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k The AFCRL Scientific Balloon Symposia have over the years become estab-
lishea as the principal forum for the exchange of ideas and technical information
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Unmanned Powered Balloons

Arthur 0. Korn
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Bedford, Massachusetts

Abstract

In the late 1960's several governmental agencies sponsored efforts with private
industry to develop unmanned, powered balloon systems for scientific experimenta-
tion and military operations. Some of the programs resulted in hardware and limit-
ed flight tests; others generated system designs and concepts that, to date, have
not progressed beyond the paper study stage. Silent Joe I, Silent Joe II, and
Microblimp flew at low altitudes. The first powered balloons to fly in the 60,000
to 85,000-ft region of minimum wind fields were High Platform I, High Platform II
and POBAL. Several paper design studies also have been completed for unmanned,
remotely controlled, high altitude powered balloon systems with higher speed capa-
bilities and much longer flight durations. HASKV (High Altitude Station Keeping
Vehicle) was an overview of high altitude, station keeping vehicles as applicable
to powered balloon concepts. High Platform III is a 600,000-ft3, Class C hull
design for flight at 85,000 ft, solar powered for a 4-month duration. The POBAL-S
program resulted in design of a superpressured, stern-propelled airship to fly at
70,000 ft. It is powered by a Hyp-O2 fuel cell/electric motor combination rather
than by solar cells so that more electric power will be continuously available to
the user's payload. Useful payload capacity on the POBAL-S system is 200 1b.
Speed capability is 16 knots continuously for a 7-day duration. The HASPA (High
Aititude Superpressure Powered Airship) program is the largest active effort in
this field. Its goal is to carxy a 200 1b useful payload at 70,000 feet for longer
than one month, with 8 continuous 8speed capability of 15 knots, and maximum,
shorter duration capability of 25 knots. Four test flights are planned, the fourth
to be an all-up, long duration, solar-cell powered flight. The program will take
place during the next three years.

This paper briefly describes the various balloon system designs, materials and
propulsion units and highlights the capabilities of the systems, and points out

critical problem areas that require further study in order to achieve operational,
high altitude powered balloon flight,
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1. INTRODUCTION

This morning's opening session deals with powered balloons. Most of you are
more fa-:miliar with the conventional, free floating balloon that drifts wherever
the prevailing winds happen to carry it. For many balloon-borne experiments the
drift is inconsequential -- it even can be an asset. There are nther very impor-
tant applications, however, for which the balloon is an ideal atmospheric vehicle
provided that drift can be minimized. Various governmental agencies have been
studying methods for minimizing drift by adding a propulsion source to the balloon.
Several of these systems have been fully developed and have been flown.

Today 1 shall present some history, and a brief overview of recent powered
balloon efforts. Then, individual papers will be presented by specialists who are
currently working in this field. My discussion will include powered balloon
systems and completed system design studies for both high and low altitudes, but
the recent programs will be limited to unmanned systems in the USA. Several of
these programs were conducted on a classified basis; however, the design and test -
performance data have been declassified. This paper reports on these declassified

data.

2 BACKGROUND

For many years balloon flight managers have been attempting to minimize horizon-
tal displacement by preselecting the float altitude where the winds are known to
be near minimum, monitoring the trajectory, and correcting the drift by ballasting
or valving to nearby altitudes where the wind will drive the balloon in the proper
direction.

Many unpowered flights have been very successful in this type of station
keeping. This success is based upon the seasonal atmospheric pheucmenon illustrat-
ed in Figure 1. The westerly winds above easterly winds in the lower stratosphere
result in a transition level where the wirds are essentially zero. Just above and

below this level are bands of altitude where the winds are less than 10 knots.

12
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It was reasoned that if some small amount of propulsion could be added to a

free balloon, the station-keeping capability in the minimum wind fields could be
greatly enhanced. With some margin in available thrust, such a powered balloon is j

not limited to station-keeping, of course, but can travel in any directicn.

3. HISTORY

s

The early balloons would only go up and down or float in the direction of the

s el

prevailing winds. In order to make the balloon more useful it was soon conciuc.d

| that it should be "dirigible" or directable. Throughout the nineteenth century i

ingenious men such as Meusnier, Giffard, Tissandier, Renard and Krebs worked on

this problem. They built manned airships shaped as spindles, torpedos, cigars,
stringbeans and even whales. Their biggest problem was the lack of a lightweight,
efficient power plant, The steam engine, while dependable, was very heavy. In
1852, Giffard built a small engine using steam, but it weighed 100 pounds per

horsepower. (Today's automobile engines weigh as little as 2 pounds per horse-

power, and airplane engines, less than 1 pound per horsepower): Those early in-
ventors experimented with feather-bladed oars and screw propellers turned by hand
using a crew of eight men! Engines were built that used coal gas or hydrogen |
lifting gas from the airship, In 1884, Rennard built an electric motor powered 3
from a storage battery. 1
Real progress in powered balloons had to wait for the discovery of petroleum in
Pennsylvania and the invention of the internal combustion engine. In the 1890's
the gasoline engine was being developed and it proved to be the long sought key to

the (low altitude) propulsion problem. In 1901, Santos Dumont's work on small

NPT SRPLL W AL W Goroor T1aws

airships in France won him the 100,000 franc prize for flying across Paris to

circle the Eiffel Tower and return to his starting point. In the early 1900's

Count Zeppelin started to develop big ships in Germany. The airship Clement Bayard {
11 flew the English Channel in 1910 and made a 242-mile trip to London in 6 hours.
Great progress continued throughout World War I and thereafter. The blimp proved |
|
13
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its usefulness during World Wars I and II. All of these airships flew at very low
altitudes.

I will not dwell on the era of the blimps and zeppelins, since they are well
recalled, but will now skip in history to the late 1960's when several U.S. govern-
ment agencies sponsored efforts with private industry to develop unmanned powered
balloon systems for scientific experimentation and military operations. Some of
the programs resulted in hardware and limited flight tests; others generated
system designs and concepts that, to date, have not progressed beyond the paperwork

stage. This paper gives an overview of these various programs.

4. HIGH ALTITUDE FLIGHTS

High Platform I was one of the earliest attempts at powering a balloon at
high altitude. It was developed and flown on a classified program by Goodyear
Aerospace and Winzen Research Inc. In Figure 2 the system is shown being launched.
The program objectives were (1) to demonstrate that it is feasible to maintain a
free balloon on-station at high altitude using an electrically-driven propeller;
(2) to examine the accuracy and output of a simple, single-axis-oriented silicon
solar array for application as the eventual primary power source for the electrical-
ly powered balloon. The program was limited in scope in that off-the-shelf hard-
ware was required for all systems. This requirement necessitated using a natural
shaped balloon which has an undesirably high coefficient of drag, Because of the
high drag force the flight test was planned during a period when the speed of the
upper atmosphere winds was at a minimum, The flight design goals were: (1) float
altitude--70,000 feet; (2) maximum airspeed--10 knots; maximum deviation from
station +50 miles. Flight duration was dependent on battery life. The flight wase
conducted at Minneapolis, Minnesota in Sept., 1968. The balloon had a volume of
106,000 cu ft and was 63 ft in diameter. A 2.75 H.P. motor drove a 14 ft diameter
propeller with power from 1121bs of silver zinc batteries. The goal was to control

balloon orient.tion and heading at an airspeed of 10 knots by remote control of a

14
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styrofoam rudder that rode in the propeller slipstream. The wooden propeller was
designed to provide 25 1lbe thrust at 1,000 R.P.M.. Total system weight was 555 lbs
of which 106 1bs was balloon. The system in flight is shown in Fig 3. It was
launched in the early morning and ascended at nearly 1,000 ft/min. On its first
power cycle the motor was run for 31 minutes. Directional response to rudder

commands was good .nd no evidence of instability was noted. However, time delay

between cormwand and rudder actuation, the rate of rudder movement, and the time
required to calculate and verify the actual heading resulted in a rather erratic
flight path. During the second power cycle the rudder control was erratic.
Although the gondola changed azimuth orientation in response to rudder commands,

it was found to be almost impoesible to hold a given heading. Rudder response then
disappeared and recovery procedures were initiated. The direct current motor, when
recovered, was severely charred and showed evidence of brush arcing. The motor was

completely destroyed from overheating. During the first 30 minute power cycle the

system did demonstrate the capability to fly into the wind at an airspeed in excess _': £
of 10 knots, and to chunge the direction of the flight path. The sun sensor was
successful in consisten:ly tracking the sun accurately enough to estimate the max-
imum output of the solar array. The results show that an electrically driven
propeller is a feasible method of station keeping a high altitude balloon.

The High Platform II program (HPII) began in early 1969. This was a classified ]
effort conducted by Raven Industries. The statement of work called for the devel-
opment of a unique airship having a capability of operating for very extended dura-
tions at an altitude of 70,000 feet. The flight system is shown in Fig 4. The :
duration requirements defined a completely sealed, superpressure balloon which
should have a duration capability of greater than 6 months. Desired speed capabil- A
ity was 20 knots. Solar cells were to be used to power the motor-propeller
assenbly.

A 3/1 fineness ratio, class C hull configuration was used on HPII because of ]

its greatly reduced coefficient of drag as compared with the HPI envelope. The

envelope was constructed of a bi-laminate of 1.0 mil and .35 mil Mylar S and was

15
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81 feet in length. Control surfaces on the hull included one vertical stationary
fin, one rudder, two horizontal stabilizers and two elevators. Rudder and elevat-
ors were servo motor controlled. The lightened, molded foam propeller, 10 feet
in diameter was designed to operate at 360 RPM with an efficiency of 78%. Propul-
sion motor characteristics were: .25 brake horsepower at a speed of 8,200 RPM with
an input of 24VDC, predicted efficiency; 72%. The motor drove a belt speed reducer
to drop the high speed of the motor to the desired 360 RPM of the propeller. The
power supply was a 300 watt cadmium sulfide solar array of 13 panels connected in
parallel. CdS cells were chosen over silicon because of their greater flexibility
and greater potential for weight reduction.

The basic purpose of the gondola was to support mechanical components of the
propulsion system. An anemometer was suspended beneath the gondola. In January
and March 1970 two test flights were accomplished to check out system components.
Several changes to the all-up flight system were made as a result of these test
flights. In May, 1970, the airship was test flown. The airship gross weight was
136 1b. The tow balloon launch technique was used for better control of the very
fragile system. The tow balloon was detached from the airship at 50,000 ft. Wher
the motor was turned on, the airship immediately swung into the selected heading.
After 76 minutes operation the motor was turned off. Reflected light falling on
the solar cell array prevented further acquisition of accurate heading data.
Immediately after thc motor was turned on the system rose in altitude. This is
indicative of a positive angle of attack and forward speed which provided the
airship with some aerodynamic lift. The experimenters concluded that the airspeed
was 10 knots rather than the desired 17 knote, and that the primary factors reduc-
ing speed below the design value were too low a design value fo: drag coefficient
(actual value of Cg = 0.11 rather than design value, Cq = 0.045, based upon wind
tunnel data) and mismatch between the solar cell array and propulsion syséem.

They further concluded that a high altitude airship having & superpressure envelope
to obtain extremely long duration flight, and thin film solar cells for power can

be designed, constructed, successfully launched and remotely controlled.

16
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POBAL (Powered Balloon) was an unclassified program started in 1969 by AFCRL
with Goodyear Aerospace Corp. under contract to study feasibility of station keep-

ing by remote control of & powered balloon at high altitudes. Both streamlined

(blimp) and natural shaped (or round) balloon configurations were considered, with
reciprocating engines, turbines and electric motors as candidates for propulsion, ]
and fuel cells, solar cells and batteries, for electric power sources. As a
result of this study it was decided to design an economical system for flight i
demonstration. The system that was built and flown by AFCRL was larger, heavier '
and more powerful than High Platform I (Figure 5). For reasons of economy, the

parachute system, rigging hardware, balloon and control system were off-the-shelf

items currently used for conventional ballooning. A 711,000 ft3, double wall poly-
ethylene balloon was used on POBAL to carry a load of nearly 4,000 pounds to 60,000 Q

ft. altitude. An 8HP DC electric motor drove (through a gear reducer) a 35 foot 1

diameter Fi-1100 helicopter rotor at 200 RPM. Based on Cyq = .19 the system was !
designed to have a speed capability of 15 knots. Planned duration of flight was

to be 8 hrs, the life available from the residual silver zinc F-105 fighter

starter batteries. (Nearly 2,000 1bs of the payload were comprised of these
batteries). The direction of motor thrust was controlled by a rudder located in
the slip stream of the propeller. After the mission the balloon was expended and .
the gondola recovered by parachute.

The first flight was flown in September 1972. All systems functioned for the
first 43 minutes of power. The propulsion motor was then allowed to cool for 11
minutes and then another powered cycle was initiated. Various headings were A;
commanded into the autopilot system during these powered cycles. The system was
also flown via manual control of right and left rudder.

After a total of four power "on" cycles (3 hrs of flight time) cont { the
azimuth heading was no longer possible. It was then confirmed that the rudder
had broken free of the payload. Subsequent examination of the failed rudder sup-

port tube indicated improper heat treatment after a welding process. The system

did however, attain air speeds in excess of 11 knots and demonstrated that the {

17
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concept is feasible. It is felt that the design speed of 15 knots was not
attained because of onc or a combination of both of the following: (1) too low
a design drag coefficient for the round balloon or (2) the propeller was not

producing the calculated thrust.

3. LOW ALTITUDE FLIGHTS

Silent Joe I is shown in Figure 6. The balloon was a 5,500 ft3 Class C hull
with a 3 to 1 fineness ratio developed on a classified program by the Sheldahl Co.
Design speed for this system was 12-15 knots. The first version used two 3HP Mc-
Culloch chain saw engines for propulsion. Steering was accomplished by varying
the speed of either outboard-mounted engine. Some problems were encountered in
the synchronization of the motor throttles and the gasoline engines were replaced
with electric motors. This second version of Silent Joe I shown in Figure 7 used
2-2LHP electric motors powered by nickel cadmium batteries. This combination gave
a planned flight duration of two hours, Silent Joe I was successfully flown on
several occasions in Southeast Asia. It had well controlled performance with
flight speeds being 10-12 knots,

Silent Joe II followed Joe I. 1ts configuration is shown in Figure 8. This
program was conducted by Goodyear Aerospace Corporation and used the 150,000 £t
Goodyear Mayflower I blimp as the system hull. The hull was mod..ied to add a
propulsion unit in the stern of the airship. The propeller was driven by a hydrau-
lic motor, pressure for which was generated from a unit located in the forward end
of the hull. The propulsion unit ha¢ a servo-vontrolled pitch and yaw gimbal
system for vectoring the propeller thrust in order to achieve flight-path control.
Nine flights of Silent Joe II were conducted in 1968 and 1969.

Micro Blimp was a classified,low altitude airship program accomplished by Raven
Industries. The hull was a class C shape with a 3:1 fineness ratio. The system
is shown first prior to launch in Figure 9. Hull volume was 2,750 £t3 and length

was 37 feet. Propulsive power was provided by a stern mounted, 4 HP Wankel engine

18
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driving an 8 foot diameter molded polyurethane three bladed propeller. Directicn-
{ al control was obtained by gimbaling the engine-propeller assembly. Heading and
4 pitch stability were maintained by an autopilot in the system. Micro Blimp had
: a maximum cruise altitude of 5,000 feet MSL and a cruise speed of 30 knots. Its
maximum radio controlled range is 5 miles with a control accuracy of 1500 feet.
Endurance was 10 hours with a full load of fuel. Payload capacity weas 20-50
pounds depending upon the amount of fuel carried. Many successful flights were
accomplished with the Micro Blimp. The major problem with the system was propeller

Pl e | b i b

breakage. This however was solved with propeller stiffeners. Micro Blimp in
flight is shown in Figure 10,

6. STUDIES

Several programs generated system designs and concepts that, to date, have not

progressed beyond the paperwork stage.
| The High Platform II1 paper study performed by Raven Industries required the
él design of a solar-powered aerostat and the definition of a development program
] for a prototype system. The airship designed under the program has a volume of
600,000 cubic feet. The envelope length is 309 feet and the diameter is 62 feet.
The airship is designed to be a constant altitude system and as such is super-
pressured. Nylon film is used for the hull. Fins are pressurized by a small air-
compressor. Propulsion and control of the airship is accomplished by use of a
rear mounted, gimbaled propeller powered by an electric motor. The motor's

power supply is a solar array. The system is designed to be capable of maintaining

A

air speed of 15 knots continuously, 24 hours a day for 4 months. Flight altitude
is 85,000 feet. Payload capacity is 10 pounds.
Several assumptions were made throughout the design study. These include:
(a) A high strength nylon film will be sufficiently developed for
superpressure balloons.

] (b) The coefficient of dray of the airship is .048.
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(c) Pulse charging techniques can be developed to increase the life of
the battery.

