which will be described in detail in the

following section.

The DIC measurements are conducted for a selection of angles-of-attack at α =[5, 10,

15, 20, 22.5, 25, 35]◦ and four heights-over-ground h/c = [2, 0.25, 0.1, 0.01].

3.3.4.2 Proper-Orthogonal-Decomposition

Proper-orthogonal-decomposition (POD) is a statistical tool to analyse intrinsic struc-

tural properties with a reduced-order model. It has previously successfully been applied

to membrane surface dynamics (Stanford et al., 2010; Buoso and Palacios, 2015; Shi

et al., 2013) and is an alternative to the sinusoidal-decomposition, illustrated previously

in Section 3.2.4.2. The complexity of membrane-vibrations requires a technique which

is capable to identify and quantify two-dimensional spatial structures in membrane-

surface-oscillations. The use of POD allows to capture those most energetic structural

vibration mode shapes directly from time resolved image data (Han and Feeny, 2003;

Lumley, 1967; Sirovich, 1987; Pinnau, 2008; Kostas et al., 2002). The POD modes of

the membrane deformations are identified using the snapshot method.
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Fluctuation components : Z = [z1z2...zN ] =


z1

1 z2
1 . . . zN1

z1
2 z2

2 . . . zN2
...

...
...

...

z1
m z2

m . . . zNm

 (3.7)

The POD-process involves to align out of plane membrane fluctuations zm for a given

time step n into a single vertical vector znm (eq. 3.7).

Eigenvalue problem : CA = λiAi with : C = ZTZ (3.8)

Those vectors are stacked into a Matrix Z for all time steps n = 1, ..., N . The fluctuation

components Z (eq. 3.7) are forced into a stochastic process, producing an autocovariant

matrix C (eq. 3.8).

POD coef. : ai =

∑N
n=1A

i
nz

n

||
∑N

n=1A
i
nz

n||
with : i = 1, ..., N (3.9)

The eigenvalue problem is solved and POD coefficients are determined (eq.3.9).

Time series POD coef. : ai(t) = aiT zi (3.10)

The time-series of POD mode weights (ai) are computed by projected every instanta-

neous membrane deformation in to their respective POD modes (eq. 3.10) and this data

can be used to compute the frequency spectra of the mode weights ai (power-spectral-

density, PSD(ai)).

Energy contribution of POD coef. to total energy :
λi∑N
n=1 λ

n
(3.11)

Figure 3.26 shows the sensitivity analysis of POD for an exemplary membrane wing in

stall conditions (h/c = 0.1 at α =15◦). The analysis is conducted on the membrane

fluctuations (without mean) and considers 8000 images (full sample size), 4000 images

and 1000 images. Membrane fluctuations with 1/4 or 1/8 of the number of acquired

(8000) images are found to show the same mode shapes (Figure 3.26a) and energy
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content (Figure 3.26b). Therefore, the POD modes are converged and confirm that the

ensemble size is sufficient for this analysis on the membrane dynamics.

(a) Spatial mode shapes (eq. 3.9)
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Figure 3.26: Sensitivity analysis of POD on membrane fluctuations with 1000,
4000 and 8000 samples (POD without mean). Spatial mode shapes (normalised
contours) and their individual energy content are shown for the first eight dom-
inant POD modes. Exemplary case: Extreme ground-effect (h/c = 0.1) at
α =15◦. Ultimetly, the assamble size does not show any significant impact on
the POD mode shapes and their energy content.

3.3.5 Flow

High-speed particle image velocimetry (PIV) is conducted by capturing frame pairs at

800 Hz, resolving dynamics in the flow up to 400 Hz. A double-cavity Nd: YLF laser

(Litron LDY-300 )with a wavelength of 527 nm is used. The flow is seeded with 1

µm droplets generated using glycerine-water mixture in a typical atomiser. Previous

studies with similar high-speed PIV and droplet sizes have shown that those particle are

sufficient quick (∼30 kHz) to resolve the given (vortex-shedding dominated) flow scales

(Timpe et al., 2013). The synchronisation between all cameras (DIC and PIV) and

the laser is synchronised with a LaVision high-speed controller, which is triggered via

Matlab. The commercial software LaVision Flowmaster is used for image acquisition

and post-processing.

Flow measurements are conducted for one separate streamwise and spanwise PIV-plane.

Each individual PIV-plane measurement is accompanied with time-synchronised mem-

brane deformation (DIC) and load measurements, allowing to cycle-average both flow

fields into a common cycle at a later stage. All flow related results are based on one repre-

sentative wing sample. The flow based coordinate system (x, y, z) relates to (freestream–

parallel, height–parallel, span–parallel) directions.
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The following subsections will provide details of the PIV experiments carried out in the

streamwise-chord-normal plane over the wing and the spanwise-chord-normal plane in

the wake of the wing and will investigate the usage of proper-orthogonal-decomposition

for flow field.

3.3.5.1 Particle-Image-Velocimetry: Streamwise-plane

The first part of flow measurements is conducted at quarter-span in a streamwise wing-

normal plane (Figure 3.27). The quarter-span position is chosen for these measurements

as it has the least interference from the sting system while ensuring that we capture the

representative flow dynamics that are correlated to the membrane deformations. Two

Phantom V341 cameras (same type as used for DIC) are equipped with a set of two

105 mm focal length lenses (Sigma 105 mm f/2.8 EX DG Macro) with aperture set to

f/2.8 (fully open). The applied laser-sheet was focused in level with the leading-edge

and measured approximately 1 mm in thickness.

Figure 3.27: Planar PIV setup with two slightly overlapping side-by-side PIV
cameras, capturing flow above/below wing + wake region. The laser plane is
aligned parallel to the freestream at quater-wingspan.

Green bandpass filters are added on the PIV-lenses to increase the signal-to-noise ratio

for the cameras by filtering out the background light from the (DIC-related) LEDs.

The cameras are aligned perpendicular to the flow field in a side-by-side arrangement,

allowing typical 2D flow measurements above/below the wing and in the near wake

(Figure 3.27, upper left). A planar calibration plate of known grid spacing (acrylic plate

with printed dot-pattern) is used to transfer pixel based displacements into millimetres.

The calibration plate covers the full individual field-of-view of both side-by-side arranged
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cameras (each spanning 1616×1088 pixels, equal 148 mm×100 mm (streamwise×height))

and both cameras share a 36 mm wide overlapping region with common calibration

points for the later vector-stitching process (Figure 3.27, upper left). The image-pair

acquisition frequency is set to 800 Hz, acquiring 5000 images over a total time period of

6.25 s.

The time delay between image pairs is set to ∆t = 50 µs, which results in a peak particle

image displacement of about 5-7 pixels. Interrogation areas are set 64 x 64 pixels with

50 % overlap for a first pass and to 16×16 pixels with 75 % overlap for the second pass.

This results in a spatial resolution of 0.68 vectors/mm with a grid resolution of 1.6 % of

chord. The resulting instantaneous vector fields of each of the two planar cameras are

stitched using the 36 mm wide overlapping region (in which the vectors are averaged)

to obtain a 26 cm×10 cm spanning vector field. The PIV-based freestream velocity

is verified against a pitot tube system and they stay within 2 % of each other. The

particle image correlation values in the flow reach 0.6 to 0.9 on the top side of the wing

and reduce to 0.3 to 0.4 below the wing as the translucent latex window reduces the

laser light intensity significantly. Nevertheless, it is possible to resolve the mean flow

below the wings, which is of specific interest with the descent into ground-effect.

Description Short Uncertainty [%]

Horizontal mean velocity U/U∞ ≤ 0.8

Vertical mean velocity V /U∞ ≤ 0.5

Mean vorticity ωc/U∞ ≤ 0.3

Horizontal velocity fluctuation U ′/U∞ ≤ 2.3

Vertical velocity fluctuation V ′/U∞ ≤ 2.3

Vorticity fluctuation ω′c/U∞ ≤ 2.8

Table 3.2: Uncertainty analysis of streamwise (planar) PIV results

Table 3.2 shows the results of an uncertainty validation of the given planar PIV study.

The results depend on the individual measurement cases (wing type, angle-of-attack,

height-over-ground) and are shown for a reference wing in stall (peak-lift) conditions

(membrane wing, h/c = 2, α = 25◦). The uncertainties in the statistical quantities,

such as time-averaged velocities and the vorticity (velocity-gradients), are calculated by

the principles of Benedict and Gould (1996) and Kat (2012), considering 5000 vector

fields. The technique relates fluctuation intensities (standard-deviation) of the flow-field

with the acquired ensemble-size. The time-averaged vorticity is calculated by using a

linear uncertainty-propagation of the velocity-gradients and relates to the peak vorticity

in the shear layer, which was calculated as 60U∞c . The uncertainties in the instantaneous

velocity results are estimated by using the displacement uncertainties (subpixel accuracy
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of 0.1 pixel, see Westerweel (1997)) in reference to the laser pulse-time separation. Simi-

larly, the instantaneous vorticity is calculated by using a linear uncertainty-propagation

of the velocity-gradients (relating instantaneous velocity uncertainties with the grid-

spacing of the vector-field). It should be noted that the conducted analysis has to be

seen as an estimate and indication of the uncertainty which may vary between differ-

ent measurements (due to uncertainty in particle displacement, particle image density,

calibration procedure, focusing errors, etc.).

Post-processing of the streamwise-PIV results involves flow statistics with time-averaged

velocity fields (allowing to visualise separation bubbles), turbulent kinetic energy (mea-

sure for unsteady flow regions) and vorticity (measure of rotational part of the flow).

A spectral analysis of vertical flow fluctuations reveals dominant shedding frequencies

within the flow (shown as normalised Strouhal number) at selected listener points. Verti-

cal flow oscillations are cross-correlated to membrane and load dynamics, revealing their

coupling quality and phase. The reduced order model of POD is applied to investigate

predominant flow structures above the wing surface and in the wake (discussed later in

Section 3.3.5.3 in combination with spanwise flow-plane).

The streamwise-plane related PIV measurements are conducted for rigid flat-plate and

membrane wings at a selection of angles-of-attack of α = [10, 15, 25]◦ for three heights-

over-ground h/c = [2, 0.25, 0.1].

3.3.5.2 Particle-Image-Velocimetry: Spanwise-plane

The second part of flow measurements is conducted in a freestream-normal plane, located

one chord length downstream of the trailing-edge (Figure 3.28).

An exemplary instantaneous velocity vector field is illustrated within the upper right

corner of Figure 3.28, showing the tip-vortex in relation to the wing root and sting posi-

tion. The downstream position of the PIV-plane is selected to capture a fully developed

tip-vortex structure of sufficient size and track its modification within ground-effect. The

stereo-PIV setup involves two cameras which are aligned 45◦ to the laser plane, resulting

in a 90◦ included angle between the cameras. The spanwise-PIV setup uses the same

cameras, lens and filter systems as the streamwise-PIV setup (Section 3.3.5.1). How-

ever, each camera was additionally tilted with respect to the lens axis using Scheimpflug

adapters and was focused at the centre of the PIV-measurement plane.

The stereo-PIV setup involves an aluminium two-level 3D calibration plate of known

grid spacing and defined separation distance between the calibration planes. The applied

laser-sheet thickness was enlarged to a width of approximately 3 mm to ensure that the

number of later unmatched particles are no more than 50 % (Wieneke and Taylor, 2006).

Apart from initial camera calibration, the stereo self-calibration technique was applied

to account for misalignment between the calibration plate and the image plane.
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Figure 3.28: Stereo PIV setup, showing tip-vortex development in a freestream-
normal plane, located one chord downstream of trailing-edge. An exemplary
tip-vortex vector field is shown in relation to the sting position.

The image-pair acquisition frequency of 800 Hz allows a resolution of 1616×1088 pixels

for each camera, resulting in a laser-plane projected field-of-view of 170 mm×80 mm

(span×height). A total of 5000 images are recorded over a time of 6.25 s. The time delay

between image-pairs is set to ∆t = 30µs, resulting in a peak particle image displacement

of about 4 pixels.

The images-pairs are mapped (using the upper calibration plate information) and pro-

cessed into vector fields. Interrogation areas are set 128×128 pixels with 75 % overlap

for a first pass and to 32×32 pixels with 75 % overlap for the second pass. This results

in an in-plane spatial resolution of 0.43 vectors/mm and a grid resolution of 3 % in

chord–lengths. The stereo-PIV based freestream velocity is validated against a pitot

tube system and stays within 1 % of each other.

Table 3.3 shows the results of an uncertainty validation of the given stereo PIV study.

The results depend on the individual measurement cases (wing type, angle-of-attack,

height-over-ground) and are shown for a reference wing with strong leading-edge vortex

shedding and a coherent tip-vortex (membrane wing, h/c = 2, α = 25◦). The uncer-

tainty analysis for the stereo-PIV setup follows the same fundamental methodology as

previously discussed with the planar PIV system (Section 3.3.5.1).
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Description Short Uncertainty [%]

Out-of-plane mean velocity U/U∞ ≤ 0.3

Vertical mean velocity V /U∞ ≤ 0.3

Spanwise mean velocity W/U∞ ≤ 0.3

Mean in-plane vorticity ωc/U∞ ≤ 0.2

Out-of-plane velocity fluctuation U ′/U∞ ≤ 3.5

Vertical velocity fluctuation V ′/U∞ ≤ 3.0

Spanwise velocity fluctuation W ′/U∞ ≤ 3.0

In-plane vorticity fluctuation ω′c/U∞ ≤ 2.6

Table 3.3: Uncertainty analysis of spanwise (stereo) PIV results

Post-processing of the spanwise-PIV results involves flow statistics with time-averaged

velocity fields (showing tip-vortex size and location), vorticity (rotational component of

the tip-vortex and its coherence) and circulation (flow-field integral of vorticity distri-

bution). A spectral analysis of vertical flow fluctuations is conducted at several listener

points in the flow and reveals dominant shedding frequencies close to the wing root which

are correlated to the shedding results found in the streamwise-plane. The reduced order

model of POD is applied to investigate shedding structures in the wake and will be

discussed in the following section.

The spanwise-plane PIV measurements are conducted at a selection of angles-of-attack

of α = [10, 15, 25]◦ at h/c = 2 and α = 15◦ for h/c = [0.25, 0.1].

3.3.5.3 Proper-Orthogonal-Decomposition

Proper-orthogonal-decomposition (POD) can not only be useful to describe the mem-

brane (Section 3.2.4.2) but also the flow dynamics. POD has previously successfully

been applied to the flow field around membrane wings (Schmit et al., 2003; Lian et al.,

2003) as it allows to group vortical structures of highest energy content. As a result, the

overall flow dynamics can be reduced by smaller-scale vorticity carrying features and it

is found useful to filter out the effects of these smaller scales in order to examine the

interaction between the leading-edge vortex and the membrane. Therefore, POD analy-

sis is applied on both streamwise- and spanwise PIV planes. The POD implementation

on the flow structures is conducted in a similar way as seen in detail for the membrane

dynamics (Section 3.3.4.2).

Figure 3.29 and Figure 3.30 show the sensitivity analysis of POD for both the streamwise

and spanwise PIV-plane. It is shown that 1000 instead of 5000 PIV-images exhibit

similar dominant POD-mode shapes of similar energy content. Therefore, the POD
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modes of the flow (in both PIV-planes) are converged and confirm that the ensemble

size of 5000 images is sufficient. It is interesting to note that the POD analysis on the flow

requires significantly more mode numbers to converge (Figure 3.29c and Figure 3.30c)

than needed for an analysis on the membrane dynamics (Figure 3.26b). The standing

wave characteristic of membrane wings and their mass (eigen frequency) effects are likely

to be responsible for their dominance in a single POD mode rather than multiple ones

(as seen for the flow).
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Figure 3.29: Sensitivity analysis of POD on streamwise flow-plane with 1000 and
5000 samples (based on POD without mean). Spatial POD mode shapes (inten-

sity normalised contours, showing
√

(U ′
2

POD + V ′
2

POD)/U∞) and their individual

energy content are shown for the first five dominant POD modes. Exemplary
case: Extreme ground-effect (h/c = 0.1) at α =15◦. Ultimetly, the assamble
size does not show any significant impact on the POD mode shapes and their
energy content.
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0 1 2 3 4 5     10    15    20    25     30
0

1

2

3

4

5

6

7

8

9

10

11

POD mode number

E
ne

rg
y 

co
nt

ri
bu

tio
n 

[%
]

 

 

5000 images
2500 images
1000 images

(c) Energy distribution over first 30 modes

Figure 3.30: Sensitivity analysis of POD on spanwise flow-plane with 1000 and
5000 samples (based on POD without mean). Spatial POD mode shapes (inten-

sity normalised contours, showing
√

(W ′
2

POD + V ′
2

POD)/U∞) and their individual

energy content are shown for the first five dominant POD modes. Exemplary
case: Extreme ground-effect (h/c = 0.1) at α =15◦. Ultimetly, the assamble
size does not show any significant impact on the POD mode shapes and their
energy content.



Chapter 4

Effect of Aspect-ratio on

Membrane Half-wings

4.1 Aerodynamic Loads

In this result section, the aerodynamic coefficients (CL, CD, CM/4) of membrane wings

are compared with those of rigid flat plate wings. Modifications with aspect-ratio

changes are in major focus. In addition to mean effects, lift, drag and pitch oscilla-

tions are also examined.

4.1.1 Lift and Drag of Rigid Flat Plates and Membrane Wings

Figure 4.1 presents the influence of aspect-ratio (AR-1 and AR-2) on the aerodynamic lift

and drag coefficients of rigid flat plate wings and membrane wings with increasing angle-

of-attack (note that sweeping towards increasing/decreasing angles can have hysteresis

effect, see later in Figure 4.2). In addition to time-averaged lift and drag coefficients,

the intensity of fluctuations of the coefficients (σ(CL) and σ(CD), with 68% confidence

level) is indicated by translucent regions. Furthermore, a waterfall chart at the top of

the figure shows the power spectral density of the lift coefficient (PSD(CL(t))) across

all angles of attack.

