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Abstract

Tethered helium aerostats are receiving renewed attention in the scientific and
surveillance communities. However, conventional aerostats cannot consistently survive
high winds. The goal of this research was to design an aerostat that could be deployed for
very long periods, thus reducing operating costs and interruptions in data acquisition.
Existing designs and fabrication techniques were first reviewed and replicated in the
construction of a 2.5 m diameter spherical aerostat. The constructed balloon was then
flown outdoors to observe its operational qualities. A low-cost data acquisition system
was assembled to characterize the balloon’s dynamics. The results were used to inform a
Finite Element Analysis model evaluating the critical stresses in a 10.15 m diameter
balloon’s envelope and its tendency to “dimple” when subjected to high wind speeds. A
second model was created to appraise the performance of an aerostat with a partially hard

shell, made of carbon fiber, in highly loaded areas.



Résumé

Les aérostats captifs au hélium recoivent de plus en plus d’attention de la communauté
scientifique ainsi que de ceux qui s’interessent a la surveillance. Par contre, les aérostats
conventionnels ne peuvent supporter les vents forts. Le but de cette recherche était de
concevoir un aérostat pouvant étre déployé pour de longues périodes, afin de réduire les
colts d’opération ainsi que les interruptions d’acquisition de données. Les techniques de
fabrication ont d’abord été revues et reproduites dans la construction d’un aérostat
sphérique de 2,5 m de diamétre. Le ballon construit a ensuite été¢ déployé a I’extérieur
pour observer ses caractéristiques d’opération. Un systéme d’acquisition de données a
faible colt a ¢ét¢ assemblé pour étudier la dynamique du ballon. Ces résultats ont été
utilisés pour informer une modéle d’analyse par éléments finis, permettant d’évaluer les
régions de stress critiques pour une enveloppe de ballon de 10,15 m de diamétre et sa
tendance a former des « fossettes » lorsque soumis a des vents de haute vitesse. Un
deuxiéme modele a été créé¢ pour estimer la performance d’un aérostat a coquille

partiellement rigide, faite de fibre de carbone, aux endroits trés chargés.
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Chapter 1 Introduction

The tethered helium aerostat is an old concept that is being revitalized due to the advent
of new materials and applications. A typical tethered aerostat system, Figure 1.1 below,
consists of a fabric envelope to contain the lifting gas, one or more tethers to moor the
balloon to the ground, a flying harness to distribute the tether load over the aerostat, load
patches through which the flying harness is attached to the envelope, and occasionally an

electronically controlled pressure regulation system [1].

Fabric
Envelope

Load Patch
Flying / W Mooring
Harness «— Tether

Figure 1.1 - Tethered Aerostat System [2]

Silent and non-intrusive, aerostats are particularly well suited for a variety of
experiments of an environmental nature, such as supporting aerial imaging cameras for
the observation of the behavior patterns of marine mammals [3]. Surveillance is another

important area of application for modern aerostats. In this era of heightened concern



about security, the United States Army and Border Patrol regularly uses tethered aerostats
because they have long-duration surveillance capabilities and provide better coverage
than surface-based radars [4]. TARS (Tethered Aerostat Radar System, Figure 1.2), a
large aerostat-based border surveillance system, is currently being used for drug
interdiction efforts in the southern United States [4]. The RAID (Rapid Aerostat Initial
Deployment) prototype has helped alert the US Army of potentially fatal attacks in
Afghanistan, and the REAP (Rapid Elevated Aerostat Platform, Figure 1.2), was built by
Bosch Aerospace for the same purpose in Iraq [4], [5]. Another unusual application for a
tethered aerostat is NRC’s proposed Large Adaptive Reflector radio telescope, shown in

Figure 1.3, which uses an aerostat to support its receiver at the reflector focus [6].