(d) cCadmium sulfide thin film solar cells of characteristics equal to
or better than the cells used on High Platform II will be available.

Until these items are developed the airship cannot be built to meet the gpecifi-
cations. If the assumptions cannot be met, changes in system size or capabilities
will result. The proposed High Platform III airship is shown in Fig 11. The High
Platform III Design Study was complete in August, 1971. ]

The HASKV (High Altitude Station Keeping Vehicle) program had as its objective ]
to review and study all high altitude station-keeping powered balloon concepts.

All past efforts were reviewed, a comprehensive analysis of various system concepts
was undertaken and a preliminary design for a system was completed. Primary empha-
iis was placed on superpressure airshipe capable of flying for durations up to
several months at altitudes ranging from 60,000 feet to 85,000 feet with speeds

up to 30 knots. The major effort on HASKV was devoted to parametric analysis and

g B R ———

trade-off studies of the many system components and concepts. Much valuable in-

.

formation was thus generated and reported upon in the HASKV Final Report. Using
this information a system was designed that is similar to that proposed in the
High Platform III Study. The major differences concern the construction of the
balloon envelope and the use of the power cycle. The final HASKV design was for
a vehicle capable of supporting a 200 1b payload at an altitude of 70,000 feet

for a four month duration. It is to be solar powered, to operate at 30 knot air-

R TR

speeds during the day and 10 knots during the night. This program was completed
in 1973,

The AFCRL POBAL-S design effort with Raven Industries resulted in an airship
very similar to the HASKV vehicle. Jack Beemer of Raven Industries, Inc. will
report on this system later in this session. I will report only briefly on the

salient characteristics of the POBAL-S Program. The major difference between

HASKV and POBAL-S lies in the system used to power the electric propulsion motor.
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You will recall that the HASKV airship is solar cell powered; POBAL-S obtains
electrical eneryy from a liy~0, fuel cell. The fuel cell was selected for this
airship rather than solar cells so that more electric power could be made avajlable
on a continuous basis tu the operational payload. On this system 500 watts are
available to operate the user's payload. Duration for the system is 7 days rather
than 4 months for the solar powered version. The two systems are obviously
designed for different operational missions. POBAL-S is shown in Figure 12. To
summarize the capabiliﬁes of AFCRL's POBAL-S; it flys at a 70,000 foot altitude;
has a payload capacity of 200 1b; continuous power of 500 watts available on a
continuous basis for operation of the payload; speed capability of 16 knots con-
tinuously for a 7 day duration. The final report and drawings for the fabrication
of a POBAL-S airship are due to be completed in the fall of 1974.

The U. S. Navy (NRL, NOL) HASPA (High Altitude Superpressure Powered Airship)
program is the largest active effort in high altitude powered ballooning. Messrs.
Frank Petrone and Paul Wessel of the Naval Urdnance Laboratories will report in
detail on the effort during this session. It is listed as a "Study" only because
the contract award for its development was still being negotiated at this writing.
The program's goal is to carry a useful payload of 200 pounds at 70,000 feet for
durations exceeding one month, HASPA is to have a continuous speed capability
of 15 knots, with a maximum shorter duration capability of 25 knots. Four flight
tests are planned; the first, an unpowered flight to evaluate the launch technique
and the integrity of the superpressured hull; the second, a battery-powered flight
tu evaluate the propulsion system; the third, a fuel-cell evaluation flight; and
the fourth, an all-up, long-duration, solar-cell powered flight. The program will

take place uver the next three years. The HASPA vehicle is shown in Figure 13.

7. SUMMARY

In the past six years much useful work has been accomplished in developing un-

manned powered balloons without a great expenditure of funds. Several governmental
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agencies have been involved with all of the major balloon companies in the
various systems studies and developments. The total result has not been outstand-
ing but, considering the very low funding and manning budget available and the
magnitude of the problem, very good progress has been made toward achieving
operational, long duration, high altitude powered balloons with usefully large
payloads. The experimental systems that have been flown have clearly defined the
remaining practical and theoretical problems to be solved. For example, future
high altitude, powered ballooa programe should spend more effort to obtain accurate
drag coefficient measurements at the low Reynolds numbers encountered in the mini-
mum wind fields. Another important area of uncertainty is the propeller design.
More basic work is required to accurately predict propeller performance in the
60,000 to 85,000 ft altitude levels. Propellers have not normally been used at
those altitudes; conventional procedures for "scaling" from ground level data are
not valid, and no guidance is available from the literature. We also must make
use of the modern analytical tnols for accurately determining the dynamic stresses
in the structure and their distribution over the airship surface. If the pressurig-
ed hull volume to support a usefully heavy payload is to be kept within manageable
limits without sacrificing structural reliability, then the allowable weight to
strength and elastic properties of the materials are critical design parameters.
It is hoped that future high altitude powered balloon programs will benefit from
the experience reported herein.




Y A et SaltS s b S i T ¥ T T T, b Lo s = E T B T S A S T T LTy e e

4
}
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Figure 5. Pobal Undergoing Hanger Tests

Figure 6. Silent Joe I, Initial Configuration
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Figure 8, Silent Joe II in Flight
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: Silver Spring, Maryland
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Abstract

A demonstration program is now underway in which the feasibility of a High

. } Altitude Super-pressured Powered Aerostat (HASPA) will be determined. Basically
the HASPA is an unmanned platform that would operate continuously at high-

: altitude for long periods of time and maintain an assigned station through powered
f ¢ maneuverability taking advantage of the low wind fields between the stratospheric
i and tropospheric winds, HASPA would serve as an extended duration airborne

E platform from which sensors or communication relay links can be operated. The
present 32 month time frame of this program will include four demonstration
flights (one unpowered and three powered) with expected flight durations of from

a few days to over one month. This presentation will emphasize present flight
objectives, vehicle design status, and potential problem areas with the proposed
resolutions,
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Regenerative Fuel Cell Power System for Aerostats*
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Abstract

A regenerative hydrogen-oxygen fuel cell is an attractive
atlernative as a power supply for high altitude super-pressured
balloons and powered aerostats., The state of the art is
sufficiently advanced that systems operating continuously in the 10
kW power range can be expected to weigh less than 1000 pounds. Such
systems will provide power that is virutally unlimited in duration
and will operate as completely closed cycle units. The use of the
regenerative system is particularly advantageous for applications
requiring the availability of high power levels on a continuous
basis for extended periods of time. Other advantages of the systenm
and its cost-effectiveness compared to other alternatives are
discussed. Improvements to be expected in the future are also

reviewed,

¥Hork supported by the Naval Electronics Systems Command
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1. INTRODUCTION

Interest in high altitude powered hallons or aerostats has been
steadily increasing in recent years. This interest has led to a
greater awareness of the unique problems and requirements which such
systems pose for engineers, particularly in the areas of materials
technology and high energy density power systems. The latter area
is the one we have addressed in this description of a regenerative
fuel cell system. Before describing the power system concept we
would like to take a brief look at the overall power requirements.

2. POWER SYSTEM REQUIREMENTS

Power consumption can be conveniently divided into three
general categories, propulsion, payload operation, and control and
telemetry. For a powared aerostat the greatest consumption will
result from propulsion requirements. To estimate the power needed
we will assume baseline system parameters as follows:

Volume - 1,000,000 cu.ft
Shape - Class "C" airship (approximately)

Operating Altitude - 70,000 ft

Maximum Speed = 30 knots

Propulsion - large diameter propeller

2.1 Propulsion

An appropriate expression for the drag, D, (or thrust, T) of an
aerodynamically shaped balloon is,

T=D-= %pch2v2/3 (1)

where p is the atmospheric density (slugs/ft3)
CD is the drag cocfficient
v is the flight velocity, (ft/sec)

V is the volume of the vehicle (ft3).
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Substituting the nominal system parameters Eq. (1) leads to an
estimated thrust requirement of

T = 0.1 v* lbs

where v is expressed in knots, and a value of 0,05 is assigned teo
the drag coefficient,

To produce this thrust level the power input to the propeller,
Pi, reduced by the propeller efficiency (Ep & 0.75) must equal the
product of thrust and forward velocity. Thus

PiE, = TV,
or

L 0.167 v? 1b.ft

i _”Ep sec '

P (2)
where an 2dditional factor cf 1.67 is introduced by the conversion
of knots to ft/sec. Additional efficiency factors must be
introduced for the mechanical drive system (Ed % 0,9) and for the
electric motor conversion of electrical pcwer to mechanical power

(Ec % 0.8) for operation from an electrical power svstem.

Introducing an additional factor of 0.74 for the conversion of
lb-ft/sec to watts leads to the final expression for propulsive
power:

_0.22 v3

pdc

P watts, (3)

i
For the particular case under discussion this leads to a power
requirement of 11kW. The factor v3 has been retained to emphasize
its driving influence on the power requirement. Fractional
improvements of perhaps 5 to 10% in all of the efficiency factors
will only provide a 5 to 10% increase in speed capability.

It is evident that speed will be strictly limited by power
system capacity. Unfortunately the precise capability reauired

sk
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depends on the nature of the high altitude winds. Wind velocities
over continuous time periods of long duration are only approximatley
known for altitudes near 70,000 ft. Consequently we have chosen 30
knots as an approximation of what may be required for a practical
system., To operate at this speed would require a continuous power
consumption of the order of 10 kW.

22 Payload

A variety of scientific and military payloads may be considered
for a powered aerostat. The purpose of this paper is not to make an
exposition of these, but to consider the added requirement they
would place on the power system. Within the limits of the few
hundreds of pounds of payload that the baseline system might carry,
it is unlikely that payload power requirements will exceed the
kilowatt level on a continuous basis. This would represent a small
increase in the total power system capability required.

23 Control and Telemetry

Very efficient and sophisticated control and telemetry units
have heen developed and used for both high altitude balloon
operations and for remotely piloted vehicles. The power consumption
of such systems is typically a fraction of a kilowatt. This would
also reprasent a small addition to the propulsion power
requirements.

It is evident that the power requirements of a powered aerostat
will be largely determined by its propulsion needs. These needs
will be determined by unpredictable wind conditions and must
therefore be considered as a continuous requirement for a long term
system, By comparison to the 10 kW required for propulsion, the
1 kW required for payload and control functions is of lesser
concern,

3. REGENERATIVE FUEL CELL SYSTEM

3.1 System Outline

The regenerative fuel cell system is composed of four basic
components, as shown in Figure 1, and associated controls and
plumbing., The system operates around a hydrogen/oxygen fuel cell
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which derives electrical energy from the conversion of those gaseous
reactants into water. The water produced by the fuel cell reaction
is pumped into an electrolysis chamber where the passage of an
electrical current reconverts it to the gaseous state. Product
gases are then held in high pressure storage until needed by the
fuel cell, Electrical energy for operation of the electrolysis cell
is obtained from a solar array distributed on the upper surface of
the aerostat.

1 Each of these major components has been developed and is

[ available in some form today, though not optimized for the aerostat
power application. We have attempted to determine the capabilities
E of existing hardware and project the results of anticinated

modifications and improvements to estimate the performance of future
systems,

] 3.2 Fuel Cell

The basic element of the power system is a hydrogen/oxygen fuel
cell of the type used in space programs. Information on several
units is available. One particular unit in which we are interested
is illustrated in Figure 2 and has the general characteristics
listed in Table 1.

(General Electric, 1971).

e ep—————

Table 1., Fuel Cell Characteristics

Average Power Output per Module S kw
Maximum Power Output per Module 10 kw
Specific Reactant Consumption 0.8-0.9 1b/kWh
Specific Weight @ ave. output 25«30 1lb/kW
Anticipated Cell Life > 10,000 hrs.

This unit was developed for the space shuttle program. It
therefore must meet very stringent safety and reliability
requirements, and be capable of onerating in the zero gravity space 1
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environment. A relaxation of these requirements, appropriate for
the unmanned aerostat in a less demanding environment, would result
in appreciable weight savings. This would be primarily achieved by
operating at a higher power density, which may result in slight
increases in specific fuel consumption and a reduction in system
life and reliability.

Systems designed expressly for aerostat use should achieve a
10 kW output with a specific weight of ahout 15 1lh/kW and a specific
fuel consumption of 0.8 1b/kWh in the not too distant future.
Significant advances beyond this point will be difficult since
operat.ng efficiency will be approaching raalistic limits and weight
reductions would result in more fragile and more costly components.
The size and power characteristics described above are for systems
in the size range of several kW, Smaller units have been
constructed with comparable efficiencies but with significantly
higher specific weights., It will be difficult to ohtain
sub-kilowatt power levels in packages of less than 30 pounds.

3.3 Solar Array

The point of departure we have chosen for considering solar
array technology is the FRUSA or Flexible Rolled-Up Solar Array
(Felkel, 1972). This array development indicated that it was
possible to place solar cells on a flexible plastic sheet with
imbedded interconnections and achieve excellent reliahility with
very lightweight panels. A weight breakdown for individual cell
parts is shown in Figure 3. Por conditions in orbit the FRUSA array
was capable of providing a power level of 52 W/1lb. At that time
advanced array systems utilizing lightweight cells were expected to
produce 70 W/1lb. Utilizing the FRUSA design without the protective
glass cover slide, which may be unnecessary for terrestrial
applications, would result in a power density of nearly 80 W/1lh.

The FRUSA approach could possibly be stretched somewhat further
but it is unlikely to exceed 100 W/lb through changes made to
lighten existing components. Recent announcements of advances in
solar array performance, through increased light conversion
efficiency, indicate that the present 10 to 118 efficiency may be
raised to 14 to 16% levels. Indeed there are some suggestions that
the influx of naw efforts and support in energy research may raise
the efficiency to 20% over the next few years. In any event it is
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not unreasonahle to expect that the specific weights of 12-15 1h/kW
available with existing technology will be reduced to 7-8 1b/kW in
the future.

The life time of the solar array will be more than adequate.
Mission durations extending to several years are already a reality
for space systems powered by solar arrays.

While the specific weight of the solar array may be low it must
be remembered that it will be the ultimate source of all power.
Since power can be generated only during the daylight hours the size
of the array will have to be approximately doubled to account for
tha power needed during night hours. The exact factor will depend
on geographic location and time of year. Since all parts of the
array cannot be oriented directly toward the sun at all times
another factor of two must be included to account for the average
sun angle. A minimal roll control system on the aerostat would
provide this level of capability in sun alignment. Finally, the
fuel cell/electrolysis cycle, wator/ﬂz-ozlwater, is no more than 60%
efficiont. Thus, an additional expansion of the solar array must be
made to account for this power loss. To generate power adecquate for
a 10 kW continuous level of consumption will require a total
generating capacity of 53.4 kW. This level can be reduced somewhat
by improving the fuel cell efficiency.

At a nominal generating capacity of 10 W/ft" (15 W/ft2 in
future systems) such an array would cover an area greater than 5000
square ft. The required array area will be reduced by improvements
in both fuel cell and array efficiencies,

2

3.4  Electrolysis Unit

An electrolysis unit has been developed for space applications.
This unit has an efficiency of better than 90% at all levels of
operation. The space system is much heavier than that required for
terrestrial applications as a result of the difficulty in
maintaining contact between the water and the electrode surfaces in
a zero-g environment. Present indications are that an electrolysis
unit would have a specific weight of ahout 3 lh/kW, Output will
have to be adjusted according to the length of day and night
conditions,

The electroiysis process is inherently stahle and self
regulating., It is unaffected by pressure, produces very pure

39

S e B R T S

R

e S




reactants, and does not require sophisticated electrical power
regulation equipment. The simplicity of the system would seem to

f indicate a capability for extended duration operations but we do not
{ have good data on this point as yet.

3.5 Reactant Storage

To supply the fuel cell with reactant to produce 10 kW for
12 hours at a specific fuel consumption of 0.8 lb/kWh will require
f nearly 100 pounds of reactant, or roughtly ll pounds of Hz and 88 -
pounds of 02. At atmospheric pressure this would represent 2000 ]
] cubic ft of H, and 1000 cubic ft of 0,. Storage volume can be
greatly reduced by increasing the storage pressure. This will not, i
in general, significantly increase the container weight.

A somewhat higher pressure is required to meet the nominal gas

pressure of 50 psi for the ruel cell. Some recent developments in

the fabrication of filament wound pressure vessels (Chiao, 1973)
have greatly reduced the weight required for such storage.
Converting the values for test bottles t¢ more appropriate

{ dimensions indicates a storage specific weight reaquirement of ahout
{ 0.025 lb/fta- atmosphere, after allowing an adeauate safetv factor.
P This would imply a storage weight requirement of 50 pounds for H2
and 25 pounds for 02, or a specific weight of 7.5 lbs/kW. Making b
full use of the avaiable strength of these new materials would

reduce the specific weight for reactant storage to about 5 1lbs/kW,

The availability of higher strength materials in the future is

g impossible to predict. Pressure vessel tests over hundreds of

Ol 2 -
=

1 cycles, to a pressure equivalent to 75% of ultimate stress Joadina,
! indicate that storage chambers will have long life capability.