Membrane wings displayed a superior lift performance in comparison to rigid flat plates,

which is expected. At ordinary cruise angles of MAVs of 5◦ ≤ α ≤ 15◦, membrane wings

showed a benefit of up to 50–57% in lift coefficient CL in comparison with rigid flat plates

for both AR-2 and AR-1, which is consistent with findings from other investigations

(Galvao et al., 2006; Tregidgo et al., 2011; Song et al., 2008). This result is caused by

the tendency of membrane wings to increase camber under loading, leading to a higher

lift (Rojratsirikul et al., 2010b). The maximum lift coefficient of AR-2 membrane wings

53
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(a) AR-2 (b) AR-1

Figure 4.1: Influence of AR on lift and drag coefficients of rigid flat plates and
membrane wings. Shaded regions represent the measured standard deviation
(σ) in the aerodynamic coefficients. Additionally, spectral (PSD) information
of the membrane wing lift coefficient (top) indicate low Strouhal numbers at
onset of stall. The intensity of fluctuations is lower for lower AR.

increases by 60% from CLmax = 1.0 to CLmax = 1.6, whereas the AR-1 wing still showed

a gain of 31% from CLmax = 1.3 to CLmax = 1.7. This benefit for the higher AR could be

linked with its reduced downwash region (and therefore larger slope), which enables the

wing to sustain high local angles of attack at the leading-edge, resulting in an increased

camber in comparison with lower aspect-ratio membrane wings. This was supported by

the comparison with overall camber deformations along the span, which are discussed

later. The maximum stall angle of membrane wings α(CLmax) was delayed by 5◦ in

comparison with rigid flat plates. This delay can be explained by the flexible nature of

membrane wings, which permit the excitation of boundary layer perturbations. These

perturbations allow the flow to stay attached longer and promote vortex roll up with

low pressure content to sustain the lift (negative pressure on upper wing surface) at

high incidence (Rojratsirikul et al., 2009). At moderate incidence of 5◦ ≤ α ≤ 15◦, the

increase in lift was accompanied by an increase in (induced) drag of up to 43% for the

AR-2 wing and 59% for the AR-1 case.

Further investigation of the lifting behaviour of rigid flat-plates and membrane wings

around zero angle-of-attack reveals non-zero (bi-stable) lift values for the (inherent

compliant) membrane wings which are able to snap-through their LE-TE related axis

(zero bending-stiffness). The behaviour depends on the initial measurement direction

(sweep towards inclining or declining angles-of-attack) and is illustrated in Figure 4.2

for all three aspect ratios. The size of the hysteresis zone is found to span between

−5◦ ≤ α ≤ 5◦ and is comparable with results from the literature (Song et al., 2008).
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In addition, it appears that aspect-ratio changes do not have a significant effect on the

shape and size of the hysteresis zone. Rigid flat-plates do not show hysteresis zones

around zero angle-of-attack (not shown for brevity).
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Figure 4.2: Hysteresis in lift for membrane wings around zero angle-of-attack,
modifying with aspect-ratio

In addition to static results, the lift and drag of membrane wings show strong dynamics

which change with angles of attack and aspect-ratio. Figure 4.1 indicates that membrane

wings fluctuation intensity in lift and drag coefficient grows dramatically at the onset

of stall, reaching σmax = 0.6 at α = 27.5◦ for the AR-2 and σmax = 0.2 at α = 35◦

for the AR-1 wings. This rise happens progressively for the AR-2 membrane wing with

increasing angle-of-attack. Low fluctuation intensities can be observed between α = 7.5◦

to 15◦ and at post-stall incidences. Rigid flat-plate wings also show dynamics in their

aerodynamic coefficients at the onset of stall, however to a much smaller extent (∼ 1-

order of magnitude smaller). The strong excitation, encouraged by the membrane wing

flexibility, is coupled with the unsteady flow over a stalled wing leading to a feedback

loop between membrane wing deformation and the unsteady flow. This is manifested in

the strong fluctuations in lift and drag forces.

Inspection of the spectral content of lift fluctuations of membrane wings (shown at the

top of Figure 4.1) reveals the presence of strong frequencies at the onset of stall. The

dominant frequency is the frequency with the highest amplitude peak of the PSD. The

higher AR-2 (Figure 4.1a) shows an increase in dominant frequency of St = 0.7 at

α = 0◦ up to St = 1.9 at α = 20◦. This growth is probably linked with an increase

in membrane tension with rising dynamic pressure and the higher structural response

of the wing. At stall angles of α = 25◦, the structural response gets more energised

and the dominant frequency drops back to St = 0.7. Low frequency vortex-shedding

excites the membrane structure at low mode shapes and results in energy content for low
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frequencies (Gordnier, 2009). The lower AR-1 wing (Figure 4.1b) shows similar trends

to the higher AR-2 wing, however with delay of the frequency-drop into higher angles of

attack. At α ≥ 25◦, the AR-1 case shows energised higher dominant frequencies, which

indicates that the membrane response is not driven by vortex-shedding as seen in AR-2.

4.1.2 Aerodynamic Range and Power Efficiency
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Figure 4.3: Influence of AR on aerodynamic range, CL/CD, and power efficiency,

C
3/2
L /CD, of rigid flat plates and membrane wings, including error-bars that

indicate uncertainty.

Figure 4.3 displays the influence of AR on the aerodynamic range (CL/CD) and power

efficiency (C
3/2
L /CD) of rigid flat plates and membrane wings. In addition, the uncertain-

ties in the mean values are displayed, which are based on the uncertainty in the load cell

measurement. Generally, higher aspect-ratios classically result in higher aerodynamic

range efficiencies (CL/CD). Membrane wings are found to be largely comparable with

rigid flat plates in terms of aerodynamic range, which is in agreement with previous

studies (Galvao et al., 2006; Song et al., 2008). However, rigid flat plates show a trend

in slightly higher range efficiency at low angles-of-attack of α ≤ 15◦, whereas membrane

wings gain up to 15% at higher angles of α ≥ 15◦ (Figure 4.3a). This is caused by

the shape adaptability and flexibility of membrane wings, which enable benefits in ef-

ficiency especially at higher incidence due to longer flow attachment and promotion of

vortex-shedding (Rojratsirikul et al., 2010a).

Membrane wings clearly show superiority in power efficiencies (C
3/2
L /CD) in comparison

with flat plates, due to their strong lift enhancement (Figure 4.3b). The power efficiency

is a key factor in the endurance of MAVs. Membrane wings exhibit superior power
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efficiencies over the entire range of angles of attack. They are able to extend the peak

power efficiency (C
3/2
L /CD)max by 16% for AR-1 and up to 33% for the AR-2 wing. At

higher angles of attack, membrane wings show even higher benefits (>60% for AR-2 at

20◦ ≤ α ≤ 25◦) compared with flat plates, which have large flow separations for these

angles of attack. It is evident that the decision for the correct AR of a power efficient

MAV depends on the angle-of-attack for cruise flight as well as the requirements for

manoeuvrability.

4.1.3 Pitching Moment

The pitching moment (about the quarter chord location) is found to oscillate strongly

at angles of attack around −5◦ ≤ α ≤ +5◦ and in the vicinity of stall, similar to the lift

and drag coefficient. Figure 4.4 shows the variation of pitch moment coefficient about

the quarter chord position CM/4 with angle-of-attack. Rigid flat plates and membrane

wings with AR-1 and AR-2 are compared. In addition to time-averaged pitch moment

variation with angle-of-attack, the variance in this coefficient σ(CM ) (68% confidence

level) as well as its spectral content PSD(CM (t)) are investigated.

(a) AR-2 (b) AR-1

Figure 4.4: Pitching moment coefficient CM/4 (mean and std) and its spectra
(PSD) for rigid flat plate and membrane wings.

Rigid flat plate wings and membrane wings both show fluctuations in pitching moment.

However, the fluctuations for membrane wings reflect their flexibility and display a

large variance. The higher AR-2 case (Figure 4.4a) exhibits significant variation in

pitch moment σ(CM ) at high angles of attack, which can temporarily create positive

pitch moment coefficients CM . However, the dominant frequency of these pitch moment

oscillations appears to be high (0.7 ≤ St ≤ 1.9) in relation to gust response frequencies

of MAVs, which is in the range 0.01 ≤ St ≤ 0.1 (Ifju et al., 2002; Watkins et al., 2006).
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In comparison, the lower AR-1 membrane wing (Figure 4.4b) seems to suppress strong

vibrations in pitch effectively for these high angle incidences. The frequencies of AR-1

pitch oscillations tend to be similar for the AR-2 wing, however, the energy content is

different. This indicates that the dominant oscillation frequency in the pitch moment is

more related to chord than span variation, as the chord remains fixed in this experiment.

Furthermore, rigid flat plate wings indicate higher pitching moment slopes than mem-

brane wings at moderate angles of attack 10◦ ≤ α ≤ 15◦ (Figure 4.4). Rigid flat-plate

wings of AR-2 exhibit a distinct higher lift slope CMα = −1.05 1
rad than membrane

wings with CMα = −0.25 1
rad . The AR-1 case still displays a benefit of CMα = −0.56

1
rad for rigid wings in comparison with CMα = −0.43 1

rad for membrane wings. The

gain in static pitch stability CMα of membrane wings increases for the given α−range

with lower aspect-ratios. This is in contrast with rigid flat plate wings where higher

aspect-ratio perform better.

4.2 Membrane Deformations

The results in this section focus on the influence of aspect-ratio on membrane deflection

and dynamics. First, mean wing deflections are related to aerodynamic performance as

discussed in the previous Section 4.1. Second, the pitch-stability related chordwise lo-

cation of maximum camber is discussed. Third, instantaneous membrane vibrations are

shown. Fourth, the time-series in membrane fluctuations are time-averaged and shown

across the wingspan and chord. Five, spatial decomposition of the membrane vibra-

tions illustrates dominant chordwise mode shapes and their spectral content. Finally,

membrane dynamics are correlated to force dynamics.

4.2.1 Mean Membrane Deflection

The photogrammetry setup consists of a lightsheet in the x-z plane, which allows us

to capture time-resolved vertical membrane motions z(x, y, t) along the chord at four

semi–span locations (y/(b/2) = 25, 50, 75, 95 %). Mean membrane deformations were

obtained by averaging the instantaneous results of the high-speed photogrammetry mea-

surements. Figure 4.5 shows the variation of the maximum chordwise membrane defor-

mation zmax (this will serve as an indicator of the camber) at different wing span loca-

tions and at 5◦ ≤ α ≤ 35◦. The line thickness in Figure 4.5 increases with angle-of-attack

to clarify the drop in mean deflection at stall angles. The change in mean deflection can

be correlated to the change of the mean lift forces. For the AR-2 case when α > 25◦,

the reduction in lift force (Figure 4.1a) is correlated with a reduction in maximum mean

membrane deflection, especially towards the wing tip (Figure 4.5a). The AR-2 wing also

shows that the membrane deformation displays a progressive increase in deflection from
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the root to the wing tip with increasing angle-of-attack, which decreases in post-stall

condition of α ≥ 25◦.

In comparison, the lower AR-1 case (Figure 4.5b) exhibits similar camber deflections at

root and tip, while region between the root and tip exhibit lower deflections resulting

in an overall U-shape deflection profile across the span. Figure 4.6 shows the membrane

deflection of both aspect-ratios within one common absolute span coordinate system

[mm]. Both aspect-ratios show little common features in their membrane deflection

along the span. Different flow conditions (tip-vortex strengths) of both aspect-ratios

might be the cause for this differences in the membrane mean deflection.

4.2.2 Chordwise location of maximum camber

The variation in the location of maximum camber can be used as an indicator for the

pitching characteristics (CM/4) of flexible membrane wings and indicates pressure mod-

ifications along the chord (Gordnier and Attar, 2014). Figure 4.7 shows the chordwise

variation in maximum camber position (1
c xzmax) for four sections along the span, rang-

ing from 25% to 95%-span and modifying with angle-of-attack and aspect-ratio. Time-

averaged mean quantities are illustrated as lines whereas vibration intensities are shown

with color-shading. The chord mid position is defined by 1
c xzmax = 0.5. Higher values

(>0.5) indicate a movement of maximum camber towards the trailing-edge, while low

values (<0.5) show its propensity to be located towards the leading-edge.

(a) AR-2 (b) AR-1

Figure 4.7: Chordwise location of maximum camber (1
c xzmax) at four sections

along the span, modifying with angle-of-attack and aspect-ratio. Lines represent
mean values, shading standard deviation.
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Similar to previous load-cell based pitch-moment results (Section 4.1.3), both aspect-

ratios show a bi-stable hysteresis region around −5◦ ≤ α ≤ 5◦ in which they are accom-

panied with a strong rearward camber position and strong (bi-stable related) camber

fluctuations. The rearwards located maximum camber position (e.g. 13% out of mid

towards TE for α = 2.5◦) indicates a trailing-edge localised suctioning effect which cor-

relates well with the findings of a strong nose-down pitch moment of CM/4 = −0.25

in Figure 4.4. For growing incidences between 5◦ ≤ α ≤ 15◦, this rearwards located

membrane wing camber (Figure 4.7) appears further reflected in a stronger (nose-down)

pitch-moment in reference to rigid flat-plates (Figure 4.4).

With further increasing angle-of-attack up to stall, the maximum camber point of mem-

brane wings moves more and more towards their leading-edge, explaining their low

(nearly horizontal) pitch moment slope (Figure 4.4). The vibration intensity reduces

up to pre-stall conditions, suggesting an aerodynamically tensioned membrane with at-

tached flow conditions. This behaviour goes confirm with findings in the literature

(Arbos-Torrent et al., 2013a). Beyond stall conditions, the camber position close to

the leading-edge tends to drop back to a mid-chord position and camber oscillations

start to gain (shedding related) intensity. Lower aspect-ratios (Figure 4.7b) show gen-

erally a more rearward camber position and their movements towards the LE appear

delayed with increasing angles-of-attack. The reason might base on the growing in-

fluence of the tip-vortex structures of low-aspect-ratio wings which might reduce the

local angle-of-attack at the leading edge and therefore delay the impact of leading-edge

vortex-shedding.

4.2.3 Instantaneous Membrane Dynamics

Time-resolved photogrammetry allows to resolve time-dependent spatial and spectral

membrane content, modifying with angle-of-attack and aspect-ratio. Figure 4.8 provides

a view into a number of instantaneous chordwise membrane motions (Figure 4.8a) and

their spectral content at every chordwise position (Figure 4.8b). A wingspan position

of y/(b/2) = 50% and an angle-of-attack of α = 25◦ is selected for brevity.

AR-1 membrane wings show reduced vibration amplitudes in the membrane motion

compared to the AR-2 case. Moreover, well-defined chordwise vibration modes can be

observed in the membrane, which increase from spatial mode 3 to mode 5 with decreasing

aspect-ratio, accompanied with an incline in frequency level.

Figure 4.9 illustrates the influence of AR and angle-of-attack on the temporal develop-

ment of chordwise membrane vibration amplitudes z′(x, t) = 1
c (z − z). The midspan

position y/(b/2) = 50% is considered. It can be seen that membrane deformation am-

plitudes can easily reach 10% of the membrane mean deflections for usual MAV flight

incidence of α = 10◦ to 20◦. However, the hysteresis zone at α = ±5◦ exhibits much
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Figure 4.9: Instantaneous membrane vibrations z′(x, t) = 1
c (z(x, t) − z(x)) as

a function of time for different aspect-ratios and angles of attack at mid-span.
Note clear standing-wave characteristics of the membrane vibrations across all
cases. Reduced vibration intensities for low AR wings is accompanied with
increasing chordwise mode numbers. A video for α = 30◦ is available via:
https://youtu.be/3piItqwoo_g

larger relative vibrations up to 30% due to the lack of membrane bending stiffness

causing large, unstable camber deflections in combination with low membrane mean

https://youtu.be/3piItqwoo_g
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deflections. The high deformation amplitudes are accompanied by low mode shapes (or

wavenumbers). High angles of attack show strong vibrations accompanied by a reduc-

tion in mode number in post-stall conditions. This result agrees with earlier membrane

wing studies at a fixed aspect-ratio (Arbos-Torrent et al., 2013a; Rojratsirikul et al.,

2011). Vibrations at those high incidences are shown to be a result of totally separated

flow which contain strong and highly dynamic rolling-up vortices (Rojratsirikul et al.,

2009). In contrast, incidence of α = 10◦ to 15◦ show very low fluctuation levels with

difficulties in identifying clear dominant modes.

4.2.4 Fluctuation Magnitude along Chord and Wingspan

Spatial distribution of membrane fluctuation magnitudes, zSTD (eq. 4.1), in both chord-

wise and spanwise direction were determined by taking the standard deviation of the

vertical membrane motion z(x, t) at all surface points.

zSTD(x, y) =

√√√√ 1

T

T∑
t=0

(z(x, y, t)− z(x, y))2 (4.1)

Figure 4.10 shows the influence of AR on chordwise (mid-semispan, Figure 4.10a) and

spanwise (Figure 4.10b) membrane fluctuation magnitudes with changes in angle-of-

attack. At a given angle-of-attack of 15◦ ≤ α ≤ 30◦, lower aspect-ratios exhibit higher

mode shapes with lower amplitude. For example, at α = 30◦, the AR–2 wing exhibits

mode–2, whereas AR–1.5 shows mode-3 and AR–1 displays mode–4. This could be

related to an increased downwash region with decreasing AR, resulting in a declining

local angle-of-attack at the leading-edge, which reduces cambering. As a result, the

influence of vortex-shedding excitations may be suppressed at higher angles of attack.

Previous studies on membrane wings with an aspect-ratio of AR-1.4 indicate that mem-

brane fluctuation magnitudes zSTD continue to rise from root to wing tip (Song et al.,

2008), whereas the fluctuations was mostly a constant with slight increase at the mid

of the semi-span for a lower aspect-ratio AR-0.9 (Galvao et al., 2006). However, these

results are limited to a selected incidence of α ∼ 25◦. In the current study, the results

in Figure 4.10b illustrate the influence of AR on fluctuation magnitude changes along

the wingspan zSTDmax(y) with changing angles of attack. The fluctuation magnitude

zSTDmax(y) bases on the highest standard deviation in membrane deformation along the

chord for a given wingspan position y. The resulting contours are interpolated along

the span and therefore have to be seen as qualitative due to the limited number of data

points along the wingspan (y/(b/2) = 25, 50, 75, 95%).
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Figure 4.10: Fluctuation intensity along the chord (at mid-semispan position
50%) and along the wingspan with changing angle-of-attack and AR.

Because the membrane wing is only supported at the LE/TE, the unsupported root

and wing tip of the membrane wing geometry show strong vibrations that increase in

amplitude with increasing AR. The higher aspect-ratio AR-2 showed strong vibrations

at wing tip and root, whose amplitude increases beyond α ≥ 20◦. The AR-1 wing shows

dominant localised vibrations at mid half-span for α ≥ 20◦, which grow in magnitude

with increasing angle-of-attack. Previous experiments with rigid flat plates show that

the influence of the tip-vortex extends towards the root of the wing for lower aspect-ratio

(Mizoguchi and Itoh, 2013). The vibrations towards mid half-span could be influenced

by the tip-vortex. This change in membrane vibrations between AR-1 and AR-2 suggests

the importance of the interaction between the flow field and the membrane.

Finally, it should be noted that the trends in chordwise and spanwise vibrations depend

on the boundary conditions of the selected membrane wing structure. Unsupported

membrane sections lead to non–uniform aerodynamic tensioning at the edges, resulting

in more diverse vibrations and higher diversity in spectral signature (free LE/TE (Zhang

et al., 2014), free TE (Attar et al., 2011)). However, it seems that all membrane wing

structures share the main features such as correlation between tension and frequency at

low incidence and excitation due to bluff body shedding at higher angles (free TE (Timpe

et al., 2013), perimeter (Rojratsirikul et al., 2011)), free root/tip (Galvao et al., 2006)).