Figure 1.2 - The TARS (left) and REAP (right) Aerostat Systems [7], [8]

.
Spherical ANC-CN3C
Aeroﬂ?at_ " ]'

Receiver ~—~—

. LI : sora -

Figure 1.3 - NRC's Proposed Large Adaptive Reflector [9]



In many of the aforementioned applications, it is critical, with respect to
minimizing the operating costs as well as maintaining a constant stream of data
acquisition, that the aerostat remain aloft for long durations of time without having to be
retrieved and redeployed. Yet the airborne time of today’s typical tethered aerostat
system is generally limited by weather [4]. Balloons are not reliably able to survive high
winds due to “dimpling”, or a loss in envelope shape caused by the inflated fabric being
unable to resist high surface pressures, and due to the point loads produced where the
mooring lines meet the envelope. The use of synthetic materials and laminates with high
strength-to-weight ratios, such as nylon and polyester, coupled with weather-resistant,
heat-sealable and impermeable coatings, such as polyurethane, has improved the
survivability and reliability of modern aerostats [1]. To create a near-perpetually
deployed aerostat, however, other changes, such as the use of an ultra-robust envelope

partially made from a hard material, must be investigated.

Designing a better aerostat requires knowledge of the conventional materials and
construction techniques used to build tethered balloons, the dynamics of buoyant bodies,
and how the stresses from the tether loads are distributed over the envelope. The research
discussed in this thesis could have been performed on either spherically shaped aerostats
or blimp-shaped, streamlined balloons. Although they have a higher drag coefficient,
spherical aerostats were chosen for the analysis as they have a more optimum lift-to-
weight ratio, cost less and are simpler to manufacture and operate, see lower hoop
stresses, and do not require a special ground-mooring apparatus to allow

weathervaning [1].

1.1 Related Work

Tethered aerostat systems have received limited attention in the literature and the work
has predominantly focused on the dynamics of streamlined aerostats, rather than
construction methods for or structural analyses of spherical aerostats. In 1977 Arnold,
who was working for aerostat development giant TCOM, discussed the requirements of
materials used for tethered aerostats as well as the conventional fabrication methods for

their hulls and the appropriate moorings systems [2]. Arnold’s paper remains one of the



few sources of such information that specifically focused on modern aerostat
construction. However, concepts from the construction of other dirigibles, such as
manned gas balloons and airships, can be drawn on and extended to the domain of

aerostats.

The techniques used for fabricating gas balloons have changed little over the last
century, and the 1926 work by Upson remains a key reference for the design and
construction of gas envelopes and mooring structures [10]. In 1997 and 1998, Recks
provided very thorough and more modern guides to building personal Helium
blimps [11], [12]. These guides contain a wealth of information about envelope material,
plotting 2-dimensional gores, and assembly procedures. More recently, in 1999, Khoury
and Gillett [1] wrote a comprehensive review of numerous aspects of airship design. This
included higher-level information on the materials and bonding procedures that are used

in classical and modern airship envelopes and are also applicable to aerostat construction.

Despite the simplicity of the system, there have been few studies on the dynamics
of tethered, buoyant spheres in a forcing fluid flow. The most relevant work was
performed by Williamson and Govardhan who, in 1997, found that tethered, buoyant
spheres in a steady flow will not maintain a constant angle but will tend to oscillate in a
characteristic figure-of-8 motion [13]. They reported that the oscillation amplitudes were
dependent on the flow speed and that the drag coefficients of the spheres were up to
100% higher than those for smooth, fixed spheres. Williamson and Govardhan also went
on to investigate the influence of vortex shedding in exciting tethered spheres of differing
sizes and tether lengths [14]. They found that there was a resonance when the stationary
shedding frequency coincided with the natural pendulum frequency of the tethered
systems, known as the ‘lock in” phenomenon. Low mass spheres, however, oscillated at
frequencies corresponding neither to the natural frequency nor to the vortex shedding
frequency. Williamson and Govardhan et al. extended this analysis in 2001 [15],
reporting high-speed modes of buoyant and heavy tethered sphere vibrations occurring at
stream speeds higher than can be explained by classical lock-in. Although no formal
conclusions were presented then, in 2005 they speculated during a more thorough review
of vortex-induced sphere vibrations that a component of the fluid force must have been

exciting the tethered sphere’s oscillation frequency [16].