The electrolysis unit can generate gas, under pressure,
directly into the storage chamber. Since the product watcr from the
fuel cell is at a relatively low pressure, a boost pump will be
required to introduce it into the electrolysis unit. The capacity ]
required for this unit is only one gallon per hour, so this should
be a relatively minor problem.

L lea Sromen el
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4. SYSTEM WEIGHTS, COSTS, AND ALTERNATIVES

41 Summary of Component Weights

We have estimated current and future specific weights for each
of the major components of the regenerative fuel cell system. In
addition to these items an allowance must be made for power
conditioning, for interconnecting cables and plumbing, and for
excess heat rejection. A propulsion system designed to accommodate
the output characteristics of the fuel cell and solar array will
minimize the power conditioning requirements. On thias basis we
would estimate power conditioning to require about 5 lbs/kW. The
relatively high current levels between the solar array and
electrolysis units will require heavy conductors. If the equipment
can be kept approximately ceatrally located to major array sections
the cabling requirements will be approximately 3 1lh/kW. Plumhing
requirements will be minimal since the electrolysis unit can be
physically located adjacent to the fuel cell.

Heat rejection may require a liquid heat exchanger or may be
accomplished by forced air cooling. A heat exchanger would be more
efficient but is somewhat heavier and more complex. The principal
cooling requirement will occur at night, when ambient temperatures
are lowest, as the fuel cell generates approximatley 2500 Btu/kWh of
waste heat that must be dissipated. Some of this heat will he used
to maintain the operating temperature of the fuel cell and
surrounding equipment. The remainder will require a cooling svstem
estimated at 4 lh/kW.

The present and future weight requirements estimated for all
system components are summarized in Table 2. All of the cnmponent's
specific weights will be relatively insensitive to sysiem size with
the exception of the fuel cell and electrolysis unit. These items
would require about twice the single kW weight for a subkilowatt,
low power unit.
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Table 2., Summary of Component Weights for a 10 kW Regenerative Fuel
Cell System

Component Estimated Weight (lb/kW Future 10 kW
urren uture System Weight
(1bs)
Fuel Cell 15 pLY 150 -
Solar Array 13 8 430*
Electrolysis Unit 3 3 30
Reactant Storage 7.5 5 50
Reactants 10 10 100
Power Conditioning 5 5 50
Cabling 3 3 30
Heat Rejection 4 4 40
TOTAL SYSTEM WEIGHT 880

*Solar Array Weight Contains Required Pactor of 5,34

Each of the components that make up the regenerative fuel cell
system should have extremely long life capabilities. Thus it
appears possible to contemplate a power system for high altitude use
that will provide 10 kW of power, continuously, with less than
1000 pounds of total weight. It is not unreasonable to contemplate
operating periods of a year or longer, and indeed, such periods are
desirable to reduce the handling inherent in launch and recovery
operations and to amortize the substantial investment that such a
system will represent. It is obvious that a key element in
achieving this low power system weight is the development of
lightweight solar arrays for terrestrial use,

4.2 Estimated System Costs

In attempting to determine current costs and project future
ones on an estimated basis, we have obtained a variety of opinions.
The values given in Table 3 represent a distillation of those
opinions into what we believe are reasonable estimates for each
system component. As is apparent from the table the cost of the
solar array is the dominant factor in the overall cost, even for the
lowest of the range of costs estimated. This results in part from
the additional factor of 5.34 that must be applied to the solar
array size to provide an equivalent 10 kW constant power level.
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If the powered aerostat becomes a 10,000 hour capability
system, then the one to three million dollar cost of the power
system is amortized at the rate of 100 to 300 dollars per hour. A
significant portion of this cost, which by itself compares favorably
to aircraft costs, may be recovered if the system components can
withstand the long exposure to the high altitude environment and the
disruptions inherent to recovery.

Table 3. Estimated Costs for a 10 kW Regenerative Fuel Cell System
{Costs in Thousands of Dollars)

Component Estimated Cost Per kW 10 kW System Cost
Fuel Cell 20 200

Solar Array 10 - 15 534 - 2670
Electrolysis Unit 1 10
Reactant Storage 1 10
Reactants - =

Power Conditioning 5 50
Cabling 1l 10

Heat Rejection 5 50

TOTAL : 864 - 3,000

4.3 Effects of Variation in Day/Night Duration

The discussion, to this point, has assumed equivalent day and
night periods. Under the worst case conditions, of the winter
solstice in northern latitudes, the daylight period would be reduced
to 9 hours. This would increase the multiplication factor for the
solar array from 5.34 to 7.55 since more energy must be generated in
a shorter period of time.

The required capacity of the fuel cell and heat rejection will
be unchanged. However the quantity of reactant, reactant storage
and electrolysis capacity would have to be increased. The first two
will be increased by 25%. Electrolysis capacity must be increased
by 67%, We will assume that changes in cabling and power
conditioning will be minimal. Under the conditions of 9 hours
daylight. and 15 hours darkness the total future system weight would
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rise from 880 to 1112 pounds. A similar increase in cost will also
occur since much of the change concerns an increase in size for the
solar array. For optimum conditions where daylight periods are
longest the situation is obviously reversed. The point to be made
is that such changes in operating conditions are matters of
considerable concern to a system designer, particularly where the
system may be aloft for a full year.

4.4 Effect of Energy Storage and Day/Night Speed Variation on

System Design

The solar array is the dominant single item in both system
weight and cost and particular attention should be given to optimum
utilization of the power generated by it. We have conducted a brief
study to minimize power system weight as a function of two
variables, the power generation density (og in watts/1b) of the
solar array and the energy storage density (ps in w-hrs/lh) of *he
regenerative fuel cell or secondary battery system. Some of the
basic results of this study are shown in Fiqures 4 and 5.

In Figure 4 we have estimated the weight/kW (W) for a constant
output system just as we have done in this analysis. 1In this figure
it can be seen that the slope of the weight curve is still
relatively steep for Pg equal to 100 Wh/lb. This is ahout the
maximum storage efficiency now foreseen for batteries if all
packaging, power conditioning, and conversion inefficiencies are
included in that rating. By contrast the regenerative fuel cell
system provides an equivalent storage density of 200 Wh/lb even when
all other components and its own inefficienciés are charged against
it.

The storage of energy has a certain weight penalty associated
with it. This implies some advantage to using all of the energy
immediately for propulsion as it is generated. The penalty for this
increases according to the cube of the velocity, hence there must be
an optimum division for utilizing some energy immediately and
storing the remainder. This will require that the vehicle travel
more slowly at night than during the day.

The calculation is relatively simple and the results are shown
in Figure 5 for the same two parameters p_ and Pge The upper curves
show the optimum day/night speed ratio (RDN) necessary to obtain
motion equivalent to the constant speed (constant power) systen,
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while the lower curves shows the system weight (wo) required for the
equivalent optimum power output. Comparing these two figures
reveals that substantial power system weight reduction can be
obtained if one is willing to go much slower at night than during
the day. This is particularly true for a less efficient storage
system than the regenerative fuel cell. The analysis also shows
that the size of the solar array is not greatly affected by
variations in the power profile.

5. SUMMARY

The regenerative fuel cell syr:em offers a significan*
improvement over secondary batteries for long duration, higjh-
altitude power requirements. Considering the likely course of
current developments, it should soon be possible to construct such a
system that would provide a continuous power output of 10 kW with a
total system weight of less than 1000 pounds. The expected lifetime
of such a system will be many thousands of hours. This combination
of low weight and long duration makes the regenerative fuel cell a
desirable choice for powered aerostat use.

Even the relatively high cost of the regenerative fuel cell
appears to be acceptable when long mission durations are required.
In fact, to meet such requirements, it, or a secondary battery
system, may be the only alternatives. An equivalent Wankel engine,
using consumable fuel to generate 10 shaft horsepower, would not
last long even if it could be made to run at high altitudes. With a
specific fuel consumption of 0.3 lb/shp-hr the fuel would be
exhausted in less than 10 days.

Low power units,-in the 1 kW range, would be less efficient on
a weight basis than larger ones. Performance levels and lifetimes
may still compare favorably with secondary battery systens.
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Figure 1. Regenerative Fuel Cell System Block Diagram
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The Influence of Fineness Ratio on Powered Ellipsoidal
Balloon Weight and Other Characteristics

Normen J. Mayer
NASA Hesdquarters
Weshington, 0.C.

Abstract

The choice of finess ratio influences the weight draf, and
stability of powered balloons. These are examined, using airship
design theory, to determine the relationships, It is concluded that
the maior effect of increasing finess ratios is an increase in
overall weight of the vehicle.

1. INTRODUCTION

In recent years, several programs have been suggested or
initiated for use of high altitude station keeping balloons in
scientific or military missions, Such missions dictate utilization
of some means of propulsion to maintain or achieve station over a
designated geographic location. Power requirements must be
minimized for efficiencg and therefore balloon shapes ofstreamlined
form are dictated. Although power and speed requirements may be low,
these balloon systems hecome, for purposes of engineering and design,
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dirigibles. Therefore, much of the aerodynamic and structural
principles developed for dirigibles, and particularly for non-rigid
airships, can be applied.

Investigators have found it convenient to use ellipsoids
(ellipses rotated about their major axes) to represent airship
envelope or hull forms, Most forms are, in reality, combinations
of ellipsoids or mathematical derivations of same. When this is
done, the geometric characteristics such as volume and surface area
are easily calculable. Also, the form expression may be entered
into various other analyses such as drag, stability, and dynamics
equations,

The final index of efficiency for any airship is the total or
gross weight required to perform a given mission., Various parameters
must be considered in design which influence this weight.

The selection of a suitable proportion of length to maximum
diameter (finess ratio) is one of the important steps which must be
taken, Fortunately, this was a subject which occupied a substan-
tial portion of research activity during the 1920's and 30's in
connection with determination of minimum aerodynamic drag for air-
plane fuselages and airships, and many references exist from this
period which remain valid today.

Drag, however, is not the only parameter which must be con-
sidered in the choice of finess ratio for airships, While this
paper does not proport to be an exhaustive treatment of the subject,
it does examine several of the more important parameters to determine
their relationship and influence on the choice of finess ratio and
the net effect on weight.

2 DESIGN PARAMETERS

The weight of an airship or powered balloon includes the total
propulsion system including fuel (or batteries) necessary to balance
the drag forces produced at any selected velocity. This drag is
produced by the hull or envelope and by various appendages. The
hull drag is a function of its shape. The appendages must also be
shaped to produce minimum drag, but a major factor here is the
overall size of such components as determined by the dimensions
required to provide the function (such as stability).

In this section, two of the major components (hull and fins)
are examined to determine their characteristics as influenced by
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finess ratio,
21 Hull Drag

The total drag (D) of a streamlined body of revolution in an
airstream can be regarded as consisting of a form or pressure drag
(D)) and a frictional drag (Dg). Early aerodynamic studies by
Zahm, Munk, VonKarman, Jones, and others (1916-1929), established
that the primary source of drag is frictional for bodies whose finess
ratio is greater than 1,0, The relationship between d, D_ and Df
can be expressed by the equation: g_ = A whore A is the gongitudinal
inertia coefficient and is oquivaleng to 1+ ke

Values of ky have been derived for equivalent ellipsoids and
can be found in various references., For finess ratios above 3.0,

k, is <0.1., The results of tests, including many conducted by
Abbott (1931) led to the conclusion that minimum drag can be obtained
in the ranges of finess ratios (n) from 4 to 8, Other sources such
as Upson and Klikoff (1931) would allow a value of as low as 3.0,
Indeed, one airship was actually built using a ratio of 2.8, the
choice being based on wind tunnel tests which indicated lowe:t drag
at this value. Upson (1926),

An expression for total drag, developed by Upson and Klikoff
(1931) is:

oL ATT5 o 1158(, o) 0,925 450,617 1,85

"L 1
22000 (n+1) &

Where VOL is the total volume of the hull or envelope and v is
the velocity in the direction of the major axis,

A simplified version of this expression is:

D = Cp VOL 0.617 v1.85 (2)

Values of Cp are dependent on A and n and are plotted against
n in figure 1, The dotted curve is an average of NACA wind tunnel

test values (Abbott, 1931). It can be noted that these show a shift
to the higher values of n,
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All wind tunnel tests performed with models of airship hulls
suffer from the common deficiency of low Reynold's number., Reynolds
numbers for scale models tested by Abbott in the NACA variable
density tunnel (1931) reached maximum values of L1107. Even small
Goodyear type blimps operate at Reynold's numbers of twice this value
at maximum speeds, Investigators have concluded that for large
airships the flow in the boundary layer is entirely turbulent,
whereas wind tunnel tests were conducted in the ranges where the
flow is partially laminar and partially turbulent. Before this was
fully appreciated, there were a number of erroneous conclusions
drawn by experimentors and designers regarding merits of particular
hull shapes.

Subsequent tests of body forms of various fullness (cylindric
coefficients) (Abbott, 1937) revealed that form drag was sensitive
to the curvature aft of the maximum section. Upson (1931) concluded
that this factor was difficult to control for values of n under 4.0,

The body of knowledge on drag of various shapes of ellipsoidal
form is now reasonably extensive. Much of this data can be applied
(with proper corrections) to contemporary designs, The effects of
features which would alter aerodynamic characteristics in a major
manner (boundary layer, control, stern propellers, new empennage
forms, etc.) would require additional testing.

2.2 Stability and Control

The stability of a dirigible is dependent upon the pitching
and yawing characteristics of the hull and its appendages and the
effectiveness of the fins or stabilizing system. Pitch stability
is not usually a problem - particularly for low speed flight sirce
the static moment due to metacentric height usually adds a sub-
stantial increment to that produced by the tail,

Stability in yaw is a different problem. It can either be
diminished or amplified by various appendages such as control
cars, payload packages, and other external items. Ellipsoidal
hull shapes are not inherently stable. Wind tunnel tests and
theory both show that the instability tends to increase slightly
with finess ratio. Hulls, which have been elongated by insertion
of parallel middle body, particularly show poor force distribution
and produce higher pitching or yawing moments at small angles of
deviation. (Upson and Klikoff, 1931).
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All ellipsoidal bodies, therefore, must have stabilizing fins
of some kind added to the stern. Criteria for evaluating stability
have been developed by various investigators and organizations,.
Upson and Klikoff developed a criteria which utilizee a simple wind
tunnel test to determine rotary derivatives. Burgess (1938) has
modified this to develop a stability criterion as follows:

(B-A) - 4 (d C /a0

1.0 (Criterion (1)) (3)
(A/B) (B-A)
where: B =14+ k2
A =14+ kl

kl and k2 are additional inertia coefficients
for ellipsoids
d Cm/du = rotary derivative as determined in wind tunnel

Another criteria, using a more detailed approach to obtain the
rotary derivatives, has been applied to design of non-rigid airships
by Liebert and Eager (1951).

S.C #2 = -1 {m' +[ n'm"z; m'n" ;I} 20 (Criterion (2))(4)

where m' = total static yawing moment derivative
n' = total static side force derivative
m" = total rotary yawing moment derivative
n" = total rotary side force derivative

Both criteria require wind tunnel tests or other experimental

apparatus to determine caigx_ values. Both criteria also indicate a
o
a degree of stability by virtue of the range of values it is possible

to achieve, Values near or at 1.0 for S.C. #1 indicate marginal
stability and values near 1,1 indicate positive stability. Likewise,
for S.C, #2, values near or at 0.l are not as satisfactory as values
approaching Osl.
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Table 1 shows a comparison of a variety of airships for
directional stability using both criteria.

TABLE 1, COMPARISON OF STABILITY FOR VARIOUS AIRSHIPS
e e e e =

Rirship VertsFin Area(8) vor%3 wr*3 n  crit.(1) Crit.(2)
ZRS-L45 7200 37,97 .19 5.9  1.09 .38
ZPG-1 1516 9,150 .17 bLel 1,03 34
256-2 815 5,92, .1k 43  1.00 11
ZMC-2 342 3,419 .10 2.8 1,01 «09

It can be seen that although larger values are indicated for
airships of larger finess ratios, the ratio of total fin area
(vertical fins and rudders) to voL?/3 also increased. A better
comparison can be shown between the ZRS -~ 4L&5 and the ZPG-2, If an
equivalent ratio of fin area to VOLZ/3 had been used for the
ZRS-4&5 airships, their stability criteria value would have been
approximately equal to the ZPG--2,

As a matter of interest, the ZMC-2 was marginally stable at
low angles of yaw and unstable at higher angles.