The unsupported root section of the current half-wing setup has a small (< 0.5mm) gap

to the wall.

This gap allows pressure exchange between lower and upper membrane surface, but due

to its size this exchange is limited. However, changes in overall fluctuation magnitude
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zSTD at the near wall root region and the wing tip illustrate no significant differences

in magnitude (Figure 4.10b).

4.2.5 Modal-Analysis of Membrane Dynamics

Applying the sinusoidal-decomposition technique (Section 3.2.4.2) on membrane vibra-

tions reveals that chordwise membrane vibrations in high fluctuation regions can be

described with 1 or 2 dominant sinusoidal modes with a fitting quality of R2 ≥ 0.8

(where R2 = 1 is a perfect fit). Using 3 dominant modes, results in a quality of fit of

R2 ≥ 0.9. The performance of fit using only a limited number of modes drops in regions

of low vibration, because the dominance of individual modes is not apparent. Neverthe-

less, modes beyond the first 6 modes are found to make a negligible contribution.
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Figure 4.11: Contribution of first 10 spatial sinusoidal mode shapes σn(α) of
chordwise membrane vibrations and their overall variation in spectral content
with angle-of-attack at mid-semispan location. (a) Relative contribution of indi-
vidual mode shapes σn(α) to the overall chordwise deformation of the membrane
(normalisation with total energy content |σ(α)| =

∑∞
n=1 σn) for various angles

of attack, aspect-ratio at the midspan of the wing. Also shown in the figure are
the shapes of the first 6 modes. (b) Variation in peak spectral energy content
E(St) (eq.3.4) of the first 10 modes.

Figure 4.11a shows the relative contribution of individual sinusoidal-decomposed mode

shapes σn(α) (eq. 3.2) to the overall chordwise deformation of the membrane for various

angles of attack and aspect-ratio at the midspan of the wing. Figure 4.11b shows the peak

spectral energy content E(St) (eq.3.4) which bases on the 10 highest modes shapes. The

spectral energy content is of major importance by mirroring the appearance and strength

of (low-frequency) leading-edge vortex shedding (Rojratsirikul et al., 2009). In addition,

the decomposition technique allows to filter the spectra by using a custom amount of
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decomposed dominant mode shapes (reducing background-noise). This allows a clearer

identification of dominant membrane vibration mode shapes with their spectral content.

Regions of high vibration intensity (both at −5◦ ≤ α ≤ +5◦ and α−regions in the

vicinity of stall) have low mode number (Figure 4.11a) and a lower dominant frequency

(Figure 4.11b). At α = 27.5◦ , the AR-2 shows a transition region, where oscillations

of mode-1, 2 and 3 appear to be strong, even though mode-3 is most developed. The

corresponding frequencies are St = 0.4 (fundamental frequency, appears to be not well

formed) , 0.8 and 1.2. At α = 30◦, stall has occurred and vortex-shedding has become

a more dominant feature, resulting in mode-number 2 with lower dominant frequency.

This mode shape trend is also found at infinite AR wings of free LE/TE (Arbos-Torrent

et al., 2013a; Rojratsirikul et al., 2009) as well as perimeter reinforced membrane wings

of the same AR-2 (Tregidgo et al., 2011), indicating that at these angles of attack

chordwise mode number does not change with support structure for AR ≥ 2. For the

lower AR-1 at α = 30◦, stall has not occurred (low influence of vortex-shedding), thus

the membrane remains under tension due to increased lift, resulting in a higher mode

shape 4 at St = 1.6. This trend of higher modes at lower AR is consistent with previous

experiments (Galvao et al., 2006).

Figure 4.12: Dominant frequencies for various angles of attack in membrane
motion (red) and lift coefficient CL (blue) of a membrane wing with AR-1.

In order to synthesise the modal information and reconcile it with lift and drag fluctua-

tions, a comparison of the spectral content of lift fluctuations and that of the membrane

deformations is conducted. Figure 4.12 compares the spectra in lift coefficient (Fig-

ure 4.1b) and membrane oscillations (Figure 4.11b) for AR-1. Dominant frequencies

in membrane vibrations are found to match well within ±5% with the frequencies in

lift coefficient CL. In addition, the higher harmonic energy bands in lift fluctuation

(blue, Figure 4.12) align well within the boundaries of the spatial mode shape changes

in membrane motions (black dashed lines). These modal bands (n = [1, 2, ..., 8]) are
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identified from the most energetic spatial mode number for a given frequency. This re-

sult illustrates the significant correlation between membrane motions and the dynamics

in lifting forces. This observation is significant as it shows that almost all camber defor-

mations appear to translate to force fluctuations. This is not obvious a priori since the

deformation from different modes could cancel each other out and may not necessarily

translate to force fluctuations. This observation is consistent across all aspect-ratios. It

must be noted that this frequency information does not reveal any phase information

and therefore one cannot conclude if changes in camber instantly translates to changes

in forces. This lack of phase–information information is mainly caused by initially sep-

arate measurements of load and membrane dynamics. The problematic is addressed in

the following experimental study on perimeter-reinforced membrane wings of Chapter 5,

where time synchronised load/membrane/flow measurements will reveal time dependant

coupling effects and phase–relations.





Chapter 5

Influence of Ground-Effect on

Membrane Wings

5.1 Aerodynamic Loads

In this second, ground-effect related result chapter, the aerodynamic coefficients (CL, CD, CM/4)

of membrane wings are compared with those of rigid flat plate wings, going from free-

flight into ground-effect conditions. In addition to mean effects, lift, drag and pitch

oscillations are also examined.

5.1.1 Lift and Drag Statistics of Rigid flat-plate and Membrane Wings

Figure 5.1 presents the influence of various ground heights h/c on the lift CL and drag

CD coefficient of rigid flat plates and membrane wings. Firstly, both wings show lift

enhancement for h/c ≤ 1, which matches previous results for higher (Yun et al., 2010)

and lower (Rozhdestvensky, 2006) Reynolds numbers.

At low to moderate angles-of-attack of 0◦ ≤ α ≤ 15◦, membrane wings show a significant

benefit of up to 40% in total lift coefficient CL in comparison to rigid flat plates. The

membrane’s benefit already exists for the initial unbounded flow environment at h/c =

2 and can mainly be related to flow induced cambering of the membrane, resulting in

lift enhancing pressure modification on the suction-side of the wing, seen in previous

rigid cambered wings (Pelletier and Mueller, 2000) and membrane wing studies (Visbal

et al., 2009; Rojratsirikul et al., 2010a; Shyy et al., 2005; Gordnier and Attar, 2014).

In addition, this cambering effect of membrane wings results in a hysteresis (bi-stable)

region around zero angle-of-attack which causes lift production at α = 0◦ (Figure 5.1b).

As previously discussed in the setup design (Section 3.3.1), gravity related negative

cambering (coming with negative lift trends) was overcome by placing the wing initially

69
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Figure 5.1: Lift and drag coefficient for rigid flat-plate and membrane wings,
changing distance to ground at constant α.

into positive and higher angles outside the hysteresis region (α = 5◦) before conducting

the actual measurement within the hysteresis region of −5◦ ≤ α ≤ 5◦ (always with wind

on).

It should be mentioned that the slope dCL/dh (Figure 5.1a) of rigid wings shows for most

incidences a decreasing trend with height, allowing favourable stability characteristics in

height. In other words, a reduction in height (due to a disturbance) results in a recovery

due to gain in lift and vice versa. However, the slope appears slightly positive in the

region of wing stall at 17.5◦ ≤ α ≤ 25◦, resulting in instability in this region (loss of

height is accompanied with lift loss). Membrane wings (Figure 5.1b) exhibit a similar

unstable slope region in stall, however at higher angles-of-attack of 22.5◦ ≤ α ≤ 35◦ and
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with significantly stronger positive slope and therefore more distinct unstable behaviour.

The stability in height recovers for very close ground clearances of h/c ≤ 0.1. A previous

study (Rhodes and Sayers, 2009) explains the flow physics behind this phenomenon of

slope modification within ground-effect using two different effects. The reduction in

height into ground-effect (0.1 ≤ h/c ≤ 2) forces the incoming flow at the leading-edge

to become parallel to the ground surface. As a result, the effective angle-of-attack is

reduced, causing a drop in lift. Further descent into extreme ground-effect of h/c ≤ 0.1

causes the the ram-pressure below the wing to gain superiority, accompanied with an

increase in lift.

The increase in lift within ground-effect comes at a price of higher drag (Figure 5.1c

and Figure 5.1d). However, the rise in drag is less than the benefit in lift, especially

at low angles-of-attack of α ≤ 5◦ where the drag curve reveals almost no change in

drag with decreasing height. The drag of membrane wings for 22.5◦ ≤ α ≤ 35◦ ex-

hibits a decreasing trend with reducing height which correlates to a negative lift-slope

(Figure 5.1b).

Figure 5.2 illustrates lift and drag coefficient contours for rigid and membrane wings.

The scaling of the axis is semi-logarithmic (h/c-axis in log), enabling a better view into

modifications in lift, appearing close to the ground. Small circular dots in the contours

illustrate the measurement points. Additionally, the maximum lift at each height above

ground, CL−max, is reflected with vertical, dashed, white-black line.

The vicinity of the ground allows rigid flat plates (Figure 5.2a) to increase their maximum

lift coefficient from CL−max = 0.96 at h/c = 2 to CL−max = 1.25 at h/c = 0.01. This

growth comes with a modification in stall incidence, rising from α = 17.5◦ at h/c = 2 to

α = 30◦ at h/c = 0.2, which could be from the reduction in effective angle-of-attack close

to the ground. Lower heights of 0.01 ≤ h/c ≤ 0.2 result in a rapid decline of stall angles

from α = 30◦ to α = 15◦ , which could be due to the strengthened adverse pressure

gradient acting on the upper surface, enforcing earlier flow separation (Mateescu et al.,

2012; Qu et al., 2014).

The stall starts to appear at the same angle of α = 17.5◦ when the wing is farther

from the ground and it increases rapidly for h/c < 0.5. This post-stall lift behaviour

could be a consequence of constricted air flow below the wing, allowing positive pressure

induced lift enhancement in low ground clearances even when the flow may appear fully

separated on the upper wing-surface (Qu et al., 2014; Carter, 1961).

The impact of such a separation of the flow seems to become more important for moder-

ate to high incidences of α > 17.5◦, causing the drag to increase more drastically within

the descend into ground-effect.

As a result, the drag increases drastically for α > 17.5◦ and h/c < 0.5 due to large

separation regions (Figure 5.2a,lower).
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Figure 5.2: Lift and drag coefficient changing with height and angle-of-attack.

In comparison with rigid flat plates (Figure 5.2a, top), membrane wings (Figure 5.2b,

top) show a 40% higher lift in an unbounded flow. In contrast to the rigid flat-plate, the

membrane’s maximum lift coefficient first reduces by 10% (from free-flight conditions)

in moderate GE 0.2 < h/c < 2 before it increases again to the free-flight value for h/c ≤
0.2. Such behaviour was also found for rigid cambered wings (Qu et al., 2014). The stall

characteristics of membrane wings show a sharper drop in lift at low altitudes, which is

found to be similar for cambered rigid wings (Pelletier and Mueller, 2000). Nevertheless,

membrane wings show superior absolute stall angles of α = 25◦ in free-flight conditions

(compared with α = 17.5◦ for flat plates). The stall-angle reduces steadily with lower

heights and in close ground proximity, for 15◦ ≤ α ≤ 17.5◦, coincides with the stall-angle

of the rigid wings. The vicinity of the ground restricts the camber related benefits of

CL−max and αstall of the membrane wing.

The drag contours for membrane wings (Figure 5.2b, lower) exhibit less increase in

drag than rigid flat plates (Figure 5.2a, lower), especially for higher incidences of α >

17.5◦. This could be related to the inherent dynamics of membrane wings, allowing

drag reduction due to longer flow attachment and reduction in wake-size (Gordnier and

Attar, 2014; Arce and Ukeiley, 2014).

Figure 5.3 illustrates the lift and drag increment contours ∆CL and ∆CD (eq.5.1), which

reference to the free flight conditions of h/c = 2.

∆CL(α, h/c) = CL(α, h/c)− CL(α, 2)

∆CD(α, h/c) = CD(α, h/c)− CD(α, 2)
(5.1)
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The increments ∆CL and ∆CD provides more insight into lift and drag modifications in

close ground proximity. Generally, rigid flat plates (Figure 5.3a, top) obtain the largest

benefit in lift growth within ground-effect, ensuring a maximum gain of up to ∆CL =

0.6 in comparison to ∆CL = 0.5 for membrane wings (Figure 5.3b, top). However, rigid

flat plates show also higher drag increments (Figure 5.3a, lower) than membrane wings

(Figure 5.3b, lower) which may be caused due to lift-induced effects. Both wings show

the steepest incline in lift increment ∆CL at low incidences of 2.5◦ ≤ α ≤ 12.5◦.
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Figure 5.3: Lift and drag increment in relation to values out of GE (where h/c
= 2).

At higher altitudes, membrane wings (Figure 5.3b, top) show a large region of so called

“negative ground-effect” for 20◦ ≤ α ≤ 35◦, which reduces in size in close ground-

proximity to 22.5◦ ≤ α ≤ 27.5◦. This region is comparable to previous studies on rigid

cambered wings (Qu et al., 2014). It is found that the top surface does not contribute to

lift generation at high incidences and that the main driving change in the flow physics

on the way to GE is driven by a reduced angle-of-attack, causing a drop in lift increment

∆CL. Nevertheless, rigid flat plates show similar regions of negative GE (Figure 5.3a,

top), however they appear less intense, more local and at lower incidence of 17.5◦ ≤ α ≤
22.5◦ than membrane wings.

5.1.2 Aerodynamic Efficiency

Lift and drag modifications can be combined in to a global aerodynamic range efficiency

CL/CD parameter, which is illustrated for rigid flat-plate and membrane wings in Fig-

ure 5.4a and Figure 5.4b, respectively. Figure 5.4c shows differences in aerodynamic

efficiency when rigid flat-plate wing results (Figure 5.4a) are subtracted from membrane
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wing values (Figure 5.4b) at each incidence and height. For brevity, the angle-of-attack

range displayed is from 0◦ ≤ α ≤ 20◦ .
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Figure 5.4: Aerodynamic range efficiency changing with angle-of-attack and
height-over-ground

Both wings show a maximum aerodynamic efficiency (CL/CD)max that is up to 50%

more at h/c = 0.1 and over 100% more at h/c = 0.01, compared to free-flight conditions

at h/c = 2. These values are similar to previous findings in higher Reynolds number

studies Rozhdestvensky (2006). The highest aerodynamic efficiency can be gained for

incidences ranging from 2.5◦ ≤ α ≤ 7.5◦. At those low incidences, lowering the height

causes no drastic modifications in drag (Figure 5.3,lower), whereas the lift enlarges

progressively close to the ground (Figure 5.3, top). The most efficient angle-of-attack

decreases for both wing types from α = 7.5◦ in free-flight conditions to α = 2.5◦ at close

ground proximity of h/c = 0.01.

Direct comparison of rigid flat-plates and membrane wings reveals that the aerodynamic

efficiency of membrane wings is mostly higher but with restrictions for low incidences

of 0◦ ≤ α ≤ 5◦ and low ground-clearances of h/c < 0.05 (Figure 5.4c). Therefore,

the superiority of membrane wings in GE can only be ensured if the angle-of-attack is

chosen beyond α ≥ 5◦. The highest difference in efficiency ∆(CL/CD) can be found at a

ground distance of h/c < 0.1 and angles of 5◦ ≤ α ≤ 10◦, providing with ∆(CL/CD) =

1.7 about 30% more than that of a flat plate under the same (angle, height) conditions.

The difference in angle-of-attack between peak-lift at α = 5◦ (Figure 5.3b, top) and

peak-drag at α = 17.5◦ (Figure 5.3b,lower) results in progressive lift enhancement with

negligible drag penalty. This is primarily responsible for aerodynamic superiority of

membrane wings in GE for angles ranging 5◦ ≤ α ≤ 17.5◦.
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5.1.3 Lift Dynamics of Membrane Wings

Figure 5.5 shows the fluctuation intensity of the lift coefficient σ(CL) (Figure 5.5a)

and its power spectral density PSD(CL) (Figure 5.5b), changing with angle-of-attack

and height-above-ground. The drop in dominant frequencies in near-stall conditions are

labelled and marked in blue.
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Figure 5.5: Variation of lift fluctuations (a) and its spectral content (b) with
angle-of-attack and height above ground

For a given height (Figure 5.5a), lift fluctuations are found to peak close to wing stall,

reaching σmax = 0.3 at α = 22.5◦ in free-flight conditions of h/c = 2. This intensity

halves in strength to σmax = 0.15 and moves to α = 15◦ in close proximity to the

ground at h/c = 0.01 (see dotted line in Figure 5.5a). This could be due to the weaker

pressure fluctuations on the upper side of the wing surface when it is closer to the ground

minimising the dynamics of the flow. Additionally, tip-vortices are known to reduce in

size and vorticity in ground-effect (Han and Cho, 2005), which may also contribute to

a global decrease in flow/structure/force dynamics of membrane wings. Nevertheless,

at fixed moderate angles-of-attack, ranging from 5◦ ≤ α ≤ 15◦, membrane wings show

an increase in force fluctuations with decreasing ground height, which is perhaps to due

to the premature onset of leading-edge flow separation, as found in previous studies

(Prasad and Damodaran, 2013).

Inspection of the spectral content of lift fluctuations of membrane wings (Figure 5.5b)

reveals that the frequencies at the onset of stall change with ground clearance. Free-

flight conditions of h/c = 2 and moderate angles of 10◦ ≤ α ≤ 15◦ exhibit high dominant

frequencies of StCL = 1.4, typically caused by a high membrane tension and driven

by boundary layer perturbations (Rojratsirikul et al., 2009). Increasing the angle-of-

attack to 15◦ ≤ α ≤ 20◦ causes a leading-edge vortex induced stairs-like drop into lower



76 Chapter 5 Influence of Ground-Effect on Membrane Wings

dominant frequency levels from StCL = 1.4 to 1.1 to 0.8. In the vicinity of stall-angles

of α ≥ 20◦ and beyond, dominant frequencies in lift remain at StCL = 0.8 and its higher

harmonics. The fluctuations for the stall region and beyond are most likely driven by

the influence of leading-edge-vortex shedding.