The only study found of the hull stresses on a tethered aerostat in flight was
performed in 1982 by Hunt for TCOM [17]. Hunt used NASTRAN to study the stress
contours over TCOM’s larger aerostats. The balloons in the model were subjected to
different internal pressures, gravitational forces, and experimentally determined
aerodynamic pressures for a range of wind speeds from 0 — 90 knots. Hunt evaluated the
stresses in the tethers, whether buckling would occur, and the safety factors of the
aerostat, finding the highest stresses were at the maximum diameter of the balloon and
the load patches. The analysis was limited, though, as it considered only small deflections
and used a coarse mesh, constrained by the computational power available, that did not
allow for detailed stress concentration results. Hunt performed a second finite element
stress analysis in 1993 to determine the survivability of a light weight nose structure for
mooring an aerostat in high winds [18]. This analysis was complemented by a nonlinear
dynamic simulation of the moored aerostat and demonstrated that the structure could
withstand 90-knot winds with the appropriate safety factor, but it provided little
information about the stresses in the hull. Other finite element analyses of lighter-than-air
vehicles or structures, such as those by Amiryants et al. in 2002 [19] and Kraska in 2002
[20], give good insight into how to model a thin-walled, buoyant pressure vessel.
However, these works looked at airship dynamics and envelope bending, rather than at
detailed stress contours. Similarly, the finite element analyses of related tethered, fabric
systems, such as sails or parachutes, focused on inflation characteristics rather than on
stresses in the tether-attachment region, and are not appropriate to the task of evaluating

aerostat failure.

In 1980, Durney outlined the causes of local failure in large aerostat envelopes
[21]. He devised a means of preventing the propagation of local failures into catastrophic
failures by installing a network of high-strength rip-stop material, thereby reducing
damages and repair costs, but did not look into preventing local failures in the first place.
Other studies directed at improving the robustness of free balloons, such as research on
natural, “pumpkin” shapes to enhance the capabilities of stratospheric and superpressure
balloons [22], have not yet produced findings that lend themselves to mitigating failures

due to concentrated loads in tethered aerostats.



1.2 Research Focus

The research described here was directed at investigating new concepts for the design of
a robust tethered, spherical balloon capable of withstanding high winds for long periods
of time. As a first step, existing construction techniques were reviewed, replicated, and
tested. The techniques were then improved upon with the aid of modern methods of

analysis, design, and construction.

Conventional aerostat construction and design techniques were investigated from
literature and by building a 2.5 m diameter spherical balloon designed for a maximum
wind speed of 10 m/s, as discussed in Chapter 2. An appropriate envelope material was
first selected and the size of the aerostat determined based on the lift requirements. Tether
attachment and bonding methods were then chosen with the intent of finding a
compromise between ease of implementation and robustness. The balloon was
constructed by first transforming the 3D shape to 2D gores using standard CAD
calculations and then heat-sealing the gores together to make the final envelope. When
the envelope was completed, a safety device for inducing a controlled descent was

installed.

The constructed balloon was flown to study its dynamics in various natural wind
conditions and the details of the experiment are outlined in Chapter 3. The flights were
performed in an open field at altitudes of 15, 30, and 45 meters with the aerostat tethered
to the ground using a single lightweight synthetic rope. During the experiments the wind
speed and direction, and the load in the main tether were all recorded. The aerostat’s 3-
dimensional position was logged using an inexpensive differential GPS system. From the
collected data, the drag coefficient and frequencies of motion of the tethered-aerostat
system were studied as a function of wind condition. The merits of using an inexpensive

differential GPS system to study tethered aerostat dynamics were also evaluated.