2.3 Maneuverability

The same factors which fabor stability auger against maneuver-
ability. If a bighly maneuverable vehicle is required, the designer

could select a combination of characteristics which would produce
the desired results, These would be:

large control surfaces
Small stabilizing fins
Low aspect ratio

The last item is suggested on the basis that the transverse
inertial coefficients for lower rauges of finess ratio are less,
Once acceptable stability and controllability is indicated, the
efficiency of any design must be determined by the total fin and
control surface area compared to some normalizing base such as
volume2 3 as used above. The weight of the empennage is subject to
tha designer's talents to some extent.

It can be concluded that finess ratio has little influence on
stability and that stability can be achieved with equal efficiency

on hulls of low values of n as well as the higher values particularly
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for the range between 4 and 6,

24 Envelope Weight

The weight of an envelope is a function of its strength and
its surface area. Burgess (1937) calculated the surface
area(Se) for ellipsoidal envelopes vs, finess ratio by normalizing
against a sphere of equal volume, based on the expression:
S = C, JVOL (L) where C, 1s a coefficient depending on finess
ratio and L is the overall length. Values of Se/Ss are plotted
against n in Figure 2, As is expected, the surface area increases

with finess ratio but the change is not great unless large differences
in finess ratio are compared.

The envelope must function as a beam with sufficient strength
to resist bending moments resulting from various static and aero~
dynamic loads, The strength is derived from internal pressure,
which in turn causes stress in the envelope fabric. The level of
of stress determines the weight of material that must be used for
construction,.

A relationship between bending moments and the internal
pressure was determined by Burgess (1933) as a limiting value for
the bending moment coefficient (C,) in the expression:

M= Cpq VOLZ/3 L (where q is aerodynamic pressure) as:
= 5/3
Cm = cl/n (5)

Values of Cl can be calculated to give constant values of Cm'
A value of .018 gives the various values of C, shown in Table 2.
The value of Cl is equivalent to the increase 7 pressure required

for equal bending strengths Since p has a linear relationship with
stress and tension, Cl also becomes an index of the increase in

envelope fabric strength required under the same flight conditions,.

The last column shows this proportion normalized for - alue
of n = 4. This illustrates the penalty of higher finess ratio
values on required strength. A change between n = 4 ton =6
almost doubles the strength required to carry the moments, If this
is taken in proportion to stress caused by normal pressure loads,

a 50% increase in envelope weight is indicated.
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TABLE 2, PRESSURE INCREASE REQUIRED

FOR EU;VAELJT QNDING SgﬁGg

¢, /C
l Cl l‘ ln

2 «057 0,31
3 «112 0,62
4 181 1,00
5 «263 1.45
6 « 357 1,97
7 o461 2,55
8 «576 3.17

3. DISCUSSION

The three parameters reviewed herein represent important ones
which influence the selection of finess ratios for conventional
dirigibles.

The designer may choose to interpret wind tunnel data as
inconclusive in the range of n = 4 - 6, and perhaps choose a higher
value of n for minimum drag. Likewise, particular combinations of
empennage design and envelope shape may indicate higher values of
n are favored for satisfactory stability. However, both these
choices must be made knowing that an increase in envelope weight
will result, and must be offset by the gains produced by, perhaps,
lower weight propulsion or lower weight empennage. This is fairly
well demonstrated by most of the naval non-rigid airships which
generally used ratios of about L.25 = 4.5,

Particular designs for special missions would have to be
checked carefully considering the large sensitivity of weight to
finess ratio, Other considerations might require either higher or
lower values of n than the general case indicates. One such con-
sideration would involve the sensitivity of a particular vehicle to
pressure changes and consequently wrinkling during flight.
Naturally, superpressure should not be greater than absolutely
required to meet the flight condition. If a superpressure design
is chosen (no ballonets), a very careful analysis of the conditions
of density and temperature should be made to determine the lowest
prectical maximum pressure required., With this determined, the
balloon may experience, in flight, conditions where the envelope
is operating at near zero tension. This condition combined with
atmospheric disturbances could cause bending or wrinkling and hence
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a drag increase., Shapes of low finess ratios are less sensitive
to moment and load changes,

If a propeller is located on the major axis of the envelope,
such propeller should be designed to operate most efficiently in
accelerating the frictional wake. This concept would favor envelope
shapes with higher values of D, which are characteristic of hulls
with higher values of n. Unfortunately, the weight concentration
at the stern produces high static (and dynamic, if vectored
thrust is used) bending moments which are better handled by hulls
of low values of n. Such designs would indeed demand a careful
trade-off analysis.

A final note ~n Reynold's number effects is in order. Values
of Reynold's number are dependent on density. At high altitudes,

e.a. 70,000 ft., the Reynold's number would be approximately

.06 RNsl’ and could be within actual wind tunnel test number ranges.
If this is the case, wind tunnel data might be applied more directly
to compute drag.

4. CONCLUSIONS
In conclusion, the following points can be made:

le Drag of ellipsoidal envelope shapes is approximately
constant over a range of finess ratios between 4L - 6,

2, Stability can be achieved with equivalent fin areas for
envelopes of low finess ratios provided streamline flow can be
maintained and fins are fully effective under all flight conditions.

3. Good maneuverability can be achieved at low values of
finess ratio provided the surfaces are fully effective under all
flight conditions.

4o Envelope weight is greatly reduced by favoring low
finess ratios.
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Technology Update On
Tethered Aerostat Materials Developments

Larry 8. Keen
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Northfield, lim.otp

Abstract

Tethered aerostat systems of today are complex flexible structures that must
operate under extreme environmental conditions and in winds of at least 70 knots.
Aerostat life times of ten years are expected while twenty years are desired under
continuous around-the-clock operation in worldwide weather conditions. Lighter
weight vehicles are needed to increase payload capacity. These requirements are
placing new demands on the materials engineer to develop materials and materials
technology to meet the needs of today. This paper deals primarily with aerostat
hull materials. Recent history, the state of the art, and advanced material
concepts are covered. In addition, Sheldahl's qualification test program is
discussed, including several previously unreported innovations in aerostat mater-
ial testing.
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1. INTRODUCTION

Sheldahl, since early 1967, has been actively involved in the development of
large aerodynamically shaped tethered aerostat systems. The result of this concen-
trated development activity is represented by the Sheldahl CBV-250A Tethered Aerostat
vehicle illustrated in Figure 1. This vehicle, used in the TCOM Corporation's tele-
communications system, has successfully undergone qualification and operational testing
for the past 18 months and has demonstrated the capability to support 4000 pounds of
electronics at 10,000 feet to allow continuous, around-the-clock commercial broad-
casting.

The realization of an operational all-weather, tethered aerostat vehicle was
the result of advances made in various technical disciplines. Perhaps the most im-
portant work, and the focus of this paper, was the development of improved materials
#nd materials test methods and equipment which led to significant enhancement of the
performance capability of the aerostat, Materials, as used herein, refers to the

flexible materials used in the construction of the envelope, empennage, and ballonet.
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Figure 1. Sheldahl's CBV-250A Aerostat




The best way to illustrate the significance and the benefits of the materials
development work is as follows. The CBV-250A vehicle hull is constructed from a

material weighing 7.8 ounces per square yard, with a rated tensile strength of 225
pounds per inch. The best material available in 1967 weighed 12.9 ounces per square
yard, and had a tensile strength of 195 pounds per inch. Thus, we see a 40-percent

i reduction in material weight and at the same time, a 30 pound per inch increase in
1 strength., In terms of payload, the CBV-250A aerostat can carry an additional 1000
] pounds as a result of these improvements. Already, the new materials have demonstrated
i a maintenance-free opevation of 18 months, and laboratory test results give confidence
f for 20-year life expectancies.

Although major improvements in aerostat materials technology have been made

over the past seven years, there are exciting new materials at Sheldahl currently

undergoing development. For example, Sheldahl, under contract to NASA, Langley A
Research Center, has been investigating the new DuPont KEVLAR cloth, Potential hull
materials using KEVLAR cloth show significant improvements in strength-to-weight

ratios. 3

It 1s the purpose of this paper to summarize the results of Sheldahl's materials ] i
development work over this seven-year period. Although material test data and i
material descriptions will be presented as they relate to the CBV-250A vehicle, the

G et

emphasis of the report is the definition of material performance requirements,
including the new methodology and test equipment used to measure material properties
for materials selection and qualification,

] 2 MATERIALS REQUIREMENTS 4

] Each material in Sheldahl's CBV-250A aerostat, from the hull and ballonet
4 materials to the seal tapes and T-tapes, is tailored to its specific task. The 3
requirements for each material differ, of course, but *lLie design approach is the same
1 for all materials: (1) define material requirements; and (2) perform qualification

] tests on the candidate material. -For the sake of brevity, only the hull material
requirements and tecting will be spotlighted in detail. ?
%' The hull envelope for a nonrigid aerostat must possess high strength-to-weight
and low permeability. Depending on anticipated hazards, it may be essential that
the envelope resists the attacks of weather or that repeated handling not degrade
other required properties. Minor damage should not lead to catastropic failure,

The cost of the hull envelope, although secondary to most other requirements, F
nust remain within reason. Lastly, a material is viable only if seaming and repair }
techniques are available to weld panels into a continuum that possesses all essential
envelope characteristics. These requirements are illustrated in Figure 2, No

monolithic material satisfies all requirements., A composite of materials, either a

x

coated fabric or a laminate is needed. 3
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Figure 2. Hull Envelope Requirements

2.1 Strength Requirements
2.1.1 TENSILE
A thorough review of climatic conditions at potential deployment sites around

the world, plus computerized structural analysis of the hull, have led to the basic

CBV=250A strength requirement--a safety factor of two (2) in a 70-knot wind at 120°F,
The computer analysis, defined technically as a large deflection, finite element
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approach, provides a detailed picture of stresses over the entire hull as shown in
Figure 3. Concentrated loads, such as those at suspension patches, are accounted for
along with the overall stresses resulting from pressurization. The two most important
results of this analysis are the hull biaxial stress and shear stiffness requirements.

| At flight placard extremes--70-knot winds, a high angle of attack, etc.-~the maximum

} hull skin stress is found to be 70 pounds per inch in the hoop directiou. Applying
the safety factor of two (2) results in a static load requirement of 140 pounds per
inch at 120°F. A material is considered acceptable if these conditions can be main-
tained for two (2) weeks without a failure.

2.1.2 SHEAR

Shear stress in the hull envelope is found to be highest near load concentra-
tions, The portions of the hull adjacent to nose beams are typical high shear stress
areas., Shear stiffness must be adequate to prevent large envelope distortions and
buckling in these areas. For the CBV-250A, a minimum shear modulus (wodulus =
stress/strain) of 200 pounds per inch is required.
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Figure 3, Finite element Analytical Model
of the CBV=-250A Hull




2.1.3 TEAR

Handling procedures for large asrostats are adequate to eliminate tearing as a
hazard to an uninflated vehicle. This is especially true in view of the high tongue
tear requirement of 60 pounds for a CBV-250A asrostat. However, the real tear hazard
for serostats is spontanecus tear propagation, initiated by minor damage to an in-
flated vehicle. A realistic requirement is that minor damage, defined as having a
maximum dimension of one (1) inch or less, should not lead to catastrophic fallure.

T

2.1.4 PLY ADHESION ]

b Another strength requirement is inter-ply or coating adhesion. This quantity

: is generally measured in terms of the force required to peel one layer from another,
A minimum required peel value is typically 8 pounds per inch. However, where two
structural materials are bonded together, such as in a bias-ply fabric, higher values ;
may be required, Where thin films are employed, plys may become physically insepa- 5"
rable at lower values.

2.1.5 FLEX LIFE

R

Aerostats are handled repeatedly, folded and unfolded, during manufacture and

deployment. The envelope material must be capable of surviving hundreds of crease
cycles.

22 Permeability Requicoments

T —————

Permeability characteristics of the aerostat envelope are no less important
than the strength requirements., The ratio of surface area to volume is high in a
250,000 cubic foot aerostat--about 1l cubic fest per square foot. Add to this the 1
need for long durstion flights plus low cost operation and the result is that low 'f
helium permeability has become a major design requirement for the CBV=250A. The i

present requirement is 0.5 liter per square meter per 24 hours, maximum, for virgin
hull msterial,

2.3 Environmental Resistance

"Environment” is here defined as all forces acting to degrade the envelope
fabric, including the necessary handling involved in the aerostat manufacturing and 1
deployment operations. The aerostat environment can often be simulated or even 1
accelerated, These simulations will be referred to as "conditioning". _!

The conditioning procedurcs employed by Sheldahl include high and low tempera-
ture exposure, handling simulations, water immersion, weather aging, and biaxial
stress cycling. For design purposes, a material should be judged primarily on its
post-conditioning performance. Sheldahl's environmental goal is a 20-year lifetime.
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24 Seams

The strength, permeability, and environmental resistance requirements discussed
above apply as much to seams as to the envelope material itself, Seams have the very
difficult job of providinﬁ panel-to-panel continuity for all required envelope charac-
teristics without introducing deficiencies such as excessive stiffness. Also, aero-

stat economics are highly dependent on efficient seaming techniques.

3. MATERIAL QUALIFICATION TEST PROGRAM

Standard aerostat material tests, sanctioned by an organization like the
American Society for Testing and Materials (ASTM), do not exist. Some standard textile
and plastic film tests are applicable to aerostat materials, but in many cases realistic
and meaningful tests must be invented.

Sheldahl has a continuing program to develop test procedures aimed at qualifying
aerostat materials, It is essential that qualification testing go well beyond the
product assurance tests that are used to control the quality of virgin materials., The
everyday handling and exposure of a material must be simulated, followed by thorough
post-simulation testing of properties such as strength and permeability.

3.1 Conditioning Procedures

Several simulation or conditioning procedures have been developed for the
CBV-250A, including:

1. Temperature extremes (+120°F, -40°F)

2. Water immersion (72 hours at 72°F)

3. Weather aging

4, Twist-Flex, z handling simulation

5. Biaxial stress cycling

The first three conditioning procedures are not accelerated, because of the
difficulty of relating accelerated exposure to "normal" conditions. High and low
temperature samples are simply allowed to come to temperature (five minutes minimum)
prior to testing., Water immersion samples are submerged in distilled water for
three days, Weather aging is accomplished using 18-foot diameter, low stress
diaphragms, Figure 4, exposed to southern Minnesota weather.

Twist-Flex describes the operation of the handling simulation apparatus in
Figure 5. Two 12-inch diameter by 48-inch long cylinders of hull envelope material
with a common axis of symmetry are alternately inflated and deflated. The inflating
cylinder twists the deflating cylinder 180° and crushes it from 48 inches down to 6

inches. The skin stress in the crushed cylinder is low during the crushing operation

PN
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Figure 4,

Weather Exposure Diaphragms

(18-foot diameter)

Fixed End Cap

Sliding End Cap Assembly
|

Steel Shaft

Fabric Cylinder (Shown Expanding)
!

Pressure Gage

/

> :3:.;1.{::75; = §oa 5 o

| -]

Fabric Cylinder
(Shown Crushed)

Figure 5.

—
Alr Supply and Exhaust
(Controls Not Shown) \H

Support Leg

Twist-Flex Apparatus
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and zero at the end of the cycle. Skin stress in the inflating cylinders builds to
70 pounds per inch at the end of the cycle. The process is then reverscd--the
previously inflated cylinder is exhausted, and the crushed cylinder begins to inflate.
Normal handling of a CBV-250A aerostat, including manufacturing and deployment, is
approximated by 100 Twist-Flex cycles.

Biaxial stress cycling is accomplished by "pulsing" an inflated diaphragm,
Figure 6, between a low skin stress value and a maximum biaxial stress of 70 pounds
per inch, The cycle rate is one per second and 100,000 cycles are adequate to detect
any tendency toward material degradation from stress cycling.

3.2 Property Tests

After conditioning the aerostat hull material, one or more of the following
property tests is performed.

1. Weight (FTMS-191-5041)

2. Strip tensile (FTMS-191-5102)
3. Tongue tear (FTMS-191-5134)
4, Ply adhesion (ASTM-D-1876)

Figure 6, Biaxial Stress Apparatus
(12-inch diameter diaphragm)
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5. Helilum permeability (FTMS-191-5460)

6. Static tensile

7. Tear propagation

8. Shear stiffness

9. Bally-Flexometer

Property tests (1) through (5) are standard ASTM or FTM procedures, Tests (6)
through (9) are discussed below.

The static tensile test samples, Figure 7, are cne-inch wide and are looped
around D-rings at each end in a manner that prevents slippage. The D-rings, spaced
at least six (6) inches apart, provide a means of hanging the sample and applying a
load. For the CBV-250A envelope, two weeks at a stress of 140 pounds per inch and a
temperature of 120°F is required.