Lowering the height from free-flight conditions (h/c = 2) to extreme ground-effect (h/c

= 0.01) causes the dominant frequencies (blue encircled in Figure 5.5b) to shift to lower

angles-of-attack (a shift of ∆α = 7.5◦ is observed). This might be linked with the

reduction in downwash-angle, caused by the close proximity of the ground (Vogt and

Barber, 2012). At a fixed angle of α = 15◦, membrane wings show a decrease in dominant

frequency in lift from StCL = 1.4 to 0.8 with a decrease in height. Previous studies on

rigid wings in ground-effect observed a reduction in vortex-shedding-frequency in the

vicinity of the ground, which might explain the modification in lift dynamics due to

coupling (Prasad and Damodaran, 2013). Further flow investigations in Section 5.3.3

will confirm this result and will discuss it in more detail.

5.1.4 Statics and Dynamics of Pitching moment in Rigid flat-plate and

Membrane wings

The pitching moment is measured about the quarter chord position and its time-averaged

value is shown in Figure 5.6a for rigid-flat plates and membrane wings in free-flight

(h/c = 2), moderate (h/c = 0.1) and extreme (h/c = 0.01) ground-effect conditions.

Additionally, Figure 5.6b illustrates the fluctuations in pitching moment σ(CM ) of the

membrane wings for different ground heights.

At a constant height, membrane wings exhibits a pitching moment slope that is near

horizontal, likely due to the variable cambering of the membrane with angle-of-attack.

This results in an inferior static stability performance of membrane wings compared

to rigid wings (Figure 5.6a) for low angles-of-attack. The absolute value of the pitch-

ing moment appears more negative for a membrane wing, a behaviour known to be

linked with changes in pressure distribution, and is comparable to previous results of

rigid/membrane half wings seen in Section 4.1.3.

The reduction in height-over-ground translates the pitch curves down vertically. Earlier

flow separation within ground-effect is acting similar to an increase in angle-of-attack in

free-flight conditions. Therefore, an typical pitching moment of CM = −0.1, measured

at a rigid-flat plate in extreme ground-effect at α = 5◦, is found again at α = 15◦ for

free-flight conditions.

The flexibility of the membrane allows flow induced pitching moment fluctuations σ(CM ),

which change with angle-of-attack and height (Figure 5.6b). The fluctuations in pitching

moment around α = 0◦ are large, primarily because the membrane is under very lim-

ited flow-induced tension, resulting in large membrane oscillations that directly affect



Chapter 5 Influence of Ground-Effect on Membrane Wings 77

0  5  10  15  20  25  30  35  40
 

−0.4

 

−0.2

 

0

 

0.2

α [°]

C
M

/4

 

 

h/c=2 rigid
     =0.1
     =0.01
h/c=2 membrane
     =0.1
     =0.01

(a) Mean: Rigid flat-plate + Membrane (b) Fluctuation intensity: Membrane

Figure 5.6: (a) Time-averaged pitching moment coefficient CM/4 for rigid flat
plate and membrane wing in and out of ground-effect. (b) Fluctuations of
σ(CM/4) around the mean is displayed for membrane wings in blue shading.

the dynamics of the pitching moment. At 5◦, there is a balance between the flow-

induced tension and gravity where there is decline in fluctuations with decreasing height

above ground. The fluctuations reduce drastically at moderate angles-of-attack due to

a gain in aerodynamic loading causing the membrane to stretch and stiffen (Figure 5.7).

This region is also relatively unaffected by leading-edge vortex-shedding, avoiding sig-

nificant membrane excitation. At angles-of-attack near stall, there is marked increase

in fluctuations. This behaviour might happen due to growth influence of leading-edge

vortex-shedding, which could excite the membrane and thereby affecting the pitching

moment. Finally, variations in pitching moment reduces drastically in post-stall condi-

tions, because the vortices that might shed from the leading-edge are no longer attached

to the membrane surface and therefore do not influence the load distribution on the

membrane in a significant way. This assumption will be confirmed to a later stage in

Section 5.3.2, where POD-analysis of the flow fluctuations reveals dominating shedding

structures and their vertical positioning to the upper wings surface. Further details of

flow-membrane interaction, modifying with angle-of-attack at free-flight conditions can

be found in the literature (Gordnier and Attar, 2014; Hu et al., 2008; Tregidgo et al.,

2011; Rojratsirikul et al., 2009).

The descent into ground-effect causes the maximum in fluctuations to decrease. This

could be due to the fact that the lift generation in ground-effect is dominated by the

flow/pressure distribution on the lower wing surface. This could sufficiently reduce the

dynamic influence of the upper wing surface. Further details will be discussed within

the flow results in Section 5.3.
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5.2 Membrane Deformations

The following section covers mean statistics and dynamics of membrane wing motions

for different angles-of-attack and heights-over-ground.

5.2.1 Statistics

Average out-of-plane membrane-deformation z and fluctuations σ(z) are obtained by

averaging the instantaneous surface results z(x, y, t) over the entire time series (Fig-

ure 5.7a). The flexibility of the membrane allows shape adaption with changes in angles-

of-attack and height. Figure 5.7b shows the cambering of the membrane at mid-span

for α = 5◦ and 15◦. A reduction in height causes the membrane to increase its mean

camber due to gain in positive pressure below the wing surface. The lower angle of

α = 5◦ shows a higher relative increase in camber when the wing is closer to the ground

compared to the higher angle of α = 15◦. Lowering the height at α = 5◦ also causes the

chord position of maximum camber to move towards the leading-edge, which is similar

to the response to an increase in angle-of-attack.

(a) Mean and std of membrane surface (b) Cross-section modification with height

Figure 5.7: (a) Exemplary time-averaged membrane mean surface deflection
and fluctuation intensity (h/c = 2, α = 25◦). (b) Cross-sections at mid-span for
mean camber modifying with α and h/c. Note the steaper incline in camber
within ground-effect for the lower angle-of-attack.

Figure 5.8 shows the variation in maximum membrane mean deformation zmax/c and

fluctuation intensity σ(z)/c of the membrane surface, varying with ground clearance and

angle-of-attack. The DIC-technique ensures a maximum deformation uncertainty of z/c

= 0.001 (0.1% of chord, equal 0.1 mm). Membrane wings at h/c = 2 exhibit a steady
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increase in maximum camber with angle-of-attack reaching 0.08c at 25◦ (Figure 5.8).

This result compares well within previous findings of a wing of similar aeroelastic prop-

erties (Rojratsirikul et al., 2011). At these free-flight conditions, the maximum camber

deflection is shown to peak with α = 25◦ at the same angle-of-attack found for maxi-

mum lifting capability (see Figure 5.1b). The membrane camber is found to decrease in

post-stall conditions at h/c = 2, related to the loss in lift generation.

The vicinity of the ground forces the membrane to modify its camber in a way that is

similar to changes in angle-of-attack in free-flight conditions (Figure 5.8). Low angles-of-

attack (α ≈ 5◦) show the highest increase in maximum camber (16%) between free-flight

conditions at h/c = 2 and extreme ground-effect at h/c = 0.01. This result can also

be correlated with earlier findings of predominant lift increase at low incidences (Fig-

ure 5.1b). Ground-effect was found to induce earlier stall, resulting in a drop in mem-

brane camber in extreme ground-effect of h/c ≤ 0.1 at α = 20◦ and 22.5◦ (Figure 5.8).

At even higher incidences of α = 35◦, the membrane camber increases steadily with de-

creasing distance to the ground, suggesting predominant pressure build up on the lower

surface of the wing and further lift enhancement despite a large stagnant-flow zone on

the upper side of the wing. Ultimately, changing angle-of-attack in ground-effect causes

smoother and more steady modifications in membrane displacement when compared to

free-flight.
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Figure 5.8: Variation of membrane maximum mean deflection and maximum
standard deviation with angle-of-attack for four heights-over-ground.

The predominance of leading-edge vortex-shedding is known to significantly affect the

amplitude of camber oscillations close to stall angles (Gordnier and Attar, 2014). This

behaviour can clearly be seen in free-flight conditions of h/c = 2 with a stall-angle of

α = 25◦ (Figure 5.8, top), where the fluctuation intensity σ(z)/c reaches nearly 10%

of mean value. In comparison, low angles-of-attack around α ∼ 5◦ do not exhibit

any significant membrane vibrations at all, not even in ground-effect. This result will
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be later found to be linked with mostly attached flow without any large leading-edge

vortex-shedding which could trigger large oscillations in the membrane (Section 5.3.2).

However, an increase in incidence to α ∼ 15◦ shows a measurable impact in growing

membrane fluctuations, gaining even more strength at lower ground clearances. It is

suggested that this may be linked with the growing influence of the leading-edge vortex

and its shedding, gaining strength with higher incidences or lower ground clearances.

For very high angles-of-attack (α ≥ 25◦), a steep drop in membrane fluctuations is

observed when going from free-flight conditions into ground-effect (Figure 5.8). This

phenomenon appears to be similar to that observed when incidence angles go from the

stall to the post-stall regime at a constant height. This suggests that the dynamics of

membrane wings in ground-effect might be predominately driven by flow modifications

that are similar to those seen for angle-of-attack changes at a constant height. Further

details of flow modifications will be discussed in Section 5.3.

5.2.2 Instantaneous Membrane Dynamics

Figure 5.9 displays spatial and temporal membrane-dynamics in the vicinity of the

ground. Time-series of membrane fluctuations z′(t)/c, time-averaged membrane-vibrations

σ/c and their spectral content PSD(z) are displayed at three heights of h/c = [ 0.1, 0.25,

2 ] at an angle of α = 15◦. The power-spectra PSD(z) is evaluated at the point of maxi-

mum standard deviation of the membrane surface. At α = 15◦ and free-flight conditions,

the membrane wings exhibits a dominant frequency at Stz = 1.3 in membrane-vibrations,

which is comparable to the findings in the force spectra of StCL = 1.4 (Figure 5.5b).

The membrane’s high frequency (due to aerodynamic tensioning) accompanies a chord

dominant mode shape of 4 peaks and relative low oscillation-amplitudes z′(t)/c, which

are 5% of the membrane’s average deformation (Figure 5.9). Reducing the height to

h/c = 0.25 results in a drop into lower frequencies of Stz = 0.8 and Stz = 1.1 and a

doubling of the oscillation amplitudes z′(t)/c, which reach up to 10% of the average

displacement. Time-averaged fluctuations show a reduced chordwise-mode-shape (only

2 peaks along the chord). It must be noted that the peak near the leading-edge is weaker

in strength and wider in spanwise distribution, compared with the one near the trailing-

edge. Rojratsirikul et al. (2011) found a similar behaviour, which could be linked with

the interaction of tip vortices, which grow in diameter in downstream direction. Future

study is required to find the flow physics behind this phenomenon. A further reduction

in height to h/c = 0.1 increases the oscillation-amplitude to up to 18% of membrane’s

average displacement and yet maintains the low frequencies at around Stz = 0.7 to 0.8

and the accompanying low order of the averaged (fluctuation) mode-shape with 2 peaks.

The moderate ground-effect case of h/c = 0.25 is of special interest, because it has two

dominant frequencies at Stz = 0.7 and Stz = 1. This suggests the existence of two

dominant mode shapes of different spatial order (shape).
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Figure 5.9: Time averaged (a), time variant (b) and spectral content (c) of
membrane oscillations for three different heights and a given incidence of α =
15◦

5.2.3 Modal-Analysis of Membrane Dynamics

Proper-orthogonal-decomposition (POD) allows to decompose and grouped membrane

surface dynamics in their underlying spatiotemporal development (see method in Sec-

tion 3.3.4.2). Figure 5.10a shows the first eight POD mode shapes of membrane vibra-

tions (excluded mean). These modes are in order of decreasing energy content as shown

in the figure. Three heights h/c = [ 2, 0.25, 0.1 ] at a fixed angle-of-attack of α = 15◦

are selected for brevity.

In free-flight conditions (h/c = 2), the vibration behaviour is mostly chordwise, with

29% of all energy captured in the 1st mode a1 (four chordwise extrema), 16% in the 2nd

mode (a2, three chordwise extrema) and nearly 11% in the 3rd mode (a3, two chord-

wise extrema). Spanwise modes are visible but with very low energy content (< 4%).

This shows that the energy is distributed over these few modes. This energy distri-

bution is consistent with the previous membrane wing study on membrane half wings,

where the technique of sinusoidal decomposition was applied at a fixed span location

(Section 4.2.5). The first POD coefficient a1 shows a dominant membrane vibration

frequency of Sta1 = 1.3 (Figure 5.10b) which is comparable to the frequency found in

the lift coefficient (Figure 5.5b). Higher modal coefficients, a2, a3, a4, despite their lower

spatial order, show strong excitation at the same frequency of Sta1 = 1.3. This suggests

that there is strong coupling between these mode shapes and that the spatial structures

are essentially sub-harmonics of the fundamental mode shape.
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(a) First eight POD-modes with energy content (b) Spectral energy in first four POD coefficients

Figure 5.10: POD analysis on membrane fluctuations, showing spatial (a) and
spectral (b) contribution of POD modes at a fixed incidence of α = 15◦ for
different heights above ground. POD contours show normalised amplitude peaks
in red/blue and their zero level in green color.

Membrane vibrations are found to be strongly affected by the reduction in height. A

reduction in height from h/c = 2 to h/c = 0.25 causes the most dominant mode shapes

to change from four local extremes along the chord to just two. This will be shown to

be linked with increasing influence of vortex-shedding when the membrane is in ground-

effect (Section 5.3.2). In addition, the individual energy content appears less evenly

distributed over different POD-coefficients, accumulating almost 63% in the first mode,

11% in the 2nd mode and 9% in the 3rd mode. Note that the mode shapes at h/c =

0.25 is different from those in h/c = 2. The increased vibration amplitude of the

membrane allows us to clearly identify spanwise modes (≥ a4) of low energy levels

(< 4%). Examining the spectral content of the first POD shapes (Figure 5.10b, mid)

shows that at this height above ground (h/c = 0.25), two different frequencies appear

to be dominant (Sta1 = 0.8 and Sta3 = 1.1). These frequencies are consistent with the

frequencies observed in the force dynamics (Figure 5.5b).

A further reduction in altitude to h/c = 0.1 supports the trend of accumulation of

energy in fewer modes (in this case 85% and 9% in the first two modes, respectively).

The most dominant mode again has two chordwise nodes, known from the literature

to be representative for a flow in near-stall conditions (Rojratsirikul et al., 2011). The

spanwise modes carry very little energy (≤ 1% to the total vibration energy in the

membrane). The POD coefficient a6 at h/c = 0.1 illustrates a special case of a diagonal

structure with a low energy content < 1%. The diagonal shape could be a result of

alternating tip-vortex roll up or simply non-uniform boundary condition in membrane

attachment. Further investigation is required to explain the source of these observed
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POD-modes. An illustrative video can be found via: https://youtu.be/sgZTpHLgSYI

, showing instantaneous membrane snapshots with their decomposed POD structures

for a membrane wing at α = 15◦ in ground-effect conditions (h/c = 0.1).

Membrane vibrations are not only affected by the reduction in height-over-ground, but

also by changes into higher angles-of-attack. Figure 5.11a shows modification of the

POD mode shapes and their spectral content (Figure 5.11b), modifying from α = 15◦

over α = 20◦ to α = 25◦ in free-flight conditions (h/c = 2). Increasing angles-of-attack

are found to reduce the dominant POD mode shapes from four chordwise peaks in a1

at α = 15◦ (Figure 5.11a, right) to two chordwise peaks in a1 at α = 25◦ (Figure 5.11a,

left). This behaviour goes confirm with the literature of membrane wings in typical free-

flight conditions (Rojratsirikul et al., 2009) and shows that stall induced modifications on

membrane vibrations can either be achieved with inclining angles-of-attack in free-flight

conditions (Figure 5.11a, from right to left) or the descent into ground-effect with a fixed

(pre-stall) angle-of-attack (Figure 5.10a, from right to left). Later flow discussions within

this thesis (Section 5.3.2) will reveal the comparability of underlying flow modifications

between both height/angle-related options.

(a) First eight POD-modes with energy content (b) Spectral energy in first four POD coefficients

Figure 5.11: POD analysis on membrane fluctuations, showing spatial (a) and
spectral (b) contribution of POD modes in free-flight conditions (h/c = 2) for
three different angles-of-attack α = [15, 20, 25]◦. An increase in angle-of-attack
in free-flight conditions is found to modify membrane dynamics similarly as seen
for a reduction in height-over-ground at a fixed (pre-stall) angle (Figure 5.10).
Note the shedding induced excitation of the wing frame at α = 25◦ in POD
mode a2 (the outer wing frame oscillates vertically up/down in counterbalance
with the membrane center).

It is interesting to note that the membrane wing at α = 25◦ (Figure 5.11a, left) exhibits

measurable excitation of its outer steel wing frame which can be detected within the

second POD coefficient a2. Its dominant frequency of Sta2 = 0.28 (24 Hz) (Figure 5.11b,

https://youtu.be/sgZTpHLgSYI
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lower, blue line) correlates well with the eigen frequency of the membrane wing struc-

ture (outer steel perimeter), which was previously measured with 25 Hz by an external

hammer-test (Figure 3.23). Nevertheless, the excitation of the wing frame shows with

an energy level of 10% little effect on the overall wing dynamics. The membrane dy-

namics appear mainly driven by the first POD coefficient a1 (68% energy contribution),

which represents pure flow induced membrane eigen mode oscillations. This specific case

illustrates the risk of structural excitation of the wing frame which could have an effect

to alter the intended membrane dynamics. In addition, structural wing fatigue could be

a problem for MAVs/UAVs. Further investigation is required to determine the effects.

Overall, the POD analysis has shown that the first two modes are sufficient to capture

90% of membrane deformation for either low values of h/c at moderate angles-of-attack

of α = 15◦ or high angles-of-attack in free-flight conditions, where the flow-dynamics

are most likely be dominated by strong leading-edge vortices. In contrast, eight modes

are required to capture 75% of membrane deformation in early pre-stall flow conditions,

where membrane dynamics are more likely be driven by boundary layer perturbations

than LE vortex-shedding. Ultimately, membrane mode shapes are shown to be different

in ground-effect and the differences between ground-effect and free-flight at a fixed angle-

of-attack are similar to differences observed across angles-of-attack in free-flight.
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5.3 Flow Development: On top of the membrane wing

The following section presents flow statistics and flow dynamics of rigid and membrane

wings for free-flight and ground-effect conditions. The flow is measured at quarter-span

in a streamwise wing-normal plane (Figure 5.12).

Figure 5.12: PIV-setup with flow in streamwise plane (Flow based coordinate
system, see also Section 3.3.5)

5.3.1 Flow Statistics

Figure 5.13 shows contours of the time-averaged total kinetic energy (
√

(U2 + V 2)/U∞)

together with the mean streamline patterns. Rigid flat-plate and membrane wings are

compared at three different angles-of-attack α = [ 10, 15, 25 ]◦, going from free-flight

(h/c = 2) to moderate (h/c = 0.25) and into extreme ground-effect conditions (h/c =

0.1).