The results of the assessment of the operational qualities of the spherical aerostat
were used to inform a structural analysis of the balloon’s envelope, as described in
Chapter 4. A CAD model of the tethered fabric inflatable was developed using Finite
Element Analysis. Internal pressure and approximate aerodynamic surface pressures were

applied to the model, and the wind speed at which the aerostat would first dimple was



ascertained. The critical stresses in the envelope were then determined for this wind
speed. To verify the accuracy and applicability of the model, the results were cross-

referenced with analytic approximations and the experimental observations.

In Chapter 5, the results from the finite element analysis were used to design an
ultra-robust aerostat with a partially hard shell, made of carbon fiber, in critical areas. The
shell served the dual purpose of increasing the balloon’s resistance to point loads from
the tethers on the envelope and to prevent dimpling due to peak pressures at the
stagnation point. A second FEA model was assembled to evaluate the structural
performance of this partial-hard model against the fully fabric model. Comments were
made on the usefulness of a partial-hard shell as compared to a fully fabric envelope,
while considering the tradeoffs between an increased structural integrity and the envelope

weight gain and more complicated build process.

The conclusions of the research as well as recommendations for improvements

and future work are discussed in Chapter 6.



Chapter 2 Construction of a Small Helium Aerostat

In order to better understand the issues involved in robust aerostat design, a single-
tethered aerostat was built using conventional construction methods. A spherical aerostat
shape was chosen in order to allow the prototypes to be easily and repeatedly constructed.
Following a review of construction methods and materials commonly used on modern
aerostat envelopes, a suitable envelope size, configuration, and tether attachment method

were selected, and the appropriate safety precautions applied.

2.1 Design Requirements

To achieve a good compromise between cost, ease of storage and handling, and a usable
product, it was decided to construct the smallest balloon possible that would stay aloft in
a 10 m/s wind. This is the maximum operational wind speed typically used by Aerophile
and Aerostar for their Helium inflatables [23], [24]. In consultation with Tim Cole, one of
the world’s foremost balloonists, it was determined that the aerostat should have at least
44.1 N (4.5 kg) of net static lift when considering only the weight of the Helium and
envelope in the lift calculation. It was decided that the balloon would need to drop 100 m
within a minute in a 10 m/s wind in case of an emergency where a rapid, controlled
descent must be induced so the aerostat does not escape captivity. A final constraint was
that the material employed in the envelope had to be workable and not require the use of

special equipment for construction of the balloon.



2.2 Preliminary Theory

Consider a tethered aerostat in a constant wind flow. It is commonly approximated for
design purposes that the tether and aerostat will be “blown down” to a certain angle with
respect to the vertical, as depicted in Figure 2.1, and eventually remain at that angle once
a steady-state has been reached. If this is so, accelerations may be neglected, and the
forces acting on the aerostat are those due to the tether, drag, and buoyancy. These forces

are depicted in the free body diagram of Figure 2.1.
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Fp

Fr

Figure 2.1 - Free Body Diagram of a Spherical Aerostat in a Wind Flow

When considering a sphere, Archimede’s principle of buoyant force equaling the
weight of the displaced fluid takes the form

4
szgﬂrspairg (21)

where F, is the buoyant force, g is the gravitational acceleration of 9.81 m/s%, r is the
balloon radius, and p,; is the density of the surrounding air. The net static lift of the
aerostat, Fy, is the buoyancy less the weight of the envelope and enclosed Helium, and

can be written as
4
Fy=F, =5 pyg - (L15)(4m" ) (22)

where pg. is the density of Helium, and y the weight per unit area of the envelope
material. The factor of 1.15 is included in the envelope weight to account for the extra
weight of seams, valves, patches, and any other extra components, as recommended by

Upson [10].