Tear propagation is defined as the spontaneous extension of a tear away from a
point of damage. The minimum stress at which a tear will propagate is called the

critical stress. The follow!ng method Lis been used to establish the critical stress

Figure 7, Static Tensile Samples
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for aerostat materials. A 12-inch diameter diaphragm 1is slit as shown in Figure 8.
The slit is covered with elastic, pressure-sensitive tape applied to the high pressure
side of the diaphragm. The pressuie differential across the disphragm is then in-
creased at a rate of Spsi per minute until the fabric ruptures, By varying the slit

f length, a plot of critical stress versus damage length, Figure 9, is obtained.

t Shear stiffness is evaluated by twisting a pressurized cylinder and measuring
the torsional deflection as shown in Figure 10. This machine is also used to obtain
the biaxial stiffness coefficients used in the aerostat stress analysis.

imtacs B

The Bally-Flexometer, shown in Figure 11, is a walking crease test that was

1 originally designed to measure the durability of shoe leather. There are 12 sample f
4
stations, and the crease point of each sample is worked back and forth until the ]
1 sample cracks or pin holes form.
The CBV-250A hull qualification test program is summarized in Table 1. Matrix 1 *
’ format was chosen for this table to give visibility to all important conditioning/ 3
: material property combinations, { ]
] { |
1 &
, .
3 Slit A
3 Length ;
] i 3
1 . Clamp Ring T
! Clamp Bolt i 3
4
.. 3
| 1

Pressure

Sensitive Tape
Slit (Shown Opening 1

under Stress)

1 12" =

Fabric Diaphragm

|

Figure 8, Tear Propagation Test
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Figure 9, CBV-250A Tear Propagation Characteristics
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Figure 10, Cylinder Test
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Figure 11, Bally-Flexometer

Table 1. Summary of the CBV-250A Hull Qualification Test

o > /a /
y 7 0
p S) < /A 5
, v /)3 /F 7€ [ LT ¢
U] > ) o - = fa 2 &
& Ny S & & Q LA
o AR O/ & W o A\ i d
SIS L &5 S E LSS E ) S
&) Sf SN/ /e85 ML ¥ K
] S /85 8§ I E TS I/ S 1
é‘ [ & "/ a Tl SN N, \ ¥y :
Conditioning K "*i é,é; §&/ BI85 S 8] &3/ & ;
i Procedures q '*@ /N & :,':7 O '\9
t
New Material at 8.0 225 60 8 0.5 140 70 200 1000
Room Ambient max, | min, | min, | min. | max, | min. | min, ain. | =in.
Hot (120°F) 225 60 140
Cold (-40°F) 225 45
Water Immersion 8.0 225 60 8
i Weather Aging* 225 60 8 1.0 3
Twist-Flex 225 60 8 0.5 '
Biaxial Stress 1
Cycling 225 50 8 0.5 b
1 #Data available to date is for one (1) calendar year of exposure.

NOTE: 1. An empty box indicates that no requirement has been identified for
4 the conditioning/property test combinstion associated with that box,

2. All values are for the warp direction (where applicable); fill values
are similar.
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4. MATERIAL DESIGN, CBV-250A

The only material in use today that satisfied all of the requirements stated

3 in Table 1 is the CBV=250A hull laminate., This material, described in detail in
Figure 12, is a "bench mark" by which future materials may be judged.

{ DACRON was chosen as the structural cloth for its excellent dimensional
stability, high tenacity, and hydrolytic stability. The 13 by 13 count, 1000~-denier
cloth has low twist, low crimp, and a balanced weave., This results in minimum

elongation, low crimp interchange, and high tear resistance.
Both MYLAR film and elastomer coatings were considered for use as a helium gas
barrier, but MYLAR was chosen for the following reasons. MYLAR film satisfies the
i helium permeability requirement at 1/5 the weight of an elastomer such as neoprene
or polyurethane. This is a savings of several ounces per square yard which trans-

lates into an increase in payload capability of over 500 pounds for the CBV-250A,

Also, films are generally more uniform., Sheldahl has experienced very few quality

control problems with MYLAR, One roll is virtually identical to the next, The %
3

record for coated fabrics is not as consistent.

Tedlar, 1.5 mils

Mylar, 0.25 mil {
Black Adhesive,

0.3 oz/yd" :
Clear Adhguive, k
1.2 oz/yd 1
: Dacron Cloth, 3
1 3.8 oz/yd?
]
£ Figure 12, CBV-250A Hull Envelope Laminate
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Increased porosity caused by stress cycling 1s a common deficiency of coated

fabrics., By comparison, the CBV-250A laminate shows no increase in permeability
after 100,000 cycles to a biaxial stress of 70 pounds per inch. 1In addition,
MYLAR's high tensile modulus, 550,000 psi, provides adequate shear stiffness, This
eliminates the need for a bias cloth, thus providing an additional weight saving of
1 to 3 ounces per square yard.

The TEDLAR exterior weathering surface represents another advance in aerostat
r technology. Experience with coated fabric radomes shows that elastomer weather
coatings require periodic, usually annual, maintenance. TEDLAR, on the other hand,
has been in service as a maintainence-free protective coating for building roof and
siding panels for over twelve years, according to DuPont technical data. By con-
servative extrapolation, twenty-plus years of protection from weather and UV can be

expected with no maintenance.

Table 2 summarizes Sheldahl's aerostat material progress from 1967 to 1974,
The huil material strength-to-weight ratio has increased 95 percent over the past
sever. years. This translates into a 1000-pound weight reduction (payload increase)
for a 250,000 cubic foot aerostat, due to improvements in the hull material alone,
t The CBV-250A hull seam construction, Figure 13, is efficient in that loads

are carried directly from the structural cloth in the hull laminate to the structural
3 yarns in the splice tape, This seam construction satisfies all hull envelope strength,
permeability, and environmental resistance requirements. Seams are fabricated

economically at a rate of several feet per minute using a continuous "wheel" sealer.

Table 2. Aerostat Hull Material Progress, 1967 - 1974

1967 1974
CBV-200A Hull CBV-250A Hull
ARPA Balloon No. 201 Six (6) TCOM Balloons
Material Property Bias Ply, Coated Fabric Laminate Construction A
: Weight
[ (oz/yd?) 12.9 nom. 7.8 nom. 40 percent
Strength - Warp
i and Fill
i (1b/in.) 195 min. 225 min, 30 1b/1in.
Permeability
(1/2?/24 hr) 1.0 max. 0.5 max, 50 percent

s s iy




o

B il s oot B I R AT —_— i diac i cah ot o e

Hull Laminate (Tedlar Side)

/ Tedlar Cover Tape

Structural
Splice Tape

Clear Adhesive

Black Adhesive

1000 Denier

Yarns, 20/1n. Backing Cloth

Figure 13, Hull Seam Construction, CBV-250A

5. ADVANCED MATERIALS

Looking toward the future needs of tethered aerostats, the engineer is con-
tinually looking at ways to carry heavier payloads on vehicles of existing design.
This can only be accomplished by reducing the weight of the vehicle. In addition, the
engineer is looking at ways to improve the safety factors with respect to high wind
performance requiring add:cional material strength, and larger vehicles capable of
higher altitude operation and, again, heavier payloads., 1In order to satisfy these

future needs, a research program was undertaken jointly by the National Aeronautics
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and Space Administration, Langley Rasearch Center, and Sheldahl, the results of
which have bsen reported in NASA CR-132411, The obiective of this program was to
investigate wvhether a new DuPont fiber PRD-49 (KEVLAR), could be incorporated into
a coated fabric two-ply construction and a single-ply film laminate construction
similar to that used today on CBV=-250-types asrostats. The KEVLAR yarn offers a
strength~to-weight ratio of 2 to 3.5 times that of DACRON and ten times that of steel, 1
offering a significant weight savings or potential strength improvement over the 1
present DACRON constructions. While the gas barrier is also a significant portion

t of the total weight of the material, no attempts were made at this time to vary this
‘ portion of the composite. This will be the subject of future development work.

F‘ In addition to the two KEVLAR-reinforced materials patterned after the materials

P W E L A Y

used today, a unique construction using thread laid bias KEVLAR yarn of sufficient
denier and count to tailor the bias strength was also tried. The technique used is
similar to that developed by Sheldahl for Alr Force high altitude, free-flight
balloons which have been used very successfully for the very heavy and expensive pay- :
1 loads requiring high reliability. This construction, called SHELWEAVE, offers the 3
potential of high production rates as the threads can be laid down at the same time ’{ i
as laminating the woven fabric to the environmental and gas seal membranes. This 1
offers considerable advantages over the two-ply fabrics where the. bias fabric must 1
be hand cut and laid on a bias prior to combining with the main structural fabric.
l' Also, by thread laying, the yarn count can be varied easily. This is not the case
with woven materials used in a coating process where the fabric must be a sufficient e
count and weight to hold the elastomer during the coating process. The coating manu-
facturer generally does not want to work with a fabric weighing less than 2,2 ounces
per square yard, and 2.2 ounce bias fabric is often more strength than is required

1 for producing the desired bias strength, In thread laying, it is possible to put

; down a bias construction weighing as little as 0.1 ounce per square yard.

e —

P

e

In this test program, three constructions were designed and built using

] KEVLAR as the strength member. Two were compared with a similar DACRON construction
E produced at the same time, Figure 14 describes these constructions. Table 3 shows
- an analysis of the component weights,

In the case of the KEVLAR reinforced two-ply coated fabric, we elected to use
DACRON fabric as the bias ply because a lightweight KEVLAR fabric falling within the
;!esired weight range was not available at the time., We were informed by the elastomer
coater that he would have to have a minimum count weave construction to carry the
elastomer coating through his equipment., He was skeptical of anything less than 2,2 :
ounce per square yard; however, he did agree to try a l.4-ounce DACRON construction, E

There was also considerable skepticism with respect to the flatness of a very light-

weight KEVLAR fabric which would result in fold-overs or creases when the bias

construction was mated with the base structural fabric, It was recognized at the
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TWO-PLY COATED FABRIC

T L

Dacron Bias Cloth i

Kevlar or Dacron Cloth

SINGLE~PLY LAMINATE

Mylar x Mylar Kevlar or Dacron Cloth ~.1

Figure 14. Advanced Materials
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SHELWEAVE

Tedlar

Mylar x Mylar Thread Laid Bias
(adhesives not shown) Kevlar Yarns,
380 Denier, 1/4 in,
Spacing

Kevlar Cloth, 1.89 oz/yd2

Figure 14, Advanced Materials (Continued)
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Table 3.

Analysis of Constituent Weights

i

Controls Experimental Materials
Constituent kg/m? (oz/yd?) Constituent kg/m? (oz/yd?)
Tedlar 0.064 (1.89) Tedlar 0.064 (1.89)
Adhesive 0.007 (0.20) Adhesive 0.007 (0.20)
Mylar 0.008 (0.25) Mylar 0.008 (0.25)
b Adhesive 0.005 (0.15) Adhesive 0.005 (0.15)
o Mylar 0.008 (0.25) Mylar 0.008 (0.25)
& & Adhesive 0.040 (1.17) Adhesive 0.040 1.17)
50 Dacron 0.129 (3.80) Kevlar 0.064 (1.89)
2 | adhesive 0.010 (0.29) Adhesive 0.010 (0.29)
TOTAL 0.271 (8.00) Total 0.213 (6.09)
Hypalon 0.068 (2.0) Hypalon 0.068 (2.0)
u Urethane 0.085 (2.5) Urethane 0.085 (2.5)
- s Dacron 0.065 (1.9) Dacron 0.048 (1.4)
[ Nooprene 0.119 (3.5) Neoprene 0.119 (3.5)
s 9 Dacron 0,119 (3.5) Kevlar 0.092 (2.7)
3§
TOTAL 0.456 (13.4) TOTAL 0.412 (12.1)
Tedlar 0.064 (1.89)
Adhesive 0.007 (0.20)
Mylar 0.008 (0.25)
o Adhesive 0.005 (0.15)
> Mylar 0.008 (0.25)
g% Kevlar (bias) | 0.007 (0.40)
Al Adhesive 0.040 (1.17)
E2 Kevlar 0.064 (1.89)
~ Adhesive 0.010 (0,29)
TOTAL 0.213 (6.49)

time that the modulus of the DACRON and KEVLAR were sufficiently different to cause

problems in any weave construction where the fibers were used in parallel.

The

KEVLAR yarn would be carrying the load first, having an ultimate elongation of

approximately 4 percent compared to 20 percent for the DACRON yarn.
DACRON yarn would not be loaded until after failure of the KEVLAR.

but rather a: 45° from one another,

This way the

However, in this
particular bias two-ply construction, the DACRON and KEVLAR are not used in parallel

The KEVLAR serves as the main structural member

and the DACRO. serves to stabilize the material with respect to bias loading.
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Cylinder torsion tests verified that these two materials could be used successfully
in thic. manner; however, should the coater be able to solve the problem of coating
the very light open weave KEVLAR constructions, it would be desirable to try KEVLAR
throughout in order to save additional weight. This problem prompted our looking
at thread laying KEVLAR yarn to the main structural fabric as used in the third
construction tested. Table 4 summarizes the test results and compares these to the
DACRON controls.

5.1 Summary and Conclusions

All three of these new KEVLAR constructions are producible on existing weaving,
laminating, and coating equipment. While some problems were experienced in the flat-
ness of a KEVLAR woven fabric, this was attributed to the newness of this product
and equipment adjustment.

Comparing the KEVLAR to the DACRON controls, tensile strength-to-weight
increased by about 35 percent for the single-ply laminates and by 135 percent for the
two-ply coated fabrics. Tensile stiffness was increased about threefold for one-ply
and tenfold for two-ply materials. Shear stiffness of the one-ply material was
doubled.

The one-ply KEVLAR laminates exhibited some strength loss after sharp creasing,
By pre-wash coating of the KEVLAR yarn pricr to laminating, this problem seems to
disappear,

Bias KEVLAR yarns can be laid on the structural fabric at just about any angle
and spacing to produce the desired bias strength with little penalty in weight over
plain fabric film laminate.

It appears the KEVLAR yarn reinforced material is an effective improvement in
strength and weight-saving for aerostat composite materials and warrants further
qualification testing and prototype balloon fabrication. In designing a vehicle
using this material, one must take into consideration its lack of "forgiveness"
resu’ting from its relatively low ultimate elongation. Considerable care must be
given to manufacturing tolerances and stress risers at seams, seam crossovers and
subassemblies.
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Session 2

Stratospheric Tethered Balloons

R. Regipa
CNES
Toulouss, France

Abstract

In October-November 1973, at the 'Centre Spatial' in French Guiana, CNES
(Centre National D'Etudes Spatiales) and the French 'Meteorologie Nationale §
jointly conducted a series of experiments with stratospheric tethered balloons.

After a first flight failure, due mainly to the winch lapse, it was possible So
get a successful flight at 17,000m for 12 hr with a balloon volume of 10,000 m
and a 350-kg payload. The ambient temperature was under -80°C,

About 60 sensors allowed the following measurements at the flight level:

Temperatures (and their variation) of the atmosphere and of different
points into the gondola.

Vibrations and inclinations.
Wind speeds.
Proper balloon motions,

For the next program, the French '"Meteorologie Nationale' is developing a

new winch and the CNES is studying a new way to reach the flight level and avoid
stresses in crossing the jetstream.

A device of gondolas moving along the cable will allow permanent soundings
while stationary or during gondola ascent or descent,
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The Minnesota 1973
Atmospheric Boundary Layer Experiment

Duans A. Haugen, J. Chendran Kaimal
Air Force Combridge Resserch Laborstories
Bedford, Massachusetts

ond

Christopher J. Readings, Alan J. Marks
Msteorological Resserch Unit

RAD, Cardington

Bedford, England

Abstract

A field program to obtain detailed data on turbulent transport
of heat and momentum {n the first 4000 feet of the atmosphere was
conducted in Minnesota during August and Septmeber 1973, Five probes,
derigned to measure wind and temperature fluc_uations, were furnished
and operated by the British team. These probes were spaced along the
tethering cable >f a large kite balloon between heights of 200 and
4000 feet. Detajled transport properties close to the ground were
measured by the AFCRL team on a 100-foot tower. Over seventy hours
of data were obtained during meteorological conditions appropriste to
studying the increase of turbulent mixing and boundary layer depth
during day time hours and the decrease during night time hours., Some
of the significant features of boundary layer flow that can be studied
using tethered balloons as a sensor platform will he discussed in this
paper. The most important result to have emerged from the analyses to
date is that measuring turbulent transports directly by the so-called
eddy correlation technique is indeed possible with sensors mounted on
the tethering cable to a degree of accuracy not expected from con-
siderations of averaging time and the diurnal variations in the
boundary layer.
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1. BACKGROUND

The purpose of this paper is to describe a field program for studying the
turbulent structure of the atmospheric boundary layer., The predominant feature of
this program was the use of a captive balloon to carry turbulence probes to depths
of the atmosphere just recently attracting the interest of meteorologists, It is
believed that the day time atmospheric boundary layer extends to several thousand
feet in the temperate latitudes, but to date little is known of the significant
features of the flow within this layer. The fundamental properties we set out to
measure in this program were the turbulent fluctuations and average values of the
wind and temperature from the surface up to heights of 4000 feet. This was a
joint program utilizing experimental techniques that had been independently
developed by the varfous research groups involved, A team from the Meteorological
Research Unit, (MRU), RAF Cardington, Bedford, England, installed and operated
probes which were mounted on the tethering cable of the captive balloon. A team
from the Meteorology Laboratory, AFCRL, Bedford, Massachusetts, installed and
operated probes mounted on fixed booms on a 32m tower, The balloon was a 45000 cu,
ft, kite balloon, manufactured by Lea Bridge Industries, England, trimmed to fly
at heights of roughly 5000 to 7000 feet MSL. The balloon flights were accomplished
by a team from Aerospace Instrumentation Laboratory, AFCRL, Det, 1, Balloon R & D
Tect Branch, Holloman AFB, N. Mexico., Rawinsonde observations <f the mean wind
and temperature from the surface to heights of about 10,000 feet were taken during
each experimental period by a team from the 6th Mobfle Weather Squadron, AWS,
Tinker AFB, Oklahoma.