Both rigid and membrane wings show large separation regions that are induced by

the adverse pressure gradient for increased angles-of-attack and reduced heights. The

growth in flow separation within GE is related to a strong flow diversion over the upper

wing surface, caused by the flow blockage on the lower side of the wing in GE (Qu

et al., 2014). However, the ability to adapt to a mean camber (due to the effect of

mean dynamic pressure) allows membrane wings to reduce the size of the separation

region for both high α or low height-above-ground. As a result, membrane wings show

a separation region at α = 25◦ in free-flight conditions (Figure 5.13f, upper) which is

similar in size to rigid wings at α = 15◦ (Figure 5.13c, upper). Similarly, membrane

wings show a separation region at α = 25◦ in extreme GE (Figure 5.13f, lower) which

is comparable in size to the separation region exhibited by rigid wings at the same

incidence in free-flight conditions (Figure 5.13e, upper).
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(f) α = 25 ◦, membrane

Figure 5.13: Freestream normalised velocity magnitude and streamlines for rigid
flat-plate and membrane wings at α = [ 10, 15, 25]◦, modifying with height-
over-ground h/c = [2, 0.25, 0.1].
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The descent into ground-effect shows for both wings a clear reduction in speed at the

lower side of the wing, slowing down to 50% of the freestream value. This ram-effect

in GE is well known from literature (Rozhdestvensky, 2006; Qu et al., 2014) and is

accompanied with predominant lift generation at the lower side of the wing, reducing

the aerodynamic impact of the upper wing surface. Membrane wings reflect the ram-

effect by extending their maximum membrane camber with descent into GE, even while

exhibiting fully separated flow conditions on the upper wing surface (Figure 5.8). Lower

heights above ground are accompanied by downstream movement of the centroid of the

separation bubble. This can be seen specifically for high angles-of-attack of α = 25◦.

Rigid flat-plate wings (Figure 5.13e) exhibit separation bubbles whose centroid appears

close to the trailing-edge or even farther downstream. In contrast, membrane wings

(Figure 5.13f) show separation regions appearing close to the upper membrane surface.

The chordwise or height location of the separation bubble becomes specifically important

for fluid-structure interactions and resulting lift generation, discussed later in more detail

(Section 5.3.2).

Figure 5.14 shows contours of turbulent kinetic energy (U ′2 + V ′2)/U2
∞ that highlights

the regions of unsteady flow features. Again, rigid flat-plate and membrane wings

are compared for three angles-of-attack and three heights-over-ground. Rigid flat-plate

wings (Figure 5.14a,c,e) have generally strong velocity fluctuations close to the trailing-

edge or even further downstream. In comparison, membrane wings exhibit strong veloc-

ity fluctuations close to the upper wing surface (Figure 5.14b,d,f). Interesting to note,

the descent of membrane wings at α = 25◦ into ground-effect (Figure 5.14f) shows an

increasing vertical movement of the highly energetic flow structures from the membrane

surface, suggesting a fading influence in fluid-membrane coupling.

Figure 5.15 shows contours of the time-averaged vorticity ωc/U∞ of rigid flat-plate and

membrane wings for different angles-of-attack and heights-over-ground. The figures

show clear counter-rotating vortical structures at leading (clock-wise) and trailing-edges

(anti clock-wise). The vorticity magnitude is in agreement with previous studies at

comparable Reynolds numbers (Gordnier, 2009; Timpe et al., 2013). Both rigid flat-plate

and membrane wings exhibit shedding of vorticity at the trailing edge along a line that

is parallel to the ground. In comparison, wings in free-flight conditions exhibit the same

shedding that is along the line joining the leading- and trailing-edges. This suggests

strong TE-vortex interaction within GE and this is consistent with previous ground-

effect studies on rigid wings (Prasad and Damodaran, 2013). Additionally, membrane

wings are found to relocate the vorticity at the leading-edge. This is primarily due to

introduction of small-scale vorticity in to the flow due to the vibrations of the membrane.

As a result, membrane wings (Figure 5.15b,d,f) show more intense attached vorticity

close to the LE than seen for rigid flat-plate wings (Figure 5.15a,c,e). Further exploration

of fluid-membrane coupling will be discussed in Section 5.5.2.
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(b) α = 10 ◦, membrane
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(d) α = 15 ◦, membrane
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(f) α = 25 ◦, membrane

Figure 5.14: Turbulent kinetic energy for rigid flat-plate and membrane wings
at α = [ 10, 15, 25 ]◦, modifying with height-over-ground h/c = [ 2, 0.25, 0.1 ].
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(b) α = 10 ◦, membrane
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(d) α = 15 ◦, membrane
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(f) α = 25 ◦, membrane

Figure 5.15: Time-averaged vorticity for rigid flat-plate and membrane wings
at α = [ 10, 15, 25 ]◦, modifying with height-over-ground h/c = [ 2, 0.25, 0.1 ].
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5.3.2 Spatial Flow Structures
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(b) POD reconstructed flow

Figure 5.16: Instantaneous snapshot of horizontal (U ′), vertical (V ′) velocity
and vorticity (ω′) fluctuations. Additionally, streamlines are illustrated, based
on velocity fluctuation components (U ′, V ′). Instantaneous membrane fluctu-
ations are shown amplified by factor of 7 for clarity. Effect of POD as filter
technique on highly dynamic flow components and streamlines (using the first
five modes). Exemplary case: Extreme GE (h/c = 0.1) at α = 15 ◦.

Proper orthogonal decomposition is a useful tool to examine and filter highly dynamic

flow structures (technique see within setup by Section 3.3.5.3). Figure 5.16a explains

the idea on an exemplary flow snapshot by showing the velocity components U ′ (up-

per), V ′ (mid) and vorticity ω′ (lower) together with the instantaneous streamline pat-

terns (U ′,V ′). Additionally, instantaneous membrane fluctuations are shown around

their mean (dotted). Flow structures and streamlines are hard to identify at a given

time-snapshot and come often without distinct coherent structures (Figure 5.16a). Fig-

ure 5.16b represents the same snapshot of the flow reconstructed using the first five most

energetic POD modes. The POD reconstructed flow (Figure 5.16b) involves only ∼ 35%

of the total flow fluctuation energy (Figure 5.17, lower) due a wide range of energetic

scales in the flow (and a selection of only the first five POD-modes). As a result, the

peak values of the POD-related color-bars are reduced accordingly to account for the

energy loss and allow better illustration of the scale filtering ability of POD. The POD

methodology reveals coherent leading-edge vortex-shedding with distinct streamlines

(Figure 5.16b). It is interesting to note that the vertical flow fluctuations (Figure 5.16b,

mid) seem to correlate well with vertical membrane motions.

Figure 5.17 shows an instantaneous snapshot of turbulent kinetic energy (
√

(U ′2 + V ′2)

/U∞) and the effect of POD-reconstruction by two to five POD-modes. The first two

POD modes are able to capture 20% of the total fluctuation energy in the flow. In
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Figure 5.17: Fluctuation snapshot on averaged velocity fluctuations√
(U ′2 + V ′2) (upper) and its POD reconstruction with two to five POD-modes.

Decomposition with five-POD mode shapes (lowest contour plot) shows addi-
tionally streamlines for clear vortex identification. Exemplary case: Extreme
GE (h/c = 0.1) at α = 15 ◦. Five POD-modes sufficient enough to replicate
major flow features.

comparison, over 80% of the fluctuations of the membrane for the same case (h/c = 0.1,

α = 15 ◦) is contained in the first two POD modes (Section 5.2.3). This effect could

be linked with the inertia and fundamental eigen frequency of the membrane, funnelling

most energy into low order modes. Using up to five POD modes retains about 1/3 of

the total energy in the flow-field fluctuations. In subsequent analysis we show that the a

reduced-order model with five POD modes captures the necessary dynamics of the flow

structures and is perhaps sufficient to explain various flow-membrane coupling observed

in the current study.

Figure 5.18 compares a time-series of flow fluctuations to its POD-reconstruction based

on five POD-modes. The usage of POD-filtering is found to allow easier localisation and

interpretation of highly dynamic and convecting vortex structures. The reduced model

enables us to select specific dominant energy scales of the flow by neglecting broader

fluctuations that are of negligible importance (Lian et al., 2003; Kostas et al., 2002).

Figure 5.19 and Figure 5.20 show for α = 15 ◦ and 25 ◦ the five most energetic POD

modes (a1,...,a5) of the velocity fluctuations (
√

(U ′2 + V ′2)/U∞). Rigid flat-plate and

membrane wings are compared, going from free-flight (h/c = 2) into extreme ground-

effect (h/c = 0.1). Additionally, the energy contribution of individual POD coefficients

(EPOD) is illustrated on the top right corner of each contour plot. Contours in each

individual subplot are normalised such that the peak value is 1. Both rigid flat-plate and

membrane wings show coherent flow structures related to leading-edge vortex-shedding.
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(b) POD reconstruction (5-modes)

Figure 5.18: Timeseries of flow fluctuation snapshots
√

(U ′2 + V ′2)/U∞ and its
POD reconstruction with five POD-modes. Convection of flow with time steps
of three images or 3.75 [ms]. Exemplary case: Extreme GE (h/c = 0.1) at α =
15 ◦.

As previously suggested, the dynamics of rigid flat-plate wings in free-flight at α =

15 ◦ (Figure 5.19a) show comparable shedding structures to membrane wings at α =

25 ◦ (Figure 5.20b). This implies that membrane cambering and dynamic motions

help to retain similar flow conditions at drastically higher angles-of-attack (∆α = 10◦),

providing superior lifting capabilities to typical rigid flat-plate wings (up to 75%, see

Figure 5.2a,b upper). Similarly, membrane wings benefit within ground-effect due to

their ability to use growing separated flow dynamics to their own benefit, enlarging the

overall performance window compared to rigid flat-plate wings.

The narrow performance window for rigid flat-plate wings (CL/CD ≥ 5, see Figure 5.4c)

can be clearly related to the flow structures that are mainly located close to the trailing-

edge or even further downstream (as identified by POD modes, see Figure 5.19a,c and

Figure 5.20a,c). In contrast, membrane wings show mostly closely attached energetic

regions of the flow which roll down the chord along the membrane (Figure 5.19b,d

and Figure 5.20b). These energetic structures remain apparent under drastic adverse

pressure gradients (GE induced, see Figure 5.20d), but are lifted up vertically from the

membrane surface rather than moving downstream towards the TE as seen for rigid flat-

plate wings. This suggests that membrane oscillations still influence the flow structures

passing over the wing, but the resulting energy entrainment is not sufficient to overcome

the strong adverse pressure gradient. Nevertheless, membrane wing oscillations are

found to actively enhance leading-edge vortex roll-up close to the moving wing surface.
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Figure 5.19: Five most energetic POD mode shapes of averaged velocity fluc-

tuations
√

(U ′
2

POD + V ′
2

POD)/U∞. Comparison of rigid flat-plate and membrane

wings at moderate angle-of-attack of α = 15 ◦, changing from free-flight (h/c
= 2) into extreme GE (h/c = 0.1). Rigid flat plates show mid-wing to TE
located dynamics in vortex-shedding, moving downstream with GE (Video
via: https://youtu.be/1UfPYYo8s5g). Membrane wings show with the de-
scent into GE flow dynamics happening close to membranes surface (Video via:
https://youtu.be/aD-jtUUiWOQ).

https://youtu.be/1UfPYYo8s5g
https://youtu.be/aD-jtUUiWOQ
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Figure 5.20: Five most energetic POD mode shapes of averaged velocity fluc-

tuations
√

(U ′
2

POD + V ′
2

POD)/U∞. Comparison of rigid flat-plate and membrane

wings in post-stall conditions of α = 25 ◦, changing from free-flight (h/c = 2)
into extreme GE (h/c = 0.1). Rigid flat plates show vortex-shedding happening
downstream of TE (Video via: https://youtu.be/pJkTOpRFlY4). Membrane
wings show in free-stream conditions strong dynamics close to membrane sur-
face (b), which remain but detach from the wing surfance within GE conditions
(d) (Video via: https://youtu.be/KoA-W_MuQtQ).

https://youtu.be/pJkTOpRFlY4
https://youtu.be/KoA-W_MuQtQ
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For illustrative purpose, videos are available which show the convection of the POD

mode shapes in time (based on first five POD modes). The contours show vertical

velocity fluctuations together with streamline patterns:

• Rigid flat-plate, h/c= [2, 0.25, 0.1], α = 15 ◦ https://youtu.be/1UfPYYo8s5g

• Rigid flat-plate, h/c= [2, 0.25, 0.1], α = 25 ◦ https://youtu.be/pJkTOpRFlY4

• Membrane wing, h/c= [2, 0.25, 0.1], α = 15 ◦ https://youtu.be/aD-jtUUiWOQ

• Membrane wing, h/c= [2, 0.25, 0.1], α = 25 ◦ https://youtu.be/KoA-W_MuQtQ

5.3.3 Spectral Content of the Flow

Figure 5.21 shows the spectral content of vertical flow fluctuations PSD(V ′) at a selection

of flow-listener points L1,...,L5. Vertical flow dynamics are chosen as they are clearer in

showing correlation to the membrane dynamics (compared to horizontal fluctuations that

have more broadband information). The listener points are illustrated within the contour

plots of averaged vertical velocity fluctuations σ(V ). Rigid flat-plate and membrane

wings are compared for the case of α = 15 ◦ and h/c = 0.1.
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Figure 5.21: Spectral content of flow fluctuations V ′ for rigid flat-plate and
membrane wings, illustrated at a selection of listener points (L1,...,L5) in the
wake. Exemplary case at α = 15 ◦ and h/c = 0.1.

Both rigid flat-plate and membrane wings exhibit a flow with strong vortex-shedding

for the given height and angle-of-attack (Figure 5.19c,d). However, the flow-spectra

of rigid flat-plate wings (Figure 5.21a) makes identification of dominant spectral peaks

challenging. Their spectral energy appears to be lower and spread over a broad range

https://youtu.be/1UfPYYo8s5g
https://youtu.be/pJkTOpRFlY4
https://youtu.be/aD-jtUUiWOQ
https://youtu.be/KoA-W_MuQtQ
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of dynamic flow-scales, which goes to confirm the findings in previous studies (Timpe

et al., 2013; Molkia and Breuerb, 2010). In comparison, membrane wings show a clear

peak in dominant shedding frequency of St = 0.74, suggesting membrane induced flow

structure amplifications which are discussed in detail later in this thesis (Section 5.5.2).

The location of the listener point is not found to be crucial for the detection of major

shedding frequencies. However, the energy values appear highest for listener points

placed closer to the wings surface (L1) and immediately behind the trailing-edge (L4).
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Figure 5.22: Usage of POD-filtering (using first five modes) to gain easier ac-
cess to the vortex-shedding frequency in highly unsteady flow conditions. The
contour plots show time-instant snapshots in vertical velocity fluctuations. The
spectra bases on vertical flow fluctuations at the listener points L1(1.25, 0.2)
and L2(2, 0.2). Exemplary case of a rigid wing at α = 15 ◦ and h/c = 0.1.

Since the frequency spectra is more broadband for rigid wings (Figure 5.21a), a POD-

based filtering was first applied to the original flow signal, enabling identification of the

dominant vortex-shedding frequency in the wake of the wing. Figure 5.22 shows an

example of the original and POD-filtered spectra for a rigid wing at α = 15 ◦ and h/c

= 0.1. As previously said, the original flow of wings (Figure 5.22a, upper) consists often

of diverse flow scales with similar energy content in their spectra (Figure 5.22a, lower).

The POD-filtered flow (Figure 5.22b, upper) removes unwanted background scales and

enables to focus on the spectral content of the structures of interest (here leading-edge

vortex). As a result, the interpretation of the spectra becomes easier and enables to

resolve the dominant shedding frequency of the rigid wing with St = 0.64 (Figure 5.22b,

lower).

Figure 5.23 is a summary and illustrates the dominant vortex-shedding frequencies

Stwake for rigid (red) and membrane (black) wings for different angles-of-attack (x-axis)

and heights-above-ground (marker-shape). Generally, the wake shedding frequency of
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rigid wings is found to match well with the observations of previous studies on flat/-

cambered plates, where the Strouhal number was found to be in the range 0.17 ≤
Stwakesinα ≤ 0.23 (Rojratsirikul et al., 2011).

Figure 5.23: Summary of vortex-shedding frequency, comparing rigid flat-plates
and membrane wings at different angle-of-attack and height-over-ground. The
dominant Strouhal number of rigid flat plates (red-points) matches well to lit-
erature based flat/cambered plates (blue-shaded d/sinα rule, where 0.17 ≤ d ≤
0.23, see Rojratsirikul et al. (2011)).

The shedding frequencies of membrane wings (black markers) are significantly higher

than the natural shedding frequencies of (flat/cambered) rigid wings, suggesting modi-

fications of the flow dynamics due to fluid-structure coupling. Similar wing driven flow

modifications are known from the literature by other membrane wing related studies

(Timpe et al., 2013) or wings with active flow control (Miranda et al., 2005). Detailed

spectral comparisons and coupling between the membrane and the flow will be further

discussed in Section 5.5.2.

It should be mentioned that membrane wings at α = 10◦ (all heights) and α = 15◦ (free-

flight) show attached flow conditions and therefore no dominant (or hardly resolvable)

shedding frequencies (Figure 5.19b). As a result, those cases are discarded from the

spectral summary in Figure 5.23.
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5.4 Flow Development: cross-stream plane

The following section explains time-averaged and time-resolved flow features found in the

cross-stream PIV-plane, located one chord downstream of the trailing edge (Figure 5.24).

Figure 5.24: PIV-setup with flow investigation in spanwise plane (Flow based
coordinate system, see also Section 3.3.5)

5.4.1 Flow Statistics

Figure 5.25 shows contours of the time-averaged in-plane absolute velocity (
√

(W 2 + V 2)

/U∞) together with the mean streamline patterns. Rigid flat-plate and membrane wings

are compared at free-flight condition for different angle-of-attack from α = [ 10, 15, 25 ]◦.

The perimeter wing frame is shown projected into the cross-stream plane (only half-span

visible), allowing to reference the tip-vortex size and its position in relation to the wing

frame.

Both rigid flat-plate and membrane wings show an increase in averaged tip-vortex size

with increasing angle-of-attack. Membrane wings (Figure 5.25b) show stronger tip-

vortices than rigid flat-plate wings (Figure 5.25a), which is consistent with the higher

lift produced by the membrane wings (Figure 5.2, upper). These results confirm to

previous studies, comparing similar rigid flat-plate and membrane wings in free-flight

conditions (Rojratsirikul et al., 2010b; Gordnier and Attar, 2014). For rigid flat-plate

wings, the spanwise location of the centroid appears to move inwards (towards the root

of the wing) with increasing angle-of-attack. This is consistent with the breakdown

of the leading-edge vortex (Figure 5.20a,c) and its interaction with the tip-vortex that

becomes more and more pronounced with increasing incidence. For membrane wings,
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Figure 5.25: Effect of angle-of-attack on tip-vortex velocity magnitude and its
position to the projected wing frame. Comparison of rigid flat-plate and mem-
brane wings at α = [ 10, 15, 25 ]◦ in free-flight conditions (h/c = 2).

the horizontal centroid position appears to remain consistently at 0.9c for increasing α

indicating the stability of the tip-vortex.
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Figure 5.26: Effect of height-over-ground on tip-vortex velocity magnitude and
its position to the projected wing frame. Comparison of rigid flat-plate and
membrane wings at α = 15 ◦.