The drag force, Fp, on a stationary, fixed sphere subjected to a fluid flow is [25]



F, =%CD,0m.ruz7z7f2 (2.3)

In equation ( 2.3 ), u is the wind speed and Cp the drag coefficient of the system.
Assuming the tethered balloon is stationary at an equilibrium “blowdown” angle in the

wind flow, the force in the tether, F7, may be calculated as

F, =yF, +F,) (2.4)

Since the mooring tether was expected to be small, on the order of 1.5 mm in diameter
and 1 N/100 m in weight, the effect of its weight and drag on the aerostat was neglected

for calculations of the forces seen by the inflatable.

2.3 Envelope Design

In conventional spherical aerostat construction, the envelope is most commonly made
from 2-dimensional slices of material, or gores, that are assembled to make the 3-
dimensional shape (Figure 2.2). Constructing Helium inflatable envelopes therefore

required consideration of materials, gore bonding methods, and envelope size.

Figure 2.2 - Balloon Gores (Cylindrical Gore System) [29]

2.3.1 Materials

In 1977, Armold listed a set of criteria for the tensile, shear, and tear strength, ply
adhesion, and flexlife of a material used for large aerostats, such as TCOM’s 250 000 ft’
(7000 m®) Mark VII [2]. These criteria dictate that fabrics must have a high strength-to-
weight ratio, low Helium permeability, good flexure and abrasion resistance, and strong

and reliable joining techniques. The material must also feature low creep to ensure the
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shape is maintained, high tear resistance, and a high resistance to environmental
degradation [1]. One of the most significant advances in aerostat design over the past few
decades is the use of synthetic materials and laminates with high strength-to-weight

ratios, rather than traditional natural fibers, in order to meet these criteria [1].

Large aerostats employ laminates consisting of a layer to protect against the
environment, a gas retention layer, and a woven load-bearing layer, as illustrated in
Figure 2.3 [1], [2]. For example, TCOM has been successfully using an 8 oz/yd
(271 g/m?®) Dupont polyvinylflouride/polyester/polyester laminate, Tedlar/Mylar/Dacron,
bonded with the Dupont polyester elastomer Hytrel for over 25 years [2].

Outer surface

Environmental / weathering protection layer

Adhesive layer

Gas retention layer

Adhesive layer

Woven load bearing layer

Adhesive layer

Inner surface

TOTALWEIGHT = 8.002/YD2

Figure 2.3 - TCOM's Envelope Laminate [1], [2]

Smaller aerostats, such as those considered here, tend to employ ultra-light
materials that consist of only a load-bearing base with a linen binding and rip-stop thread,
and an applied coating or film as the gas barrier. Polyesters such as Dacron, polyamides
such as nylon, and polyurethane are the most suitable base fabrics because of their high
strength-to-weight ratios, and ease of manipulation, bonding, and construction [1], [11].

Common gas barrier components include neoprene, polyurethane, and polyvinylfluoride.

2.3.2 Material Selection

There are few small-scale distributors of laminated synthetic Helium inflatable material.
Rather, the market consists predominantly of companies that sell finished aerostats or
coated fabric to airship manufacturers. Selection of material was therefore constrained by

issues of availability.
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Recks supplied a list of distributors who specialize in fabrics for smaller Helium
inflatables [11], from which only Perftex, Uretek, and Lamcotec still cater to balloon
builders and manufacturers. Following a process of consultation with members of the
Balloon Federation of America Gas Division (BFA) [26] and with the companies
themselves, Lamcotec [27] was chosen as the as the optimum supplier, both because of
their experience dealing with amateur and professional balloonists and because they

could provide the material on a timely basis.

Lamcotec and the members of BFA recommended urethane-coated nylon for
small aerostats since it can be heat-sealed in-house using a common iron, and has
successfully been applied to small manned Helium balloons. Samples of available
materials were provided for evaluation by Lamcotec. Based on this, the 4.2 oz/yd
(142 g/m?) single-coated heat-sealable #109 70 denier urethane-coated nylon taffeta was
selected, as it was the lightest material available that could be easily manipulated while
also meeting the design requirements with respect to break strength, as discussed in

section 2.3.3. The properties of the selected material are shown in Table 2.1.