Planning and preparation for these experiments dates back to 1969 when members
of the British and AFCRL meteorology groups compared sensor performance with
probes mounted side by side on a tower., In 1971, a balloon-tower comparison
program was conducted to determine the effects of balloon movement on the cable-
mounted turbulence probes, The results of that experiment were particularly

gratifying and were reported at the Seventh AFCRL Scientific Balloon Symposium
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(Haugen, et al, 1973; See also Haugen et al, 1974). It was concluded that talloon
movements generally occur at frequencies sufficiently removed from those which are
important for studying the turbulent structure of the atmosphere to justify plans
tor the Minnesota boundary layer experiment,

The experiments took place during August and September of 1973 at the AFCRL
experimental site near Donaldson, Minnesota, This site is in the Red River valley
where the terrain closely approximates a uniformly flat plane for tens of miles.
Data were gathered only under northerly wind directions for which an unobstructed
fetch of about 7 miles exists.

The data to be presented here have been selected to {llustrate the potential
of the captive balloon technicue for exploring the boundary layer. Balloon move-
ment effects were one concern we had prior to embarking upon this overall joint
program, Another concern was whether statistically-stable estimates of turbulent
quantities could be obtained at large heights in the boundary layer using fixed
probes rather than alrcraft-mounted probes. (See, e.g., Wyngaard, 1973) These
fundamental concerns are significant not only to these Minnesota experiments, but
to a number of other programs which also use captive b:lloon techniques for probing

the boundary layer, e.g., Thompson, 1972; Yokoyama, 1969,

2 EXPERIMENTAL DETAILS

The MRU probe is shown in Fig, 1 as it is being mounted on the tethering cable,
It consists of an arm with a fin at one end and an array of sensors at the other.
The arm is attached to the tethering cable at the probe's balance point such that
it freely rotates and keeps the sensors facing into the wind. These consist of
an 8-cup anemometer for measuring total wind speed, a magnetic field sensor for
measuring the arm position relative to the earth's magnetic field and thus the
wind direction, a double-"V" hot wire oriented on its side for measuring the
instantaneous differences between the arm position and the wind direction, a
double-"V'" hot wire oriented in a vertical plane to measure the inclination of the

wind to the horizontal, and a platinum-wire resistance thermometer. Three oil
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dash pots are used to damp out any cable-induced motions. Five probes were used
in these experiments, in two spacing patterns on the cable depending on the
anticipated height of the boundary layer top. One pattern had the probes at 200,
500, 1000, 1500, and 2000 feet with the balloon at 4000 feet; the other had them
at 200 (or 500), 1000, 2000, 3000, and 4000 feet with the balloon at 6000 feet
above terrain. Radio-telemetry was used to relay the signals from the four upper-
most probes to the ground but a signal cable was used for the lowest probe.
Rechargable battery packs mounted just below each probe had a usable life time at
least twelve hours, thus permitting the observation of boundary layer transitions
from the deep, turbulent layer of a sunny day to the shallow, smooth layer of a

clear night,

The tower-mounted probes consisted of two three-axis sonic anemometers and

4 two platinum-resistance thermometers, mounted at 4m and 32m for measuring turbulent
s fluctuations in the wind and temperature fields; two-axis sonic anemometers
i : mounted at 1, 2, 4, 8, 16, and 32m to measure the mean horizontal wind; quartz

crystal thermometers mounted in aspirated radiation shields at 0.5, 1, 2, 4, 8,

16, 24 and 32m to measure the mean air temperature, Total solar radiation and net

radiation were measured at 32m; two surface drag plates were installed north of
the tower to measure the earth's frictional drag on the overlaying air. A photo-
graph of the tower installation is given in Fir, 2,

All data from the tower and balloon probes were recorded digitally on magnetic
tape by AFCRL'S computer-controlled data-acquisition system (Kaimal, et al, 19A6).
Seven periods were studfed during the experiment. Fiv: of these lasted ten to
twelve hours and covered the transition from the afternoon convective situation to
the night time inversion: one lasted ten hours and covered the transition from
night time inversion to mid-morning; one covered a full twenty-four hour period
starting at 8:00 A, M, local time.

Prior to each of these observation periods, each MRU probe was placed on a
platform next to an AFCRL three-axis sonic anemometer and a temperature sensor to

obtain detailed comparison data, In this way, we effectively established the
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relarive calibration of the instruments i{n the same turbulent flow unaffected by

balloon movement.

3. DATA ANALYSES

The first goal of our data analysis effort is to determine whether {t is
possible to observe accurately enough the turbulent processes believed to be
important in the development of the boundary layer using the captive balloon
technique. This question is basic to the so-called eddy-correlation techniques
for determining the rate of vertical transfer of heat and momentum through the
boundary layer by turbulent motions. For purposes of illustration, let us consider
the vertical transport of heat. Define T' as the instantaneous departure of the
temperature from its mean value at any height, z. Let w' be the simultaneous
value of the vertical wind fluctuation at the .ame point. It can then be shown
the net vertical transport of heat across a plane at height z due to turbulent
motion {s directly proportional to the covariance, w'T', where the bar indicates
an appropriate time average of the indicated cross-product, The question now
becomes the proper defivition of "an appropriate average' for this covariance,

Close to the ground, long-period, large-amplitude fluctuations in the vertical
component, w, are inhibited by the ground itself. Hence, in many instances, it is
a relatively straight forward process to define an appropriate averaging time for
the tower data in order to obtain statistically stable estimates of the transport
quantities, As one moves higher in the boundary layer, however, there is no
immediately obvious low-frequency damping of vertical motions so that one would
expect longer averaging periods to be necessary to obtain stable estimates. It
has been shown that five to thirty minutes are usually adequate close to the
ground, the shorter periods being applicable to night time situations and the
longer periods to daytime ones. Extrapolation of these results to the heights
used in Minnesota indicate that ceveral hours might well be necessary. (Wyngaard,
1973) 1If it develops that such long averaging periods are required, a further

complication will enter in that it will then be necessary to filter diurnal trends

93

R,

R R T U PR FC




- v bak g r vy Ao v 2 rY— " Sahon it o o & ER i o & il s b e et L b Ty TP

(periods of 12 to 24 hours) from the data before computing the covariances. Thus,
if a suitable combination of averaging and filtering cannot be established, it
would tend to devalue the captive-balloon approach to boundary layer experiments
(time-averages) relative to an instrumented aircraft approach (space-averages).
Computations of :::;' have been performed for the tower and balloon probe data
for averaging periods varying from 15 minutes to 150 minutes. 1In addition, the

data have been subjected to numerical high-pass filters which retain fluctuations

of 15-minute periods or smaller,

4 RESULTS

In Fig. 3 we show vertical profiles of w'T' for a typical daytime convective
situation. Each data point is the average of five successive fifteen-minute
averages, {.e,, roughly equivalent to the high-pass filter just mentioned, Also
plotted are theoretical profiles predicted for "typical' convective situations
with a numerical model of boundary layer turbulent flow (Wyngaard and COté. 1974).
The agreement is excellent and clearly indicates that direct measurements of
turbulence with probes mounted on captive balloon cables is indeed an extremely
valuable research tool. Analyses currently underway at AFCRL and MRU are now
being directed to such topics as investigation of universal similarity parameters
to characterize the flow, spectral distribution of the turbulent energy, and

application of various filtering techniques for removing known trends from the

data.
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Figure 1.
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A New Mooring System For Tethered Aerostat

Eugene L. Hask
Sheidahl, Inc.
Northfield, Minnesota

Kebbie Turner
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Dallss, Texas

Abstract

A unique mooring system and maintenance station has been in service with
250,000 cubic feet aerostats for about 1-1/2 years. This paper presents the design
requirements and performance capability of this new system as evidenced by the year
and one-half of successful operation in actual field conditions. A description of
the winches, hydraulic system, nose latch, flying sheave and structural components
along with the theory of operation are presented. Typical launch and recovery
operations and "on-station" performance are described. Some of the experiences
encountered and the operational tests performed during the year of operation are
described and the related changes and improvements are noted. A discussion of
manpower and site requirements is also given.
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1. INTRODUCTION

1.1 Background

Mooring systems for tethered balloons, blimps and rigid airships have a
history that is nearly as old as streamlined aerostats themselves (Figures 1, 2
and 3), and most of our modern mooring systems use the same concepts that were
prevalent 50 years ago. Although through the years a great number of innovations
and new ideas have been tried, and sometimes endured, until recently all mooring
systems had one thing in common -- the need for a large ground crew for launch and
recovery operations. In the case of the large rigid airships, a crew in excess of
400 people was sometimes required (Figure 4). For military operations this crew
was usually readily available at a nominal cost. In recent years, particularily
in commercial ventures, the cost of maintaining a crew has become prohibitive, and
the trend has been to design systems which require minimum manning. Goodyear, for
many years, has been operating their blimps with a surprisingly small number of
well-trained men. The tethered balloon operations at Cape Kennedy, and later at
Cujoe Key (Figure 5), have also been carried out with relatively few personnel.
With the emergence of the telecommunications concept using tethered aerostats,
however, the need to minimize crew size became critical. Since this concept re=-
quires that the aerostat remain aloft for weeks or months at a time, the mainten-
ance of a large, full-time ground crew is cost prohibitive. This fact, then,
dictated the requirement for mooring system which could be operated by a small
crev.

Another relatively unique requirement imposed upon the mooring system by the
nature of the telecommunication concept is a need for all-weather capability on a
global scale. The system, both mooring system and aerostat, had to be designed to
withstand the environment, primarily wind and temperature, anywhere in the in-
habited world without hangar facilities or any other assistance.

These .wo requirements, weather and crew size, prompted the design of a
mooring system which incorporates several new features while attempting to retain

the knowledge and experience of the past.

2. THE TCOM MOORING SYSTEM — A GENERAL OVERVIEW

2.1 General Description

This mooring system is a permanent installation with primary functions to
a) serve as the ground anchor for a CBV-250A or a CBV-350A aerostat when it is

on station, and b) serve as a service and maintenance station for the aerostat
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Figure 1.

Figure 2.

ZR~1 (Shenandoah) Mooring Mast,
Lakehurst, N.J. (Ref. 1)

ZR-1 Nose Cone and Latch
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Figure 3. ZR-1 Mooring at Sea, 1924 (Ref. 1)

Figure 4. Typical Ground Crew for Large Airships (Ref. 1)
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Figure 5. Cujoe Key Operations, 1972

between missions. The mooring system, Figure 6, consists of a central machinery
enclosure and mast mounted on a large central bearing, a horizontal compression
member or boom, and a circular mono-rail which supports the boom end, flying sheave
and close-haul winches on rollers. A mechanical lock with a remote electrical
release is provided at the top of the mast. Work surfaces are provided on the top
deck of the machinery enclosure, on “he boom and at the location of the aerostat
payload when it is moored. A diesel powered main winch and an auxiliary power unit
located within the machinery enclosure furnish the power required to launch and
retrieve the aerostat and to moor the balloon in the close-hauled mode. The main
winch is used to control and store the tether cable during flight operations.
Three smaller winches, one at the base of the mast and two on the circular rail,
provide the restraints and control during early stages of launch and during final
recovery. A completely enclosed operator's cab is located on the forward side of
the machinery enclosure, providing visibility to all operational areas.

The principle feature of this design is its ability to be rotationally
driven, either by the forces generated by the aerostat or externally, to align,
in azimuth with the aerostat or its tether cable. This allows a single operator
tc maintain the balloon in flight and a minimum-sized crew to launch and recover
the balloon. During servicing and maintenance when moored, the crew moves with
the system thereby providing improved accessibility and greater safety and again
reducing the crew size.

The following paragraphs describe typical procedures as evidenced by opera-

tional experience with mooring systems of this type.
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Figure 6. The TCOM Mooring System, 1973

2.2 Moored Mode

When moored the aerostat is mechanically locked to the mooring mast at the

Nk ada g

nose and secured by its suspersion lines to the service platform under the aerostat
payload. In this configuration any changes in wind direction will cause a rotation
E_ of the complete system and maintaja the balloon headed into the wind. It also

8 allows the field crew to "ride" the mooring system and work without concern for
shifting winds and gusts. In relatively calm weather (winds less than 15 knots),
the brakes can be engaged so that heavy lorads, such as the aerostat payload, can

be transferred from truck to work platform. 1In all other moored operations, the
system is free to rotate with the wind.

23  Flight Mode

When “he aerostat is at altitude, .ne tether cable is routed from the main

winch through the boom to the flying sheave and thence up to the balloon (Figure
7). The tether cable tension is generally strong enough to rotate the mooring
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Figure 7. Mooring System with Aerostat Aloft

system into direct alignment with the horizontal projection of the tether cable.
If not, final adjustments are made by driving the system to this condition with
the hydraulic rotating motor located on the central bearing. Once aligned, the

brakes on the close~haul winch trolleys are engaged. The system remains in this
condition until changes in ‘the direction of winds aloft dictate re-orientation.

Aerostat altitude variations with wind speed are controlled by inhauling or out-
hauling of the main winch.

3. CAPABILITIES
3.1 Performance
3.1.1 WwWIND

Figure 8 shows wind velocity versus altitude for several selected geographi-
cal locations and the velocities for which the aerostat is designed. The mooring
system with the aerostat attached is designed for this same wind velocity at sea
level (90 knots). With the balloon sloft or detached, the system will withstand
wind loads in excess of 120 knots.

3.1.2 ALIGNMENT WITH WIND

With the aerostat moored, it has been estimated from visual observation that
4 3 to 5 knot wind '10 degrees off the balloon heading will cause the mooring
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Figure 8. Safe Aerostat Wind Velocities Versus
Representative Maximum Wind Profiles

system to realign itself into the new wind directions. When the balloon is aloft,
tether cable side loads of this same magnitude would cause mooring system rotation
if it were not braked during flight (see paragraph 2.3).

3.1.3 MANPOWER

The system was originally designed for operation by a si{x-man crew. Field
operations, however, have demonstrated that normal launch and recovery operations
can be performed by four men.

3.1.4 OTHER PERFORMANCE CAPABILITIES

Table | summarizes the performance and design features of the mooring system.

3.2 Structure and Loeds

The winds described above, a dynamic analysis of the moored aerostat (refer-
ence 2 and 3) and the live and dead loads expected on the system, resulted in the
loadings shown in Figure 9 in the combinations described in Table 2. The primary
forces are the 30,000 pound nose latch load and the 30,060 pound (20,000 pounds
on earlier systems) tether cable load.
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Table 1. Specification Summary Aerostat Mooring System*

— = —eee————————————— a—
MODEL WWMBER
18500 18600

APPLICATION CBV-250A Asrostat CBV-3S0A Asrostat
vEIGNT 95,600 1be. 99,600 e,
DIMENSIONS

Rail Diemeter 173 te. 203 fe.

Tover Meight 47 fe. 47 fe.

Payload Service Platform 16' x 22° 16°* x 22

Machinery Emclosure 129 ux3'T 12'Wx9ExN'L

STRUCTURAL CAPABILITY

Wind Speed (With Aerostat Moored) 90 kmots 90 knots

Wind Speed (Without Asrostat) 120 knots 120 knots

Opsrating Temperature =30°7 to +120°7

Design Criteris AISC Standards, 7th Lditiom
OPERATOR CAD

Disensions ¢ WxS Lx65'E 6 uWUxS'Lx6S'R

Neote: Pull Consols With All Engine Instrumemts,
Tether Cable Iadicators, aand Nydrsulic Coatrols.