Figure 5.26 shows the effect of height-over-ground on the time-averaged in-plane veloc-

ity magnitude (
√

(W 2 + V 2)/U∞), changing from free-flight (h/c = 2) to moderate (h/c

= 0.25) and into extreme ground-effect conditions (h/c = 0.1). Rigid flat-plate (Fig-

ure 5.26a) and membrane (Figure 5.26b) wings are compared at α = 15◦. Both rigid
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flat-plate and membrane wings show significant horizontal and vertical translation in the

location of the tip-vortex with the descent into ground-effect. This translation results

in improved aerodynamic efficiency by virtually extending the aspect-ratio of the wing

(Figure 5.4a,b). Membrane wings show a tip-vortex located at 1.2c (for the extreme

GE case, Figure 5.26b, lower), which is much larger than the impact observed in rigid

flat-plate wings (Figure 5.26a, lower) where the tip-vortex only moves out to the span-

wise edge of the wing at 1.0c. The effective push-out length can be correlated with the

aerodynamic efficiency (Figure 5.4c), which showed substantial superiority of membrane

wings to rigid flat-plate wings when they descent into GE. The vertical tip-vortex push-

up effect is caused by the solid boundary of the ground, forcing the flow structures to

move vertically upwards (in relation to the projected wing frame). Both rigid flat-plate

and membrane wings exhibit similar push-up values across similar ground-effect cases.
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Figure 5.27: Effect of height-over-ground on time-averaged, axial tip-vortex
vorticity magnitude, measured at a fixed angle-of-attack of α = 15◦.

The enlarged tip-vortex strength of membrane wings can also be identified by considering

the axial, time-averaged vorticity ωc/U∞ (Figure 5.27). For a fixed angle-of-attack of

α = 15◦, rigid flat-plate wings show a reduced strength in vorticity and a clear tip-vortex

break-down with the descent into ground-effect (Figure 5.27a). This vortex break-down

with GE can also be achieved within free-flight conditions by increasing the angle-of-

attack from stall into post-stall angles (not shown). In comparison, membrane wings

show coherent tip-vortices with descent into ground-effect (Figure 5.27b), suggesting

that the flow is closely attached to the wing surface over an extended portion of the

wing. This suggestion can be confirmed by comparing previous streamwise POD flow

dynamics. Rigid flat-plate wings show detached flow oscillations happening downstream

of the TE (Figure 5.19c), whereas membrane wings illustrate flow dynamics happening

close to the upper wing surface (Figure 5.19d).
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Figure 5.28: Normalized circulation of the tip-vortex for rigid flat-plate and
membrane wings as function of angle-of-attack (upper plot) and height-over-
ground (lower plot).

Figure 5.28 shows the magnitude of normalised circulation Γ/U∞c of the tip-vortex

for rigid flat-plate and membrane wings, for various angles-of-attack and heights-over-

ground. The circulation was calculated from the area integral of vorticity distribution.

The circulations of rigid flat-plate and membrane wings are compared to other studies

in the literature (Rojratsirikul et al., 2010b), showing a good match for both rigid flat-

plate and membrane wings in free-flight conditions (Figure 5.28, upper). Ground-effect

is found to affect the circulation much less than changes in angles-of-attack. This could

be explained as the influence of two counteracting phenomena. The descent into ground-

effect produces more lift, similar to an increase in α. As a result, the circulation at the

wing tips should increase with the descent into GE due to higher-pressure differences

at the wing tips. However, ground-effect is also known to weaken the overall tip-vortex

structure due to tip-vortex push-out and therefore extending virtually the aspect-ratio

of the wing. As a result, the circulation stays relatively constant with the descent into

GE (Figure 5.28, lower).

5.4.2 Spatial Flow Structures

Figure 5.29a shows an example of an instantaneous snapshot of freestream-normalised

velocity fluctuations in cross-stream (W ′, V ′) and streamwise (U ′) directions. The illus-

trated flow is for a membrane wing at α = 15◦ in extreme GE conditions (h/c = 0.1).

The in-plane velocities (W ′) and (V ′) are also illustrated as streamline patterns. As

previously discussed in the flow dynamics of the streamwise PIV plane (Section 5.3.2),

the diversity of flow-scales and structures makes it difficult to observe the tip-vortices in
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instantaneous snapshots. Therefore, POD is used as a filter in order to identify coherent

flow structures and their dynamics (Figure 5.29b).
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Figure 5.29: Instantaneous snapshot of freestream-normalised velocity fluctua-
tions U ′ (out-of-plane), V ′ (vertical), W ′ (spanwise). Additionally, streamlines
are illustrated, based on in-plane velocity fluctuation components (V ′,W ′).
Effect of POD as filter technique on highly dynamic flow components and
streamlines (usage of 5-modes). Exemplary case: Membrane wing at α =
15◦ in extreme GE (h/c = 0.1) conditions. Videos are available for the
original (https://youtu.be/v23WQJzmL2U) and the POD-filtered flow (https:
//youtu.be/5rKJUogbgj8) .

The decomposition of dynamic flow structures reveals an important flow feature that

occurs 0.4-0.8c away from the root. The streamlines shows a large vortex structure

passing through the plane. The out-of-plane velocity component (U ′POD) reveals the

3-dimensional spinning nature of the vortex, with flow passing downstream at h/c = 0.4

(red) and upstream at h/c = 0.1 (blue). This vortex structure is found to be a signature

of LE-vortex that has shed and is passing through the cross-stream PIV-plane in the

wake.

For illustrative purpose, videos are available which show the velocity components of

the original and POD filtered flow (based on first five modes) together with streamline

patterns. The illustrated video is for a membrane wing at α = 15◦ in extreme GE

conditions (h/c = 0.1):

• Original flow: https://youtu.be/v23WQJzmL2U

• POD filtered flow: https://youtu.be/5rKJUogbgj8

https://youtu.be/v23WQJzmL2U
https://youtu.be/5rKJUogbgj8
https://youtu.be/5rKJUogbgj8
https://youtu.be/v23WQJzmL2U
https://youtu.be/5rKJUogbgj8
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5.4.3 Spectral Flow Content

High-speed flow measurements allowed to capture dominant flow frequencies within the

cross-stream PIV-plane. Figure 5.30 shows the spectra in vertical flow oscillations at

five listener points along the span (points L6,...,L10 are shown in the contour plots

and are located in level with the trailing-edge). Rigid flat-plate and membrane wings

are compared at α = 25◦ in free-flight (Figure 5.30a,b) and at α = 15◦ in extreme

ground-effect conditions (Figure 5.30c,d). The illustrated height/angle-of-attack cases

are selected for their strong presence of leading-edge vortex-shedding (capability to excite

membrane dynamics).

Listener points located closer to the wing root (e.q. L6 ) are found to exhibit the high-

est signal-to-noise ratio, allowing to resolve the leading-edge shedding-frequency most

effectively. This is a result of the tip-vortices which are able to constrain the spanwise

expansion of LE vortex-shedding towards the wing root.

The dominant shedding frequencies in the wake (at L6 ) match well to the previously

discussed flow spectra in the streamwise PIV-plane (Figure 5.23). As alreday mentioned,

membrane wings show generally higher shedding frequencies to typical rigid flat/cam-

bered plates. The reason might be explained by illustrating the dominant membrane

vibrations frequencies as green lines in Figure 5.30b,d. The membrane dynamics are

found to match specifically well with the wake shedding frequency for cases with peak-

lift (in-stall) conditions, where LE vortex-shedding appears predominantly close to the

wing upper surface. LE vortex-shedding can either be reached with high angles-of-attack

in free-flight conditions (Figure 5.30a,b) or reduced heights-over-ground at moderate in-

cidences (Figure 5.30c,d). Ultimately, the results suggest that membrane wings come

with the ability to imprint their structural membrane eigen frequencies into the flow

spectra, if an energy entraining system is apparent to engage their membrane oscilla-

tions (here LE vortex-shedding). The result supports the idea to actively control the

flow dynamics of membrane wings by modifying the dynamic characteristics of the mem-

brane (e.g. with electro-active membrane wings (Hays et al., 2012; Curet et al., 2014;

Buoso and Palacios, 2016)).

Thus far, a detailed examination of the flow–field has been presented and has been

related to the statistical observations of the membrane deformation as well as the loads.

However, the instantaneous coupling between the flow, the membrane and the loads has

not been presented. The next chapter will attempt to characterise this coupling in detail

as well the phase relationships between them.
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(c) Rigid flat-plate, h/c=0.1, α = 15◦
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Figure 5.30: Spectral analysis of vertical flow oscillations PSD(V ′) at listener
points L6,...,L10. Comparison between rigid flat-plate and membrane wing in
free-flight (h/c = 2) at α = 25◦ and extreme ground-effect (h/c = 0.1) at α =
15◦. Membrane wings (b,d) show very distinct dominant shedding frequencies
in the flow which match well with the dominant oscillation frequencies of the
membrane (green line), suggesting membrane dynamics induced modifications
in vortex shedding and fluid-membrane coupling.
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5.5 Aerodynamic Coupling

The first part of this chapter focusses on the coupling mechanics between the aerody-

namic loads (lift, drag and pitch moment) and the membrane motions. The second

part reveals the coupling between the membrane and the flow dynamics. The third

part illustrates the coupling between the load, the membrane and the flow. Finally,

time-synchronised load-membrane-flow acquisition allows to cycle-average the loads and

both streamwise and cross-stream PIV planes by the phase information in membrane

dynamics.

5.5.1 Load-Membrane
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Figure 5.31: (a) Time series of CL, CD and instantaneous membrane deforma-
tion (z′) for α = 15◦ at three different heights over ground. (b) Cross correlation
between force coefficients and membrane deformation (wing body based coor-
dinate system, see Section 3.3.4).

Figure 5.31a shows a representative time-series of lift CL(t), drag CD(t) and membrane

vibrations z′(t) for heights h/c = [2, 0.25, 0.1] at an angle-of-attack of α = 15◦. The

membrane oscillation z′(t) is tracked on the membrane surface at the point of maximum

vibration intensity. The location of this point changes with height-over-ground due to

mode shape modifications, but is always located at the peak closest to the trailing-edge.

The normalised, membrane based in-plane coordinates Figure 5.7 of that measurement

point for the height h/c = [2, 0.25, 0.1] are given as (chord, span)= [(0.86 , -0.49), (0.78

, 0.14), (0.77 , 0.14)] and are also illustrated within the first instantaneous membrane

surface of Figure 5.31a. Smoothed lines in red (drag) and blue (lift) show down-sampled

(with a low-pass filter) force results (gray lines show the unfiltered data) to match the

sampling frequency of membrane deformations. Contours of instantaneous membrane
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fluctuations z′(x, y, t) (wing body based coordinate system, see Section 3.3.4) are illus-

trated at three specific time steps of the given time series. Finally, the ground-effect

case h/c = 0.1 shows additionally green vertical shadow regions, representing an in-

stantaneous gain in aerodynamic efficiency CL(t)/CD(t) over its time-averaged mean

value.

The illustrated cases (Figure 5.31a) allow detailed examination of modal information and

their instantaneous contribution to lift, drag and range efficiency. The strong ground-

effect case at h/c = 0.1 shows a very clear low frequency oscillation of two alternat-

ing chordwise motions in the membrane which suggest considerable influence of strong

leading-edge vortex and near-stall flow conditions. It is found that the instantaneous

maximum lift is produced when the membrane has a negative fluctuation close to the

leading-edge (blue in membrane surface is a negative fluctuation relative to the average

deformation) and a positive one near the trailing-edge (red). In other words, positive in-

crease in lift is associated with an instantaneous rearward location of maximum positive

camber. The drag is reduced within this region and can even become negative, producing

thrust rather than drag (Figure 5.31a, lower). As a result, the aerodynamic efficiency

(green vertical shading in Figure 5.31a is found to peak within these periods. The ability

to produce thrust for short time-instances is suggested to be linked with strong mem-

brane oscillations which are enhanced, triggered and synchronised with leading-edge

vortex shedding, apparent in close-to-stall conditions. The given study shows two spe-

cific (height/angle-of-attack) cases with this promising properties: A membrane wing

in free-flight conditions (h/c = 2 ) at α = 25◦ (at peak-lift) and a membrane wing in

(stall-inducing) ground-effect conditions (h/c = 0.1) at α = 15◦ (Figure 5.31a, lower).

Further within this study, both cases will be shown to provide lag-free coupling be-

tween membrane oscillations and flow shedding (Figure 5.36 and Figure 5.37) which are

suggested to be key for thrust producing moments. The fundamental mechanism for

this time-instant thrust periods could be explained by a recent study on flapping mem-

brane wings (Jaworski and Gordnier, 2012), suggesting that an instantaneous pressure

distribution focussed on the leading-edge (by a developing LE-vortex-core) allows for a

forward tilted (thrust producing) resultant force. However, further studies are necessary

to validate this idea on non-flapping passive membrane wings. A different explanation

focusses on the current data-set and the rotational nature of the rolling-down leading-

edge vortex. The vortex-rotation could reduce frictional drag due to enhanced upstream

(recirculating) flow components. The high-speed flow recordings of the velocity magni-

tude confirm this (pulsing) recirculating flow by showing the vector-fields in a time-series

(https://youtu.be/nKlWFL48c_0). Nevertheless, future experiments are necessary to

gain access to the fundamental physics behind this (thrust-producing) phenomenon.

A direct comparison of the normalised cross-correlation function (CCF, see eq. 3.5)

between forces (C ′L, C
′
D) and membrane (z′) fluctuations reveals a nearly instantaneous

response in forces to changes in membrane deformations (Figure 5.31b). The illustrated

https://youtu.be/nKlWFL48c_0


Chapter 5 Influence of Ground-Effect on Membrane Wings 107

(a)

         
−1

 
−0.5

 
0
 

0.5
 
1

C
C

F

h/c=2

         
−1

 
−0.5

 
0
 

0.5
 
1

C
C

F

h/c=0.25

 −90 −60 −30 0 30 60 90  
−1

 
−0.5

 
0
 

0.5
 
1

phase lead [°]

C
C

F

 

 

h/c=0.1

γ z′

Confidence level: ±0.02

(b)

Figure 5.32: (a) Extension of Figure 5.31 with added force angle γ(t) =
1
20atan(CDCL ) [◦] as alternative value for instant aerodynamic performance (green
line in Figure 5.32a), indicating temporal thrust producing periods if γ(t) < 0.
(b) Cross-correlation of force angle γ to membrane deformations. The corre-
lation of the membrane to the performance parameter γ appears with CCF =
0.24 weak but measureable at cases with generally enhanced fluid-structure cou-
pling (Figure 5.32b, lower ⇒ ground-effect enforced fluid-structure coupling).
Membrane wings at α = 15◦ at three different heights over ground.

phase period φ in [◦] (eq. 3.6) is relative to the dominant vibration frequency of the

membrane, which is measured as [108, 60, 64] Hz for h/c = [ 2, 0.25, 0.1 ]. For the highly

energetic vibrations in ground-effect (h/c = 0.1), the lift and drag fluctuations are found

to correlated (CCF = +0.70 and -0.75) with a maximum phase lag to the membrane of

29◦ (lift = positively correlated, drag = negatively correlated). The fluctuation in the

(CL/CD)′-ratio is found to lead the membrane fluctuation by 58◦ (negative correlated).

However, the correlation value is limited to CCF = -0.3. It should be mentioned that a

high correlation value between the membrane and the aerodynamic efficiency does not

necessarily mean a better gain in aerodynamic efficiency. However, if the correlation

value is high, it could be possible to modulate and so modify membrane oscillations in

the future (e.g. with electroactive membrane wings) with the aim to shift the overall

mean efficiency upwards.

For h/c = 0.25 and h/c = 2, membrane deformations (Figure 5.31a) are coupled with

higher frequencies and lower vibration-amplitudes. The correlation between lift, drag

and membrane-fluctuations remains without significant lag but correlation reduces to 0.4

(Figure 5.31b). The time-instant gain in instantaneous aerodynamic efficiency appears

further reduced to CCF ≤ 0.1 and is therefore discarded from the cases h/c = 0.25

and h/c = 2. Ultimately, the illustrated correlation technique in combination with the

aerodynamic efficiency has to be seen with care due to CL(t)/CD(t)-periods with values
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close to infinity (division by drag values close to zero) and the resulting necessity to

filter and smooth the CL(t)/CD(t)-signal before correlation.

Therefore, Figure 5.32 shows an alternative way to validate aerodynamic performance

modifications without the risk to reach nearly infinity values (drag often close to zero).

Instantaneous aerodynamic performance benefits are illustrated with green lines in Fig-

ure 5.32a and base on the force angle between the lift and the drag vector (γ(t) =
1
20atan(CDCL ) in [◦]). The angle γ in Figure 5.32a is shown reduced by a factor of 20 for

illustrative reasons and can vary (without the scaling) between −7◦ ≤ γ ≤ +40◦ within

the total recording period. The force angle has benefits by showing continuous perfor-

mance trends without the (previously mentioned) risk to move CL/CD-values to infinity.

A measured force-angle of γ < 0 represents a period of thrust instead of drag by point-

ing its resulting lift-drag vector in an upstream direction. As previously suggested in

Figure 5.31, cases with large fluid-membrane coupling show tendencies of regular thrust

generation (Figure 5.32a, lower). In addition, it is found that the force-angle method

(Figure 5.31b) shows no noticeable differences in their correlation values to the previous

CL(t)/CD(t)-consideration in Figure 5.31. As a result, it can be said that the initial fil-

tering and smoothing of some close-to-infinity CL(t)/CD(t)-values does not significantly

affect the resulting correlation values.
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Figure 5.33: (a) Time series of CM/4 and instantaneous membrane deformation
(z′) for α = 15◦ at three different heights over ground. (b) Cross correlation
between CM/4 and membrane deformation.

Figure 5.33 shows the correlation between the pitch-moment and membrane deforma-

tions. Figure 5.33a shows a time-series of the pitching moment CM/4(t) (blue-line) and

membrane vibrations z′(t) (black-line) for three different heights-over-ground (h/c = [

2, 0.25, 0.1 ]) at an angle-of-attack of α = 15◦. Figure 5.33b shows the cross-correlation

between two time-series shown in Figure 5.33a.
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At h/c = 0.1, the normalised cross-correlation value of -0.5 indicates that there is a

relatively good match between membrane and pitching moment signal (Figure 5.33b).