Table 2.1 - Properties of Lamcotec’s #109 Heat-Sealable 70 Denier Urethane-Coated
Nylon Taffeta [27]

Basic Fabric 59.3 g/m’ Elongation at 38% Warp
Weight (1.8 oz/yd?) Break 54% Weft
142 g/m’
Total Weight Thickness 0.15 mm
(4.2 oz/yd?)
8.9 N Warp Strip Adhesion
Tongue Tear (Heat Sealed) Film 48 N /25 mm
7.6 N Weft .
to Film
Breaking Strength )
569 N Weft Helium / 24 hrs

Test Reference: Mil-C-83489, Fed-STD 191A, Mil-STD 810D, ASTM, Cal. Bulletin 117, CFR, NFPA
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2.3.3 Envelope Size

Selection of material and determination of the envelope size had to be considered
simultaneously because the weight of the material was needed in order to determine the
aerostat size that would be appropriate for the given application, as well as the forces that

would be endured in a wind flow.

The size of the aerostat was calculated using equations ( 2.1 ) and ( 2.2 ) from
section 2.2. F; was set to the minimum design value mentioned in section 2.1 of 44.1 N,
and because the experiments were expected to take place at sea level and in the 25°C
temperature range, pg; was taken to be 1.23 kg/m’ and py. 0.179 kg/m’ [28]. The specific
weight of the material, 7, was set to the 142 g/m” of the selected Lamcotec 70-denier
urethane coated nylon. Substituting equation ( 2.1 ) for F;, in equation ( 2.2 ) and solving
for the radius r, the minimum radius of the balloon that meets the design requirements is
calculated to be 1.19 m. The radius chosen for the aerostat was 1.25 m, which would

generate a lift force of 53.2 N according to equations ( 2.1 ) and (2.2).

The worst-case load the fabric was expected to endure was that from a single
tether at the maximum design speed distributed over a 25 mm width at the tether-
envelope interface, the width of an average tether attachment strap used by Aerostar [24].
Equations ( 2.3 ) and ( 2.4 ) were used to determine if the selected material would have
the necessary strength for the forces experienced in the design wind speed of 10 m/s. The
only experimental drag coefficient data available for tethered, buoyant spheres is that by
Willamson and Govardhan for subcritical flow of up to Re = 14000 [14]. The Reynolds
number for a 1.25 m radius sphere in a 10 m/s wind is 1.74x10°, which is supercritical
[25]. Since subcritical drag coefficients tend to be larger than supercritical, the design
was conservatively performed with the value of Cp = 0.7 published by Williamson and
Govardhan. Using equation ( 2.3 ) the drag force is found to be 211 N. Using equation
( 2.4 ) the maximum, point-load tether force is 217 N. This results in a stress of 57.9 MPa
when considering the application width of 25 mm and the Lamcotec 70 denier nylon
material thickness of 0.15 mm. Since the Lamcotec material has a breaking strength of
569 N /25 mm in the weaker weft direction, or 152 MPa when considering the material’s

thickness, there is a safety factor of 2.6 with the selected material.
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2.3.4 Gore Configuration

In designing an aerostat, a choice can be made regarding the number of gores and their
shape. For smaller aerostats, cylindrical single-piece gores tend to be used, rather than

conical or multi-piece gores, in order to reduce the number of seams, Figure 2.4.
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Figure 2.4 - Gore Types [29]

Increasing the number of cylindrical gores makes the balloon less polygonal and
more spherical, and an even number of gores is used in order to have symmetry [10]. A 6-
gore configuration, as found on such spheres as the Southern Balloon Works bladders
[30], is the minimum required to maintain a spherical shape and, in industry, preference is
given to gore numbers that are multiples of 6. The limiting gore arrangement of 6 was
chosen in order to minimize the number of seams that needed to be sealed, thereby

reduci