NYDRAULICS (Supplied by OECO)

Main Winch
Tether Cable Capacity 20,000°' 20,000'
Maximum Pull 30,000 1bs. 30,000 1be.
Maximum Line $peed 200 fpm 200 fpm

Close Haul Winches (3)
Maximva Pull 12,000 1bs. 12,000 1bs.
Maximum Line Speed 140 fpm 140 fpm

*Patent Pending
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The structural analysis is based upon these load combinations, using a
minimum factor of safety of 1.5. 1In addition, a dynamic magnification factor of
2.0 i{s used on all design loads where shock loading occurs. AISC specifications

are used whenever applicable.

4. SITE REQUIREMENTS

A reasonable level area approximately 500 feet in diameter is needed to
provide adequate ground clearance for the mocred aerostat. A 12 foot x 12 foot x
2-1/2 foot high concrete pedestal is located at the center of this area. This
pedestal contains forty-eight l1-1/4inch diameter studs in a circular pattern to
which the central bearing mounts.

Concrete footings are also provided for the monorail. These footings can
either be a full cir- - of concrete or smaller footings at each rail anchor point.
One inch diameter stids are imbedded in these footings for anchoring the monorail.

The remaining area need not be paved. However, gravel or some other stabili-
zer is necessary to carry erection and maintenance equipment.

A second level surface is necessary in the immediate area where the aerostat
can be laid out and inflated. This area should be about 100 x 300 feet, with the
long axis aligned with the prevailing wind direction, and located such that the
transfer of the aerostat to the mooring system can be accomplished over a minimum

distance.

4.1 Component Description
4.1.1 STRUCTURAL COMPONENTS
4.1.1.1 Nose Latch (Figure 10)

This is the mechanism which attaches the nose structure of the balloon to
the mooring system. It restrains longitudinal and lateral motion of the aerostat
nose, but allows + 15 degrees of angular mis-alignment in the horizontal and
vertical planes during the docking manuever. The nose line from the aerostat is
threaded through the center of the latch, around a pair of 10 inch diameter sheaves,
through the center of the mooring mast and finally onto the nose line winch
located at the top center of the machinery enclosure., Unlatching is accomplished
by activating two electrical solenoids in the latch using a single switch in the
operator cab. Latching requires no electrical current and is accomplished simply
by pulling the aerostat nose structure probe into the latch with the nose line
winch. Two indicator lights in the operator cab show the state of the solenoids
in the latch.
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Figure 10. Nose Latch

4.1.1.2 Mooring Mast (Figure 11)

A 34-foot tapered mast bolts to the top center of the machinery enclosure.
It is square in cross section and fabricated from steel tubing and angle structural
members. A steel plate at the top supports the latch mechanism. A ladder with a

safety climb device i1s provided on one face of the tower.

4.1.1.3 Machinery Enclosure (Figure 12)

A 9-foot high x 12-foot wide x 31-foot long structure provides a base for
the main tether winch and the auxiliary power unit (APU) support for the mooring
mast and attachment for the nose line winch and operator's cab. The center base
area of this structure mates to the central bearing using forty-eight 1-1/4 inch
diameter bolts. It is fabricated from structural steel, pre-drilled for field
assembly. The inside machinery deck is steel tread plate and the upper deck .s
steel and aluminum plate. The siding /s corrugated, translucent fiberglass or
galvanized iron. Access doors are provided at each end of the s:ructure.

Stairway, ladders and railings are provided for access to all areas.
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4 Figure 11. Mooring System
under Construction

Figure 12. Machinery Enclosure Prior to iding
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4.1.1.4 Central Bearing (Figure 12)

An 8-foot nominal diameter ball bearing supports the mooring system on the
central axis. The lower race of this bearing attaches to a ring of concrete
anchored studs. The upper race is bolted to the main superstructure of the
system. This bearing has integral gear teeth on its inner circumference through
which the torjque to rotate the system is transmitted.

4.1.1.5 Boom Assembly (Figure 11)

The current boom* consists of four welded structural members, each 45 inches
square. Three of the sections are 22-1/2 feet long. The fourth section is 11-1/4
feet long and is used with the CBV-350A aerostat. These are bolted together, end
to end. The inboard end is bolted to mounting brackets on the maclhinery enclosure,
and the outboard end is attached to & tubular bearing structure (boom end assembly)
vhich rests in the mating tubular frame of the fairlead trolley assembly. The
main aerostat tether cable is routed through the center area of the boom. When
slack the tether cable is supported by a sheet metal tray within the boom. The
top surface of the boom is covered with steel tread plate for its full length to
provide a walkway. Two suxiliary tie points are located at midspan and have a
load capacity of 7,000 pounds each. The top chords of the boom are completely
flat end to end and are designed to accommodate a scissor-type, traveling platform
used to service the underside of the aerostat.

4.1.1.6 Payload Service Platform (Figure 11)

A 16~foot wide x 22-foot long platform is located at the outboard end of the
boom to provide a work area for installing and servicing the airborne payload. It
is supported by the boom and by two rollers which rest on the circular rail. The
platform is fabricated from structural steel and covered with steel tread plate.
When the aerostat is moored, its suxiliary suspension lines are sttached to the
side edges of this platform and the excess suspension lines are stowed in boxes
provided with the platform. The platform surface is flush with the top of the
boom and provisions are made on this surface to allow the traveling service
platform to traverse the full length of the payload service platform. A stairway
is mounted to the outer end of the platform for access from ground level.

*Note: Earlier booms were triangular in cross section and somewhat shorter.
Also, at that time the tether cable was located above the boom.
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4.1.1.7 Fairiead Trolley Assembly

This trolley or truck, located on the circular rail at the outboard center-~
line of the boom, supports the boom end and provides the mounting for the flying
sheave. Four steel rollers support this assembly on the rail in normal operation.
In extreme flight conditions (i.e., when tether cable tension is high), the
assembly is restrained from 1ifting away “rom the ra‘l by four additional trolley
wheels which contact the underside of the rail flange. The boom end is attached
to the fairlead trolley through a longitudinal slip joint which allows for rail
eccentricities and thermal expansion differences up to + one inch. The flying
sheave has a nominal pitch diameter of 22 inches and is mounted such that the
horizontal component of tether cable tensfon is transferred to the boom as a
compressive load while the vertical component transfers directly to the circular
rail. The sheave assembly is free to rotate in the plane perpendicular to the
boom, but is counterbalanced to remain erect under no load. When not in use, the
sheave assembly can be rotated and locked in a horizontal position. Any tether
cable groove diameter for the sheave pulley can be used up to about l-1/4 inches,
depending upon the tether cable selected. The cable diameter must also be
specified for the main winch.

4,1.1.8 Circular Rail (Figure 11)

Ten inch standard I-beam sections nominally 20 feet in length are rolled to

form the circular rail. Each rail section has three mounting plates for stud
attachment to the concrete base. The rail sections are connected end to end using
steel link plates and bolts. The rail assembly is fabricated from corrosion

resistant steel and requires no surface finishing once installed.

4.1.1.9 Close-Haul Trolleys (Figure 7)

Two additional steel wheeled trolleys ride on the rail nominally 15 feet on
either side of the flying sheave trolley. The close-haul winches which operate
the center handling lines of the balloon are mounted on these trolleys. The
trolleys are connected to the flying sheave trolley by pin-ended steel tension
members. Like the fairlead trolley, they are restrained from upward movement by
four flanged trolley wheels which bear against the underside of the circular rail
flange. These trolleys have hand-wheel operated brakes which, when set against the
top of the circular rail, restrain rotational moveuent of the entire system. Two
hydraulically operated winches furnish the main mooring restraint to the balloon.

These winches are located on the close-haul winch trolleys.
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4.1.1.10 Electrical System

Standard equipment furnished with this unit includes a slip-ring assembly
and all the electrical components to provide service to the machinery enclosure.
The slip-ring assembly, located at the center of the central bearing, has 48
conductors (40 each, 5 amp and 8 each, 25-amp). The feeder service to the slip-

ring assembly can be obtained from a local source or from on-site generators. The
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electrical service to the machinery enclosure consists of a four circuit, 25 amp

p—

breaker box with main breakers, internal vapor-tight, overhead lights, exterior

ape—

lights at each doorway, internal and external duplex receptacles, and the circuitry
to operate the nose latch. Thin wall EMT conduit {s used throughout. Two 24-inch
exhaust fans provide ventilation to the machinery enclosure. An intercom system
links the operator cab, the ground crew and the central van. Flood lights on the

structure and on mobile carts provide illumination for night operations. I

4.1.1.11 Lightning Protection

The entire mooring system is internally grounded. A large slip-ring, con-
cen’' ric with and outside of the central bearing, carries the common ground to
earth. When the balloon is moored its lightning protection system is electrically
coupled to the mooring system. When aloft lighting and/or atmospheric potential is
carried off from the steel tether cable to ground through brushes on the circular
rail.
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5. POWER, CONTROLS AND WINCH SYSTEMS

5.1 Main Tether Winch (Figure 13)

The main tether winch utilized on the TCOM system is the OECO Model 30W
traction type. This dual-capstan, line-pulling system is 18 feet long, 9 feet
2 inches wide, and 7 feet 8 inches high. It weighs approximately 19,000 pounds.
It has a maximum line pull capability of 30,000 pounds and a maximum line speed
in excess of 200 feet per minute. The triangular design of the capstan frame
allows the line tension sheave to be located just below the top capstan. The
tether line passes from the upper traction sheave, around the tension measuring
sheave, to the flying sheave. The load cell on the tension sheave is a hydraulic
diaphragm compression unit. This unit supplies pressure to the visual tension
indicator gauge in the control cab, and also supplies the signal for the high and
low tension alarms. The load cell supplies pressure to an electrical transducer

for remote transmission of the tension readings.
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Figure 13. Main Tether Winch

The power to rotate the traction capstans is a hydraulic motor driving into
a planetary gear box to a chain drive to the upper capstan. BotYy capstans are
linked together by a quad chain drive.

The storage drum on the 30W winch has a capacity of 16,500 feet of one inch
tether cable. The storage drum is driven by a high torque hydraulic motor through
a roller chain drive.

The power for the main tether winch is a six-cylinder, two-cycle diesel
engine which supplic+ 154 net continuous horse power at 1,800 rpm. This prime
mover drives four hydraulic pumps: one pump on the flywheel end; one on an auxil-
iary drive on the front of the engine; and two pumps on the cam shaft towers.

The hydraulic fluid for the traction drive is supplied by a variable volume
bi-directional axial piston pump mounted on the flywheel end of the engine. The
auxiliary pump on the front of the engine supplies fluid to the nose line winch
and to the rotary drive for the machine enclosure and tower structure. This pump
is a variable volume pressure compensated design.

The variable volume pressure compensated pump on the cam tower supplies the
fluid for the drum drive motor and brake controls, Both the main winch and the
close~-haul winches are equipped with brakes that are automatically applied when
the controls are placed in the neutral position or in the event of loss of

hydraulic pressure.
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k. Figure 14. Close-Haul Winch :

5.2 Ciose-Haul Winches (Figure 14)

There are four clise-haul winches on the TCOM system and one nose line winch.
These are all conventional windlass type winches identical in structure and per-

R O e

; formance. The drum is powered by a fixed vane hydraulic motor through a gear box
f' with an automatic brake. The drum has a capacity of 300 feet of 3/4 inch rope
and will provide 140 feet per minute line speed at 8,000 pounds pull. The drum
core has a recessed knob for attaching the line to the winch. The knob is de- |
signed so that the eye splice on the end of the handling line can be easily ]
attached and will also fall free when all the line is spooled off.
]
5.3 Rotating Drive .
A gear train attached to the structure, powered by a high torque hydraulic
motor, provides the rotary motion for the structure. Installed in this hydraulic {

circuit are adjustable valves. These valves are used to provide dynamic braking
of the mooring system.

5.4 Auxiliary Power Unit (Figure 15)

The mooring system has a 140 horsepower auxiliary power unit for powering
the close-haul winches. This unit is self-contained having its own fuel tank,
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Figure 15.

Auxiliary Power Unit

Figure 16. Control Cab
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hydraulic reservoir and filter system. The four-cylinder, two-cycle diesel engine
drives four 35 gallons per minute fixed vane pumps through a quad drive jur box.
The hydraulic fluid is piped to the throttling control valves in the control cab
vhere it is directed to the four close-haul winches.

5.5 Controls and Control Cab (Figures 16, 17 and.18)

A control cab is mounted to the front left side of the machinery enclosure.
This cab is fabricated from steel and transparent lucite providing the operator
with a clear visibility of the area. The transparent dome top of the control cab
provides unlimited visibility upward.

When the operator is facing outward toward the flying sheave end of the
boom, all the controls for the winches are in easy reach in front of him. The
main tether winch coantrol is on the right side; the close-haul, nose line winch and
the rotating control are on the left s.ide of the panel. The instrument panel is on
the right side of the cab and is tilted for better visibility. This panel contains
all the engine instruments and controls. These are in two groups; one for the main
wvinch and one for the auxiliary winches and functions. The line tension gauge,
line footage counter and the line speed and direction indicator are also located
on the left side of the instrument panel in view of the operator. The panel also
has indicator lights to alert the operator of various functions. Colored lights
are used to indicate the nose latch condition, hydraulic filter condition and
power-on or off conditions.

6. FUTURE SYSTEMS

Experience with the present serostat mooring systes and ths stability of the
balloon has prompted the elimination of the two inboard close-haul winches. This
will eliminate the auriliary drive on the front of the main tether winch engine.
The nose line winch and the rotator can be powered by the separate pumps from the
APU.

The forward close-haul lines will, however, remain on the balloon and can be
used in an emergency to stabilize the aerostat.

The line tension sheave has been lowered in the substructure of the machinery
enclosure to allow the tether line to pass through the boom structurs.

119




b et s S kel i T AR At g P R L e Ty o 10 o —

-
1 1
s k
1
-
] :
3 Figure 17. Control Panel i
5 1
E'
1
i
] i
1
]
3

PP T LT T

Figure 18. Instrument Panel
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7. OPERATIONS

7.1 Lawnch

At the commencement of flight activities, the mooring system is braked with
the aerostat into the wind. The close-haul winches on the rail inhaul the bal-
loon slightly to loosen and release the aerostat suspension lines vhere they
attach to the work platform. The nose is then unlatched and the nose winch and
close-haul winches allow the balloon to rise. When the confluence of the balloon
suspension system is clea., the outhsuling is stopped long enough to attach the i
tether cable. Outhauliig :(h:n continues, now on the three small winches and on
the main tether winch, until the close-haul lines are completely unspooled.

When the end of the nose line, to which is taped a smaller tag line, is approxi-
mately 50 feet above the latch, the nose winch is braked while outhauling on the
main tether winch contiaues. The tape breaks and the free end of the tag line
falls to the ground while the other end remains threaded through the latch and
secured on or near the nose winch. This eliminates tiie need to re-thread the

nose line through the latch during the recovery operation.

The aerostat is now restrained by the tether cable alone and is allowed to
ascend to altitude at a nominal rate of 200 feet per minute. The mooring svateam
brakes may be released and reset to allow for changing wind direction and tether
cable azimuth during ascent.

7.2 m

The retrieval operation is essentislly the reverse of the launch sequence,
with primary efforts directed at getting the nose line attached to its winch as
quickly as possible.
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Abstract

This paper provides a summary description of a system which employs
tethered aerostats as high altitude platforms for wide-area telecommunications
and broadcast functions, and discusses some of the basic applications.

1. INTRODUCTION

TCOM systems capitalize on the height advantage of tethered aerostats to pro-
vide economical and dependable telecommunications and broadcast services over a
large ground area. By suspending light-weight electronics payloads ‘rom stabi-
lized platforms beneath the aerodynamically shaped aerostats, point-to-point and
omni-directional communications can simultaneously be accommodated. The aero-
stats operate at altitudes between 10, 000 ana 15, 000 feet above sea level. From
these heights, line-of-sight extends to distances of 125 to 150 miles and the ground
area covered ranges from 50, 000 to over 70, 000 square miles.
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2 BASIC SYSTEM PRINCIPLES

! The concept of using lignter-than-air vehicles as high altitude platforms for
| communication equipments has received much attention over a considerable span
of time. Clearly, the extensive line-of-sight achievable and the free space elec-
tromagnetic environment indicated that low powered equipments carried aloft could
be used to economically provide services over a rather wide area. However, prob-
lems relating to maximum achievable stability, load carrying limitations and
availability of suitable power sources prevented practical realization of such a
system until certain key technological advances were made, The most significant
of these advances were development of high-strength but low-weight balloon hull
materialg, introduction of computer aids in optimizing aerodynamic design, and
the miniaturization of electronic devices.

Ths TCOM system is capable of relaying voice communications, broadcasting
1 TV, AM and FM radio directly to users, and providing many other specialized
services. The design of the system permits these services to be provided simul-
taneously without experiencing interference. There are two major elements which
make up the overall system: an airborne communications payload suspended be-

neath a tethered aerostat (referred to as the "airborne package'’) and a ground
control station. When required for voice channel communications, any number
of remote terminals are added to the system,

A single payload, suspended beneath an aerostat, at 10, C00 feet, provides
coverage over distances of 250 miles and serves a ground area greater than
50, 000 square miles. Operating at 15,000 feet, the payload range increases to
300 miles and the ground area covered is in excess of 70, 000 square miles. This
is considered the local coverage area.