The nose-down pitching moment at the quarter-chord point (CM/4) lags the trailing-edge

orientated positive membrane deflection +z′ by 58 ◦ (as shown in the 3D-surface sketch in

Figure 5.33b). For higher values of h/c, the correlation value reduces to −0.3, indicating

a weaker but still negative correlation between membrane deformation and pitching

moment. The lag also seems to reduce, becoming closer to zero with increasing h/c.

However, the measurement uncertainty plays a role in this trend and the data for higher

h/c, where the membrane vibrations are not large, is critical. It should be mentioned

that flow/membrane induced pitch oscillations can play a major role for coupling and

lock-in effects with roll oscillations of low aspect-ratio MAV systems (Tregidgo et al.,

2012).

5.5.2 Membrane-Flow

A recent study on batten-reinforced membrane wings correlated membrane dynamics

with simultaneously recorded flow dynamics (Timpe et al., 2013). Vibrations at the

trailing-edge of batten-reinforced membrane wings (Figure 2.1b) were shown to correlate

well to the flow dynamics close to the trailing-edge. This result opens the question of

how perimeter reinforced membrane wings couple with the flow dynamics.

The upper contour plots of Figure 5.34 show the cross-correlation, at zero time-lag,

between the vertical membrane fluctuations at a listener point (M), placed 0.4c down-

stream of the leading-edge, and the vertical flow fluctuations (V ′) at listener points

P1,P2,P3 for the streamwise (Figure 5.34a) and P3,P4,P6 for the cross-stream PIV-

plane (Figure 5.34b). One representative case is selected for brevity at α = 15◦ and h/c=

0.1. Instantaneous membrane fluctuations are shown amplified by factor of 7 for clarity

(Figure 5.34a). The lower line plots of Figure 5.34 show the normalised cross-correlation

function (CCF) between the membrane and flow listener points.

Perimeter reinforced membrane wings show with CCF > 0.75 (Figure 5.34a, lower)

similar flow-membrane coupling as found for batten-reinforced (BR) membrane wings

(Timpe et al., 2013). However, perimeter-reinforced membrane wings show extended

coupling due to the membrane vibrations occurring all along the chord length between

leading- and trailing-edge (with two chordwise peaks), rather than only concentrating

close to the unsupported trailing-edge. Therefore, a leading-edge localised upwards

camber movement comes with a nearly instantaneous vertically upwards directed flow

and vice versa (Figure 5.34a, lower). The vertically directed flow structures originate

at the leading-edge and are shed due to the vertical motion of the membrane. Thus,

perimeter reinforced membrane wings show strong correlations close to the leading-

edge, initiating and promoting vortex-shedding from the beginning. The free-to-rotate

membrane attachment likely helps the exploitation of coupling dynamics (Figure 3.5).
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Figure 5.34: Cross-correlation (CCF) between vertical membrane fluctuations
at point M (x/c = 0.4) and vertical flow fluctuation velocity (V ′) at listener
point P . Instantaneous membrane fluctuations are shown amplified by factor of
7 for clarity. Correlations are conducted for the streamwise (a) and the spanwise
(b) PIV-plane. Exemplary case is at α = 15◦ within extreme GE (h/c = 0.1).

Overall, the results suggest that constraining the trailing-edge of the membrane could

provide more options for flow control. Further studies are required to understand the

impact of chordwise vibration locations on flow interactions. It is important to mention

that the vertical membrane fluctuations are often no more than 1% of the chord (roughly

1 mm) in peak regions (Figure 5.8) but can significantly influence the flow dynamics.

The relationship between the dynamics of the membrane oscillations and the vertical

flow fluctuations one chord downstream the TE was also examined (Figure 5.34b). As

previously discussed in Section 5.4.2, the spanwise position of the flow listener points

(P4,P5,P6 ) appears crucial for the correlation quality of the LE-vortex and its shedding

with the membrane (M ). This correlation reaches a maximum of 0.45 for the flow listener

point P4, located closest to the wing root.

The coupling between membrane and flow dynamics is found to change for different

flow conditions, such as changes in angle-of-attack or height-over-ground. Figure 5.35

demonstrates this by moving a membrane wing at α = 25◦ from free-flight (h/c = 2)

into GE conditions (h/c = 0.25 and 0.1). The descent into the vicinity of the ground

forces the flow to detach from the wing surface (Figure 5.35a, lower), resulting in a

phase lead of the flow to the membrane with 60◦ phase-shift (Figure 5.35b, lower).

Previously discussed force results show that this decoupling is accompanied with a loss

in lift (Figure 5.3b, upper) and an increase in drag (Figure 5.3b, lower). Therefore,

it is shown that direct (nearly lag-free) fluid-structure coupling of membrane wings,

accompanied with lifting benefits, is only possible for specific flow conditions, at which



Chapter 5 Influence of Ground-Effect on Membrane Wings 111

h/
c

 

 

Free−flight

         
1.8

 
2.0

 
2.2

 
2.4

 
2.6

CCF(τ=0)
−1  −0.5  0  0.5  1

h/
c

Moderate GE

         
0
 

0.2
 

0.4
 

0.6
 

0.8

x/c

h/
c

Extreme GE

0  0.5  1  1.5  2
0
 

0.2
 

0.4
 

0.6
 

0.8

P1

M

P2

M

P3

M

(a) Cross-correlation at zero time-lag

         
−1

 
−0.5

 
0
 

0.5
 
1

C
C

F

 

 

Free−flight

M−P1

         
−1

 
−0.5

 
0
 

0.5
 
1

C
C

F

 

 

Moderate GE

M−P2

 −90 −60 −30 0 30 60 90  
−1

 
−0.5

 
0
 

0.5
 
1

phase lead [°]

C
C

F

 

 

Extreme GE

M−P3

Coupled in−phase

Flow leads membrane

(b) Phase between membrane (M) and flow points (P)

Figure 5.35: Cross-correlation (CCF) between vertical membrane fluctuation at
point M (x/c=0.4) and vertical flow fluctuation velocity (V ′) at listener point
(Pn), changing with height-over-ground at a fixed angle α =25◦. The contour
plots base on zero time lag. Instantaneous membrane fluctuations are shown
amplified by factor of 7 for clarity.

the dominant eigen frequency of the membrane or its higher harmonics get close enough

to the vortex-shedding frequency (for this study, α = 25◦ for h/c = 2 and α = 15◦

for h/c = 0.1 show this behaviour). Additionally, the adverse pressure gradient has to

remain weak enough to enable close-to-surface energy transfer between the flow and the

membrane surface. Ultimately, stimulated fluid-membrane coupling of membrane wings

is found to result in enlarged performance windows compared with rigid flat-plate wings

(Figure 5.4c).

5.5.3 Load-Membrane-Flow

Figure 5.36 gives an extended overview into the coupling of aerodynamic loads, mem-

brane oscillations and dynamic flow structures, measured at α = 15◦ in extreme GE of

h/c = 0.1. Figure 5.36a shows free-stream normalised vertical flow fluctuations V ′(t)/U∞

for three snapshots (t1, t2, t3 ) over one membrane oscillation cycle at a Strouhal number

of St = 0.74. Also shown are streamlines computed from low-pass filtered velocity fields

(using the first five POD modes). Finally, instantaneous membrane cross-sections (at

the quarter-span PIV-plane) are illustrated by overlaying the time-averaged membrane

shape (dotted-line) with the membrane fluctuation (where the fluctuation is amplified

by a factor of 7 in order to display the vertical displacement of the membrane better.

At time-step t1 (Figure 5.36a, upper), the instantaneous positive vertical velocity close to

the leading edge (red) appears to be accompanied with upward membrane deformation.
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Figure 5.36: Load-membrane-flow interactions at α =15◦ in extreme GE of h/c
= 0.1. (a) Time-snapshots (t1, t2, t3 ) for vertical flow and membrane fluctua-
tions during one cycle. Streamlines based on POD-filtered flow fluctuations. (b)
Time-corresponding development in lift, drag and pitch moment fluctuations.
(c) Spectral signature of load-membrane-flow dynamics and their (d) phase–
relation between each other. Membrane dynamics show strong coupling with
LE-vortex-shedding, allowing improvements in overall wing performance.
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Half a membrane cycle further in time (Figure 5.36a, mid), the rolling down vortex

structure has travelled down to the trailing-edge (core at x/c = 1) and results in an

upwards deformation of the membrane close to the trailing-edge. This cycle repeats at

time-step t3 (Figure 5.36a, lower), where the situation is the similar to that of time-step

t1.

Dynamics in flow/membrane oscillations are also transferred into aerodynamic load fluc-

tuations, which are shown in Figure 5.36b. At time step t1, the wing shows reduced total

lift (blue-shaded), increased drag (red-shaded) and a pitch-up moment (green-shaded).

This relation flips at a later stage t2, showing gain in lift, decrease in drag and increasing

pitch-down moment.

Figure 5.36c compares the spectra of all three load components, membrane deformation

(at 40%-chord from leading-edge) and vertical velocity fluctuation (at listener point L1

as shown in the figure). The spectra reveals that the membrane motions, loads and

flow are clearly linked. The membrane (Figure 5.36c, mid) exhibits dominant oscillation

frequencies of St = 0.74 (1st harmonic), St = 1.48 (2nd harmonic) and St = 2.22

(3rd harmonic). The two most energetic membrane frequencies are also detected in the

loads and the flow spectra, suggesting strong coupling of membrane dynamics with the

flow and loads. The most dominant membrane oscillation frequency of St = 0.74 is

significantly different from the typical natural shedding frequencies of (flat/cambered)

rigid wings which is around St = 0.4 to 0.5 for the given case (Figure 5.23).

The cross-correlation between the flow and the membrane (Figure 5.36d, upper), the

loads and the membrane (Figure 5.36d, mid) and the loads and the flow (Figure 5.36d,

lower) underlines strong coupling between each other. The aerodynamic coefficients

show a slight delay to membrane motions with a phase shift of ∼ 30◦. This phase-shift

is likely caused by membrane inertia effects, however, further studies are required to

examine this in more detail.

Direct flow-to-membrane coupling can not only be initiated by moderate angles-of-attack

(α = 15◦) in liaison with ground-effect (h/c = 0.1, Figure 5.36), but also in free-flight

with high angles-of-attack (Figure 5.37).

Therefore, ground-effect acts only as a flow modifying parameter, and its results can

also be accomplished with an increase in angle-of-attack in free-flight conditions, al-

lowing to couple/decouple membranes-flow dynamics. Both options rely on LE -vortex

shedding close to the membrane’s upper surface, encouraging lift enhancing dynamics

by entraining fluid to promote flow re-attachment in areas affected by adverse pressure

gradient. However, ground-effect dynamics (Figure 5.36) show generally lower strength

in comparison to free-flight dynamics (Figure 5.37), suggesting the increased importance

of the lower (static) wing side in the vicinity of the ground, reducing the importance and

the significance of flow dynamics occurring on the upper side of the wing. Therefore,
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the flexibility of membrane wings can only be fully exploited outside of ground-effect

conditions.
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Figure 5.37: Load-membrane-flow interactions at α = 25◦ in free-flight condi-
tions of h/c = 2. (a) Time-snapshots (t1, t2, t3 ) for vertical flow and membrane
fluctuations during one cycle. Streamlines based on POD-filtered flow fluctua-
tions. (b) Time-corresponding development in lift, drag and pitch moment fluc-
tuations. (c) Spectral signature of load-membrane-flow dynamics and their (d)
phaseal relation between each other. Membrane dynamics show strong coupling
with LE-vortex-shedding, allowing improvements in overall wing performance.
A video is available via: https://youtu.be/728DsVxNcL4

Fluid-membrane coupling has its limitations since lag-free coupling can not always been

ensured. The descent from (highly coupled) free-flight conditions at α = 25◦ into ex-

treme GE (h/c = 0.1) forces the flow to detach from the wing surface (Figure 5.38a).

https://youtu.be/728DsVxNcL4
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As a result, the coupling between membrane dynamics and the flow reduces and re-

sults in a phase shift which is accompanied with declining correlation to load dynamics

(Figure 5.38d, lower). The low correlation value and increasing phase-difference in load-

to-membrane coupling reflects the low coherence in both signals, underlining a degrading

overall wing performance (Figure 5.4b). It is important to mention that vortex-shedding,

which appears vertically detached from the wing surface, remains still modified from the

membrane eigen frequencies (Figure 5.38c, lower). This reflects the ability of flexible

membrane wings to imprint their vibration frequencies further in to the flow.

For illustration, a video is available which shows load-membrane-flow interactions for an

exemplary case at α = 25◦ in free-flight conditions: https://youtu.be/728DsVxNcL4

https://youtu.be/728DsVxNcL4
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Figure 5.38: Load-membrane-flow interactions at α = 25◦ in extreme GE of h/c
= 0.1. (a) Time-snapshots (t1, t2, t3 ) for vertical flow and membrane fluctua-
tions during one cycle. Streamlines based on POD-filtered flow fluctuations. (b)
Time-corresponding development in lift, drag and pitch moment fluctuations.
(c) Spectral signature of load-membrane-flow dynamics and their (d) phaseal
relation between each other. With the descent into GE, flow and membrane dy-
namics get out of phase. The overall correlations reduces drastically, resulting
in reduced coupling between lift, membrane and flow dynamics.
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5.5.4 Cycle-averaging

In this study, PIV measurements were carried out in one chordwise plane and one cross-

stream plane. These measurements were conducted independently, however, were always

accompanied with simultaneous DIC and load measurements. Membrane dynamics can

be used as a reference to cycle-average both streamwise and cross-stream PIV planes.

The membrane signal was specifically selected, providing the signal with the highest

signal-to-noise ratio in comparison to load-cell and PIV acquisition. Similar techniques

were previously conducted in other FSI-studies, involving flapping wings with multiple

spanwise PIV-planes which were cycle averaged by the flapping motions of the wing

(Suryadi et al., 2010). The average comprises of over 350 individual cycles during the

(DIC, PIV) recording period of 6.25 s and measures 13 phase points per cycle.

Figure 5.39 shows cycle-averaged loads (Figure 5.39, left) and corresponding flow dy-

namics of both streamwise and cross-stream PIV measurement planes (Figure 5.39,

right), which are computed by membrane oscillation of the same phase. The highly-

coupled case at α = 15◦ in extreme GE h/c = 0.1 is shown for brevity (Figure 5.39).

The cycle averaged loads show lift,drag and pitch moment fluctuations which are nor-

malised such that the peak value is 1 (outer edges of shaded regions). In addition, the

loads are shown averaged between both PIV experiments (mean line within shading).

Vertical velocity fluctuations are shown with 60◦-phase steps and are low-pass filtered

using the first five POD-modes. Vertical upwards motions of the membrane and the

flow-field is coloured in red, whereas downwards motions are shown in blue. Coher-

ent LE-vortices are shed and convect downstream over the wing surface into the wake.

LE-vortices are known to extend across the span and will only be spatial limited by

the tip-vortices (Section 5.4.2). This assumption is supported by the literature (Gord-

nier and Attar, 2014), allowing us to correlate the vertical flow oscillations in both PIV

planes at the listener point L1. The flow listener point L1 is placed in the streamwise

plane at L1xy = (chord, height, span) = (2, 0.2, − 0.5) and the spanwise plane at

L1zy = (2, 0.2, 0.5), resulting in a spatial separation of the points of one chord length

in span.

Figure 5.39 shows at the beginning of the cycle at 0◦ ≤ Phase ≤ 60◦ an instantaneous

upwards velocity fluctuation (red) at the listener point L1 which correlates well between

both PIV-planes and is accompanied with low lift, high drag and a pitch-up moment.

The streamwise convection of LE-vortex structures to 120◦ ≤ Phase ≤ 240◦ results

into a downwards facing flow velocity (blue) at the listener points L1 for both PIV-

planes which comes with increasing lift, reduced drag and inclining pitch-down moment.

The results reveal the strong footprint of membrane oscillations in the flow which are

detected and correlated even one chord downstream of the trailing-edge. An illustra-

tive video is available via: https://youtu.be/KA6BZrtAb3o. In addition, the cycle-

averaging of both PIV planes allows to extend the knowledge in LE-vortex-shedding

https://youtu.be/KA6BZrtAb3o
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Figure 5.39: Membrane based cycle-averaged load (left) and vertical flow dy-
namics from both streamwise/spanwise PIV experiments (right), illustrated for
h/c = 0.1 and α = 15 ◦. Vertical membrane and flow fluctuations are colored
red for upwards and blue for downwards motions. A flow listener point L1 is
placed in both PIV-planes for later tracking in Figure 5.40. A video is available
via: https://youtu.be/KA6BZrtAb3o

https://youtu.be/KA6BZrtAb3o
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along the span, providing a suitable option to conduct quasi-volumetric FSI-studies on

flexible wings by exploiting the coherence of membrane oscillations as driving refer-

ence. Thus, quasi-volumetric flow-membrane interactions can be investigated without

the need of Tomographic-PIV, which is known for its constrains in sufficient lighting and

measurement depth (typical 10 mm, up to 100 mm as shown in Fukuchi (2012)).

(a) h/c=0.1, α = 15 ◦ (b) h/c=2, α = 25 ◦

Figure 5.40: Membrane based cycle-averaged loads and flow dynamics at listener
point L1 for either GE (plot (a), h/c = 0.1 at α = 15◦) or high angles-of-attack
induced coupling (plot (b), h/c = 2 at α = 25◦).

Figure 5.40 shows cycle-averaged results of similar coupling scenarios, involving ground-

effect (Figure 5.40a, see also Figure 5.39) as well as high angle-of-attack induced cou-

pling (Figure 5.40b). The flow listener point for Figure 5.40b is defined as L1xy =

(2, 1.8, − 0.5) (streamwise-plane) and L1zy = (2, 1.8, 0.5) (spanwise-plane). Similar

to Figure 5.39, all vertical-axis of either load, membrane and flow cycles are normalised

such that the peak value is 1. Both streamwise (L1(xy)) and spanwise (L1(zy)) PIV-

planes show comparable phase in vertical flow dynamics V ′L1 at the listener point L1

(Figure 5.40, lower). In addition, the comparison of both GE (Figure 5.40a) and high

angle-of-attack induced fluid-structure coupling (Figure 5.40b) underlines the similarity

in their coupling conditions, suggesting GE as a pure flow modifying parameter which

allows similar fluid-structure coupling as seen for free-flight conditions. The only dif-

ference relates to changing angles-of-attack which are necessary to trigger LE-vortex

separation for different heights-over-ground. The ability to adapt to ground-effect re-

lated flow changes makes membrane wings a preferable option for high-performance

WIG-MAVs.





Chapter 6

Discussion and Recommendations

In a first experiment, moderate Reynolds number wind tunnel measurements were con-

ducted at Re = 67,500 using rectangular rigid flat-plate and membrane wings and a

detailed investigation on the effects of aspect-ratio (AR-1, 1.5 and 2) on the aerody-

namic loads as well as membrane deformations was examined with high-speed record-

ings. Moderate Reynolds number related performance limitations of both rigid flat-plate

and membrane wings lead to a second experiment to investigate their additional per-

formance potential within ground-effect conditions. Therefore, the second experiment

examines the influence of ground-effect on the aeromechanics of membrane and rigid

flat-plate wings at Re = 56,000 at a fixed aspect-ratio of AR − 2. Time-synchronised

high-speed recordings of load, membrane and flow dynamics are used to examine the cou-

pling characteristics of flexible membrane wings not only in but also out of ground-effect

conditions.

In the following sections, membrane wing results are discussed concerning their aero-

dynamic importance, opportunities due to fluid-structure coupling, pitch-stability mod-

ifications, impact of aspect-ratio and their usage in ground-effect conditions. Finally,

research recommendations are given for future investigations.

6.1 Static Camber and Wing Dynamic

The current study investigated the aerodynamics of rigid-flat plates and compared them

with flexible membrane wings. However, membrane wings involve a static camber in-

crease with inclining angle-of-attack and come with additional membrane oscillations

relative to their static inflated wing camber. As a result, both individual parameters

(mean-camber and oscillations) contribute to the aerodynamic performance modifica-

tions seen with flexible membrane wings over rigid flat-plates. Figure 6.1 tries to ad-

dress and separate the individual aerodynamic impact of static membrane cambering and
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(a) Lift performance: The lifting capability is predomi-
nantly driven by the mean camber. However, membrane
vibrations help to gain additional lift in stall conditions.
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(b) Aerodynamic efficiency: Lift encouraging vortical
structures of membrane wings come with an equal or
even higher increase in drag, which can even compensate
cambering related gains in aerodynamic efficiency.

(c) Smoke-flow visualisation, extracted from Rojratsirikul et al. (2009), comparing a membrane wing with a
similarly shaped rigid cambered-plate. Pure static cambering can be seen to retain flow attachment (and so
performance) up to a certain point of angle-of-attack, where the flow detaches (α ≥ 14◦). Beyond that point,
membrane wings show further lift enhancement and drag increase due to vortical flow structures placed close to
the wing surface.

Figure 6.1: Seperation between aerodynamic impact of static wing cambering
and dynamic membrane oscillations. Comparison of (a) lift, (b) aerodynamic ef-
ficiency and (c) flow characteristics between a rigid flat-plate wing, a membrane
wing and a rigid cambered-plate with the same membrane mean shape (current
study combined with results of Gordnier and Attar (2014) and Rojratsirikul
et al. (2009)).

membrane oscillations to integrate the results of this (flat-plate and membrane wing)

study into the wider literature (Rojratsirikul et al., 2009; Gordnier and Attar, 2014).

Figure 6.1a shows the lift production of rigid-flat plates and membrane wings of the

current study (black lines) in reference to rigid-flat-plates, rigid cambered-plates (based

on membrane mean) and membrane wings (extracted from Gordnier and Attar (2014)).

Despite different Reynolds numbers, the lift values are found to match well between the

reference and the current study, reflecting a low Reynolds number dependency of the

results. In addition, both studies show a gain in lift production of membrane wings to

rigid flat-plates. However, rigid cambered-plates and membrane wings show comparable
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lifting benefits to rigid-flat-plates at low to moderate angles-of-attack (α ≤ 15◦). Their

comparability is also reflected by similar (attached) flow conditions (see Figure 6.1c for

α = 12◦). Therefore, the lifting capability (for α ≤ 15◦) is shown (by Gordnier and

Attar (2014)) to be predominantly driven by the static mean camber. At even higher

angles-of-attack (α > 15◦), membrane wings show additional lift production to rigid

(membrane mean) cambered plates due to encouraged (low-pressure) vortex-shedding

happening close to the upper wing surface. Figure 6.1c shows between α = 18◦ and 20◦

clearly formed vortical shedding structures which only form in the presence of membrane

wing dynamics. Those findings leave the question if the reduced wing vibrations for

angles α ≤ 15◦ (related to reduced LE vortex-shedding) are responsible for the lack

of additional lift production and if actively enhanced membrane dynamics, which are

not driven by vortex-shedding, could be used to enhance the overall lift performance at

low to moderate angles-of-attack (e.g. with recently developed electro-active membrane

wings of Buoso and Palacios (2016); Curet et al. (2014)).

Figure 6.1b shows the impact of static cambering and membrane oscillations on the

aerodynamic efficiency. Generally, the aerodynamic efficiency is found to collapse for

α ≥ 25◦ for all wings. Within this post-stall region, the aerodynamic efficiency be-

comes independent on static cambering or any wing oscillations and the wings start to

behave like a bluff body (consistent with Timpe et al. (2013)). For low to moderate

angles-of-attack of α ≤ 25◦, results of Gordnier and Attar (2014) suggest that lift en-

couraging vortical structures of membrane wings are accompanied with significant drag

penalties, which can be so severe that the drag penalties can even compensate (static)

cambering related gains in aerodynamic efficiency (Figure 6.1b). As a result, next to the

superior results for the rigid cambered-plate, even rigid-flat plates may involve higher

aerodynamic efficiencies than membrane wings. However, the results are not univer-

sal and can not be confirmed with the results of the current study, showing generally

(small) aerodynamic efficiency benefits of membrane wings over rigid flat-plates. Even a

very recent study (Zhang et al., 2015) on batten-reinforced membrane and rigid (mean

cambered) wings shows no clear indication whether membrane oscillations are of major

benefit or drawback for the aerodynamic efficiency (efficiency margin are small, if they

are available at all).

Ultimately, within close-to-stall conditions, membrane wing oscillations seem to act like

a tool to exploit separated flow conditions by forming coherent shedding structure of lift

producing nature. However, this type of lift production comes with strong drag penalties,

limiting any aerodynamic efficiency gain. At low and moderate angles, membrane wings

seem to be replaceable with cambered plates. The story could change with the ability

to actively encourage membrane dynamics with electroactive membrane wings at low to

moderate angles-of-attack.
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6.2 Fluid-Structure Coupling

As previously illustrated, membrane wings benefit not only from static wing cambering

but can also exploit stall related vortex shedding for additional lift production. It is

important to address the impact of membrane dynamics within close-to-stall conditions.

An exemplary rigid flat plate at α = 15◦ shows similar (shedding) flow dynamics as a

membrane wing at α = 25◦. However, the membrane wing produces 50 % more lift

than the rigid flat-plate wing due to (static camber + membrane motion) promoted

flow attachment into higher angles-of-attack, causing ultimately a stronger downwards

diverted flow to benefit overall lifting performance.

The perimeter reinforced membrane wing type (membrane constrained at LE/TE and

both wing tips) is found to benefit specifically from its leading and trailing-edge con-

straints as these boundary conditions enable motions along the entire chord that enhance

flow-membrane interaction. Additionally, membrane dynamics with large amplitudes

appear close to the leading-edge, promoting the growth of leading-edge vortices and so

their importance to the coupling dynamics. In contrast, other membrane wing types

such as batten-reinforced membrane wings exhibit limited flow-structure coupling since

the interaction is mostly localised near the free trailing-edge. Enhancing membrane-flow

coupling along the entire chord is found to play a major role in improved lift performance

in close-to-stall conditions.

For passive membrane wings, considered in this study, leading-edge vortex-shedding is

necessary to drive and couple the membrane with the flow dynamics. The necessary

shedding structures are typical triggered by high angles-of-attack in free-flight condi-

tions. As a result, membrane motions can be strongly coupled and oscillate in-phase with

the vertical flow motions. An exemplary instantaneous (low-pressure) vortex-structure

placed close to the trailing-edge causes a rearward location of maximum camber which

correlates to improvements in lift and drag reduction. The aerodynamic loads appear

slightly delayed to the membrane dynamics, suggesting membrane inertia as possible

reason.

Under extreme conditions with growing adverse pressure gradients, such as post-stall

angles-of-attack, the phase difference between the flow and membrane increases signally

an end to the direct flow-membrane coupling. Even under this extreme conditions,

the dynamics of membrane motions can retain the development of leading-edge vortex-

shedding, but the structures appear lifted up vertically from the membrane surface due

to the strong adverse pressure gradient. This behaviour is rather different to rigid flat-

plate wings which show a downstream movement of the shedding structures towards the

trailing-edge and static recirculation zone on top of the wing surface, resulting in a sharp

loss in their aerodynamic performance. Ultimately, the relatively static behaving recir-

culation bubble of rigid wings is suggested to be triggered from membrane oscillations

to form sequential shedding structures of (lift) carrying low pressure content.
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POD analysis is successfully applied on membrane and flow dynamics, allowing to group

major and minor membrane/flow structures and enabling to filter important dynamics.

In the vicinity of strong flow separation, most of the membrane vibration energy is con-

centrated in the first two POD modes (≥ 80%) of strongly chordwise oriented membrane

fluctuations. At the same time, predominant leading-edge vortex-shedding can be well

described by the first two to five POD modes, capturing ≥ 30% in total energy of the

flow dynamics.

6.3 Pitch Stability

The study reveals membrane wings high sensitivity of the pitch moment to changes in

their chordwise position of maximum camber. At low and moderate angles-of-attack,

membrane wings push the chordwise location of their maximum (static) camber towards

the trailing-edge, resulting in a higher initial negative pitch-slope and a higher nose-

down pitch moment (in comparison to rigid flat-plates). However, this behaviour could

probably also be achieved with simple rigid cambered-plates. With inclining angles-of-

attack, the chordwise location of maximum camber moves towards the leading-edge and

results into a horizontal pitch moment slope which is similar to rigid flat-plates.

Membrane wings are found to show strong pitch moment oscillations around zero angle-

of-attack (bi-stable snap-through region) and in stall conditions (shedding related dy-

namics). The oscillation amplitudes in pitch can be so severe that they can change their

signs within the time-series. The pitch dynamics can be amplified by in-phase fluid-

membrane coupling, showing resonance conditions with a nose-down pitch moment for

a time-instant rearward located peak-camber and a pitch-up moment for a forward lo-

cated peak-camber. However the typical resonance frequencies of > 50 Hz are probably

to high to resonate MAV systems with membrane wings into (unwanted) pitch motions.

6.4 Effects of Aspect-Ratio

Low-aspect-ratio (LAR) wings allow independent of flat plates or membrane wings su-

perior performance at high-angles-of attack. However, membrane wings are found to

benefit from their static cambering to such an extend that their maximum lift coeffi-

cient can be extended by 31% at AR-1 and 60% at AR-2. The smaller gain for AR-1

seems to be driven by an increased downwash which reduces the wing camber. The use

of membrane wings extend the maximum power efficiency by 16% for AR-1 and 33% at

AR-2.

Higher aspect ratio membrane wings show inclining deformations along the span whereas

lower aspect ratios exhibit a U-shape deflection. This finding could be related to a
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modification of the tip vortex and its footprint, however further flow visualisation is

needed for validation.

LAR wings suppress stall wherefore membrane motions are still driven by tensioning

of the membrane with inclining incidence. This results in higher mode shapes and

frequencies. Higher aspect-ratios are already exposed to stall conditions and excited

from vortex shedding into low mode shapes and frequencies. However, this does not

have to be a drawback and low order mode shapes could be used to couple with vortical

shedding structures for improved lifting characteristics in stall conditions without the

need for lift (and drag) encouraging tip-vortices.

6.5 Ground-Effect

Both flat-plates and membrane wings show superior lift generation in ground-effect,

while maintaining low drag at low to moderate angles-of-attack of 2.5◦ ≤ α ≤ 7.5◦.

Flow stagnation between the ground and the wing causes tip-vortex push-out, resulting

in an increase in aerodynamic efficiency of up to 50% for heights measuring 10% in

chord length from the trailing-edge to the ground and more than 100% for a height of

1% chord.

Ground-effect is found to modify the lift increment ∆CL differently for flat-plate and

membrane wings, allowing uncambered flat-plate wings to benefit to a larger extent in

their lift gain at low angles-of-attack. As a result, close to the ground (height at 1–5%

chord), flat-plates show a slightly better aerodynamic performance at low incidences of

α ∼ 2.5◦.

Nevertheless, in comparison to flat-plates, membrane wings show up to 30% increase in

aerodynamic efficiency at larger angles-of-attack of α ≥ 7.5◦ and heights of 1–10% chord

length over ground. Flow enforced static shape-adaptability and dynamic membrane

oscillations become an advantage when membrane wings are used in ground-effect, where

the descent in height forces premature flow separation, accompanied with an early onset

of leading-edge vortex-shedding and drag increase. Dynamic motions of membrane wings

help to promote and use such vortex-shedding dynamics to maintain lift enhancing

shedding structures close above the wing surface. The growing influence of leading-edge

vortex-shedding in ground-effect is found to drop membrane mode shapes in a similar

way as known for increased angle-of-attack from high-altitude studies. Flow-membrane

coupling can be engaged with a membrane eigen frequency which is close to the vortex-

shedding frequency of the flow. The exploitation of the dynamics of flexible wings is

reduced within ground-effect, because the influence of the lower (more static) surface of

the wing grows with respect to that of the upper surface (with more flow dynamics).
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Ultimately, membrane wings ability to static camber with the incoming flow is found to

improve the overall performance to rigid flat-plate MAVs at low to moderate angles-of-

attack. However, similar gains could probably be achieved with rigid cambered-plates.

Nevertheless, membrane wing oscillations offer the ability to couple with separated flow

conditions (either high angle-of-attack or ground-effect induced) and encourage vortical

shedding structures of (lift-encouraging) low pressure content to stay close to the upper

wing surface.

6.6 Recommendations

High-speed stereo-PIV measurement in the spanwise plane allows to extrude planar infor-

mation into a 3D-volume. Planar PIV snapshots could be placed behind each other with

a spacing based on the convecting freestream distance. The approach holds by assuming

a fully developed vortex moving downstream of the trailing-edge and exhibiting no de-

cay. The technique would help to visualise volumetric interaction of LE-vortex-shedding.

A preliminary video is available via: https://youtu.be/Lo41Dg7nISM, showing vortex

shedding structures via the Q-criteria which are color coded with the vertical velocity

fluctuations (red = upwards, blue = downwards).

It was shown that POD works as a powerful decomposition tool for grouping and visual-

ising most energetic coherent flow structures. The usage of dynamic mode decomposition

(DMD) could be a further step in grouping flow structures in a frequency rather than

spatial space. A comparison between POD and DMD approaches could be conducted,

proofing individual system benefits and drawbacks. A good overview about this topic

can be found in (Bistrian and Navon, 2014).

It was shown that coupling between the flow and the membrane can only occur for

a small range in close-to-stall conditions. In addition, the selection of the membrane

material, wing shape and Reynolds number fixes the resulting coupling dynamics of

passive membrane wings. Mechanical or electro-active cambering systems could extend

and customise beneficial membrane motions on demand. Mechanical systems could

involve to roll the membrane around the trailing-edge for static camber generation and

around the leading-edge for dynamic oscillations. Electro-active wings could combine

both static and dynamic cambering within one system.

Ultimately, a gain in aerodynamic performance has to be linked with an increase in

lift and reduction in drag performance. Due to the dynamic engagement of the mem-

brane with the flow, the key relies on the ability to manipulate those membrane/flow

oscillations in such a way that positive lift and negative drag fluctuations are actively

encouraged and negative lift and positive drag fluctuations are actively suppressed. One

practical implementation could base on individual, span-parallel membrane actuation re-

gions to engage and disengage certain membrane dynamics at different chord positions

https://youtu.be/Lo41Dg7nISM
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at a given time-instant. This would also allow to generate travelling waves of unknown

aerodynamic impact.
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Appendix A

Wing-In-Ground UAV

One application of membrane wings in ground-effect could be a moderate Reynolds

number Wing-In-Ground UAV (WIG-UAV), combining efficiency benefits due to ground-

effect, enlarged payload capability and smooth gust reaction. An introduction video of

the first prototype with flight tests on water can be found via: https://youtu.be/

S9aTZleF9Js. The vibrations in the membrane can be seen here: https://youtu.be/

YjDSfcTQZRc.

Figure A.1: First prototype membrane wing WIG-UAV drawings
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The WIG-UAV consists of a balsa-carbon fibre sandwich material to ensure a light as well

as strong structure for take-off and landing on rough surfaces. The first membrane WIG-

UAV prototype (Figure A.1) was designed and built to gain experience with membrane

wing UAV systems in ground-effect. Lift-off and flight above rough surfaces were studied

in practical flight tests. The development of the WIG-UAV represents a project that

worked in parallel with the wind tunnel experiments and can be seen as an amendment

for qualitative progress in the main research topic of membrane wings in ground-effect.

In future, it could be used as a start point for applying active membrane wings.

The overall dimensions are shown in Table A.1. The installed electronic equipment is

shown in Table Table A.2.

The membrane wing consisted of a 0.2 mm thin latex sheet material which was also

used for all wind tunnel measurements (Section 3.2.2). The membrane was attached

on leading and trailing-edge with 4 mm diameter carbon fibre rods (Figure A.2). The

angle-of-attack of the wing was fixed at 10◦. The leading-edge was designed in a freely

rotatable way to reduce the risk of flow separation at high angles-of-attack. Wind tunnel

experiments proved the initial decision as beneficial (Figure 3.5).

Figure A.2: Membrane wing structure

Figure A.3: Usage on different surfaces

First flight-tests (Figure A.4) showed low aspect-ratio related roll instabilities, especially

out of the ground-effect zone. The problem was temporary solved by making use of

electrical gyroscopes for the stabilizing surfaces. The pitch stability was found to be

adequate for free-flight conditions. However ground-effect flights required higher pitch

stability margins which led to the use of gyroscopic feedback control. A test flight
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Figure A.4: Vehicle in flight

Length 1065 mm

Width 600 mm

Height 320 mm

Weight 1600 g

Aspect-ratio main wing 1.4 -

Chord main wing 355 mm

Main wing area 14.9 dm2

Tail wing area 6.1 dm2

Angle-of-attack main wing 10 ◦

Maximum thrust 14 N

Table A.1: Data-sheet of WIG-UAV

with individually controlled fans for roll control was discarded as strong excited yawing

motions started to develop.

Generally, the controllability of small Wing-In-Ground vehicles were found hard to en-

sure, especially in a gusty surrounding with GE limitations in roll and pitch angles.

Active wings could be one option to gain drastic changes in lifting (or stabilizing) prop-

erties within a closed loop system by avoiding any mechanical stabilizer/flap units.

Thrust motors HET 2W Wemotec

Fan units Mini Fan pro Wemotec

Battery Turnigy nano-tech 4000mAh 3S 40C Hobbyking

Motor controller YEP 80A (2-6S) Hobbyking

Gyroscope and navigation RX3S Orange RX 3-Axis Hobbyking

Table A.2: Equipment list of WIG-UAV
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