Long-line equipment permits transmission and reception of communications
data between two or more aerostats to greatly extend this coverage area. For
example, when a second TCOM system is added to the first one (Figure 1), long-
line in‘ormation transfer is available from anywhere within the ground area cov-
ered by the first airborne package to anywhere within the ground area covered by
the secrud, Since the distances between aerostats operating at 10, 000 feet are on
the order of 250 miles, communications between two points as much as 500 miles
apart can be accommodated and the combined ground area covered is at least
100, 000 square miles.
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The equipment that controls the airborne electronic system, monitors the
status of the airborne equipment, monitors vital aerostat operating parameters,
and performs signal processing functions is located at the ground control station,
Typically, this equipment is housed in a mobile van, located near the aerostat
launching complex, which acts as the hub of system operation,

I._-nnu:_.l

Figure 1. TCOM System Concept
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8. SYSTEM TECHNOLOGY

31 Aecrostats

TCOM aerostats are unmanned, lighter-than-air, tethered vehicles that not
only derive buoyancy from helium but also have aerodynamic lift that positively off-
sets drag in a wind environment, The general arrangement of these aerostats is
typically represented by the Mark VII configuration shown in Figure 2. This vehicle
has & minimum volume of 250,000 cubic feet, a length of 175 feet, a diameter of
56. 8 feet and a tail span of 82 feet. The Mark VII can carry 4,000 pounds of equip-
ment to 10, 000 feet, and is designed to operate safely in 100 knot winds at altitude.
A "stretched" version of this aerostat currently in production, the 380, 000 cubic
foot volume Mark VII-S, will have an overall length of 215 fest and a load-carrying
capacity of 8,000 lbs at 10,000 feet or 4,000 lbs. at 15, 000 feet,

Each aercostat is a body of revolution with four stabilizers spaced 90 degrees
apart on the aft section of the hull, The ratio of volume to surface is high, the aero-
dynamic drag is low, and a lift-to~drag ratio of 3 to 1 is normally obtained. Elec-
trically-powered blowers and release valves operate automatically to maintain

pressurization of the ballonet,
ELECTRICAL WARNESS

CONFLUENCE LINES

! TETHER CABLE
Figure 2, Mark VII Aerostat Configuration
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To optimize the load-carrying capability of TCOM aerostats, advantage is
taken of the latest developments in material engineering such as the light-weight
but high-strength laminate used for the aerostat hull. The laminate weighs only
8.25 ounces per square yard and consists of adhesive bonded layers of tedlar,
mylar films, and dacron fabric arranged as shown in Figure 3,

The tedlar film has excellent weather and abrasion resistance which protects
the other components in the laminate. The two mylar layers form an efficient gas
barrier. The dacron fabric provides the strength to withstand the loads induced
by normal inflation, attachment of payload and inflight loading, with a 2100%
safety factor., The dacron also has good dimensionul stability and imparts a high
degree of tear resistance to the laminated material,

The aerostat maintaing its position in the immediate vicinity of the launch site
by means of a single steel tether with a ,4-inch diameter, a weight of 260 1bs/1000
feet and a breaking strength of >20,000 lbs., Under development is a conductive
steel tether which will carry high voltage from a ground source up to the aerostat.
This tether will be an electromechanical coaxial cable consisting of a copper inner
conductor insulated with TPX and armored with high strength steel wires providing
the strength member and the outer conductor. The conductive tether will have a
diameter of . 45 inches, a weight approximating 330 1bs/1000 feet and will provide
a breaking strength of 28,000 lbs. Utilization of this conductive tether will extend
continuous at-altitude operating time up to six months,

Figure 3. Mark VII Hull Material
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3.2 Airborne Payload

The airborne electronic equipment which requires stabilization and the direc-
tional antennas are integrated into a compact, accessible, modularly-constructed
airborne package. Off-the-shelf, light-weight, reliable electronics with low power
consumption utilizing integrated circuits, thin film, thick film, stripline and micro-
strip techniques form the package. This unit, referred to as the stabilized electron-
ics structure (SES), is suspended from the asrostat by means of a gimbal assambly
which decouples the electronics platform and reduces the effects of asrostat move-
ment, The airborne electronic units not requiring stabilization are typically
mounted on aluminum structures laced to the asrostat skin. During flight, an
serodynamically-shaped windscreen provides environmental protection,

The TV broadcast antennas are usually vertical masts providing omni-directional
coverage. Separate radiating elements are used for visual and aural broadcast.

Because the beamwidth of the TV broadcast antenna varies inversely with fre-
quency, Band I VHF antennas do not require stabilization. Consequently, a broad-
cast antenna for Band I can be fixed rigidly in the vertical fin of the aerostat. A
Band III VHF antenna, however, normally requires a degree vertical stabilization
and is suspended within the aerostat gas envelope.

A typical payload mounting arrangement is shown in Figure 4.

For each system, the payload configuration depends on the particular applica-
tion. A typical payload might include commercial and educational TV, AM and FM
radio broadcast equipment; off-the-air receivers; translating equipment; high and
low density wide-band communications equipment for fixed and mobile multichannel
voice and data transmission. The payload may also include equipment to perform
other diverse functions such as wide area paging, emergency radio broadcasting,
wide area data collection; remote area meteorological observation and optical scan-
ning and monitoring. A stabilized structure now providing television broadcasting
and point-to-point communications is shown during final checkout in Figure 5.

The payload is stabilized by an airborne mechanical system that provides al-
most an order of magnitude decoupling between aerostat and payload movement,
Since the aerostat movements are gradual, small changes, the decoupled platform
is extremely stable, with package motions seldom exceeding .5 degrevs. The
airborne mechanical system consists of a two-axis gimbal assembly acting as a
two-axis pivot from which the entire airborne payload is suspended, in pendulum
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AEROSTAT WINDSCREEN

Figure 4, Typical Payload Mounting Arrangement
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Figure 8. Stabilized Structure

fashion, from the bottom of the aerostat hull, The pitch and roll axes of the gimbal
assembly are perpendicular to each other, with each axis damped by a rotary vis-
cous damper. The upper linkage on the gimbal assembly is mounted to the aerostat
through a light-weight truss structure that distributes the airborne package weight
and inertial loads throughout the aerostat skin, The aximuth drive shaft, attached
below the lower gimbal linkage, is the mechanical portion of an azimuth heading
servo loop. The drive system receives an electrical signal from the servo elec-
tronics and converts it into mechanical rotation of the payload package to maintain
proper heading referenced through a magnetometer to magnetic north, as the sero-
stat yaws, The slip ring assembly incorporated int6 the airborne package allows
unrestricted s muth motion between the payload and the aerostat. The ring is
located at the upper end of the azimuth drive where it is attached to the lower linkage

of thg gimbal, An azimuth positioning of + 0. 5°polnt1n¢ accuracy, controllable in
0. 1 increments is achieved.
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3.3 Airborne Power Generation

The primary airborne power unit consists of a Sachs-Wankel rotary combustion
engine of approximately 18 hp (at 4500 RPM) directly coupled to a three-phase brush-
less generator with a voltage regulator. Several such engine-generators are carried
aloft on each aerostat. Compared to conventional engines, the rotary engine is
lighter, consumes less fuei, has superior remote start-up characteristics and con-
tains fewer moving parts. Each 400 Hertz, 120/208 volts AC alternator provides a
5-kilowatt power output at operational altitudes. A power distribution unit, a "thin-
skin' 200-gallon spherical aluminum fuel tank, and a fuel supply system including
pumps, hose manifold, pressure controls and fuel filters complete the airborne
power system.

3.4 Telemetry and Command System

The telemetry and command system controls and monitors all the communica-
tions equipment on board the aerostat. Vital aerostat data including such functions
as altitude, pitch, roll, heading and temperatures are also monitored. The system
consists of a ground control section, typically housed in the mobile van at the giound
control station, and an aerostat control section carried aloft by the aerostat.

Two different frequencies ure used: one for commands (uplink); the other for
telemetry (downlink). The aerostat control section contains two identical downlink
(aerostat to ground) transmitters and two identical uplink (ground to aerostat) re-
ceivers., The ground control section similarly contains redundant uplink transmit-
ters and downlink receivers, This redundancy, coupled with an automatic switchover
capability, affords a high level of system reliability,

The 28 volts dc power for the telemetry and command system's transmitters
and receivers aboard the aerostat is normally provided by che main airborne power
supply system. A trickle charge is also supplied to maintain a backup battery pack.

In the event of loss of prime power, automatic switchover to the backup battery pack
ensures cc “tinued operation,

3.5 Mooring System

During periods of maintenance and servicing operations, the aerostat is docked
to a ground service installation, commonly called the mooring system. The nose
structural members, attached to the forward section of the aerostat, provide the
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mechanical attachment for the flexible asrostat to the rigid mooring tower., The
asrostat nose structure is capable of safely carrying the wind loads impressed upon
the asrostat. The entire nose structure is fabricated from high strength aluminum
alloys,

The mooring system, shown in Figure 6, is a carefully integrated design which
incorporates all the mooring equipment such as the mooring tower, main tether
winch, nose line winch, close haul winches, monorail, flying shsave, and work
platform. Each mooring system provides complete facilities for aerostat launch,
flight and retrieval. A rotational drive system orients the moored asrostat nose
forward for least resistance into the wind,

Figure 6, Aerostat Mooring System
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4. APPLICATIONS

Several important applications for the system have been previously noted in
this paper. In this section, a generalized model system will be used to demonstrate
how a number of these applications are implemented. While a detailed discussion
of propagation theory and analysis of performance are outside the scope of this
paper, pertinent data are included for each application,

The generalized model system is represented by Figure 7, which diagrams
the approximate coverage area of an aerostat system operating at 10, 000 feet above
sea level, The services provided by this system are:

® 1 color television broadcast program

e 1 FM radio broadcast program

® 1 high density radio relay system

e 1 low density radio relay system

e 1 VHF transponder

The system is based on the following set of assumptions.,

(a) City A is a major city within the aerostat coverage circle with a broadcast

studio for originating television and radio programming,
(b) Cities B, C and D are minor cities within the aerostat coverage circle,
There is a requirement for 20 telephone and 10 telegraph channels from
Cities B and C to City A, City D requires 10 telephone and telegraph
channels to City A,

(c) City E is a major city within the aerostat coverage circle, There is a
requirement for 900 voice channels and 100 telegraph channels between
City A and City E.

(d) Point F is a control post. There is a requirement to contact vehicles !
traveling anywhere within the coverage circle from Point F.

Referring to Figure 7, the broadcast signals (TV video + audio, FM audio) are
transmitted from City A to the aerostat over a one way studio/transmitter type |
radio relay link., TV audio and FM radio are carried on the radio relay baseband g‘
above the video on frequency modulated subcarriers. In the aerostat electronics ]
systems, Figure 8, an airborne receiver demodulates the radio relay signal and
passes the TV video + audio to the TV broadcast transmitter, the FM audio to the

broadcast transmitter,

135




DIAMETER = 280 MILES
AREA = 80,000 30. MILES

—=——— WGH DENBITY RADIO AELAY
= =====VIDEO RADIO NELAY
~— — —LOW DENSITY RADIO RELAY

LEGEND
-

Figure 7. Generalized System

136

TR W 0 et R R LS LT e LT LT ey W




Figure 8. Airborne Electronics System

The voice and telegraph channels connecting Cities A and E are multiplexed at
the city terminals and form a baseband which modulates a microwave carrier.
Transmission to the aerostat is over a high-density type radio relay link, with the
aerostat acting as a heterodyne repeater. Signal amplification occurs at an inter-
mediate frequency. Demodulation to baseband at the aerostat is not necessary.

In the low density radio system all radio signals are demodulated to baseband
at the aerostat. A multiplexer (basic group translators) rearranges the circuit
groups originating in Cities B, C and D and forms them into one baseband for




transmission to City A. (The low dsnsity radio link between City A and the aerostat
also carries supervisory and telemetry information for retransmission to the aero-
stat ground station. )

Control point F amplitude or frequency modulates a VHF carrier and transmits
this signal over a directional antenna to the aerostat. A VHF transponder translates
the VHF signal to a new frequency and retransmits it with an omnidirectional anten-
na over the entire coverage circle, Vehicle to control point communications are

achieved in the reverse manner.

A typical frequency allocation scheme for the model system would be:

o Television broadcast Band I or III

e FM broadcast Band 11

o Video radio relay 1.7 - 2,3 GHz

¢ High density radio relay 1.7 - 2.3 GHz

o Low density radio relay 380 - 470 MHz or 790 - 960 MHz
e VHF land mobile 140 - 170 MHz

Other possibilities include Band IV for television, 4 and 6 GHz for video and
high density radio relay, 2 GHz for low density radio relay, and UHF for land mobile
control, Medium wave AM broadcast is also feasible, The telemetry and command
system would operate in the 1,7 - 2,3 GHz band,

41 Broadcast Coverage

The TCOM system has an inherent advantage over conventional broadcast sys-
tems in its ability to cover a vastly greater area with a single transmission system.
Lower costs, frequency conservation and performance improvement are the ultimate
results, Since broadcasting in the United States is regulated by the Federal Commun-
munications Commission (FCC), FCC regulations are used here as a basis for com-
paring the TCOM system performance with that of conventional broadcast systems.
FCC describes coverage in terms of field strength leading to Grade A or B picture
quality. Considering lower VHF band, the median field strengths required for
channels 2 - 8 are 2,500 uv/m (68 dB,) for Grade A, and 225 uv/m (47 dB,) for
Grade B service, The factors affecting the actual received field strength are so
numerous and difficult to predict that a statistical approach is used. This approach
predicts field strength present in the best 50% of receiving locations for 50% of the
time. Using the results of actual observations and considering a typical receiving
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To make the long radio relay paths more reliable, TCOM usually provides
these in a frequency diversity configuration, The system availabilities indicated
in Table 1 are based on CCIR report 338-1 (Volume II, Part 1, Pages 114-127)
and prove the high performance quality of the TCOM system for high density tele-
communications and wideband intelligence (TV) applications.

5. CONCLUSIONS

This revolutionary telecommunications and broadcast system is now opera-
tional and offers great economical and technical advantages over many conventional
systems as well as augmenting existing systems, While the electronics configura-
tion is engineered for each program's applications, the basic platform, aerosta’
and mooring system are completely developed. Consequently, the system is
available with short delivery schedules., A complete system for modern, wide-band
communications, broadcast and other applications can be operational in approxi-
mately one year, A TCOM aerostat system has been operating in The Bahamas
for the past year at altitudes up to 13, 500 feet above sea level, providing commun-
ication and TV broadcast coverage over an area of some 60, 000 square miles

with excellent performance substantiating predictions., Figure 9 shows this
asrostat system in flight,




system with assumed noise figure and antenna gain, the FCC (in Volume III of

The Rules and Regulations of the Federal Communications Commission 1972, Part
73, pages 289 and 291) provides charts to be used for estimation of field strength.
Conventional transmission is normally restricted, by practical considerations, to
an effective tower height of 1000 feet, A TCOM relay is nominally at an altitude
of 10, 000 feet.

The standard TCOM Band I TV Transmitter coupled with an omni-directional
antenna radiates with a minimum ERP of 2.5 KW, while the Band III TV transmitter
yields at least 5.0 KW ERP, From an altitude of 10, 000 feet the following field
strengths in dB above 1 uV/m are obtained:

Distance (Miles) Band 1 Band 1II
30 7 80
62 68 72
125 41 54

Even at the extreme, the field strengths at 125 miles from the transmitter site
are sufficient to provide acceptable TV picture quality with standard receivers and
normal antennas, With high gain receiving antennas and low noise preamplifiers
the picture quality at 125 miles is excellent and the acceptable coverage range
extends on to approximately 155 miles, Similar considerations apply to AM and FM
radio. This performance is possible because the TCOM transmitter is operating
essentially as a free space transmitter and does not experience the normal ground
losses associated with terrestrial systems.

It is important to note that these coverages are conservatively based on line
of sight from an aerostat operating altitude of 10,000 feet. Since operating altitude
is normally between 10, 000 and 15, 000 feet and radio waves normally follow a 4/3
earth curvature, superior coverage may be expected.

4.2 Telecommumicstions Performance

The TCOM platform acts as a very tall tower for relaying signals carrying
multichannel voice, data or program messages. Table 1 indicates performance
analysis for a hypothetical microwave path of approximately 90 miles, at 2, 6 and
8 GHz.

The size of the airborne antenna is limited by the space availability, while the
size of the ground antenna is constrained by the maximum beamwidth that can be
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tolerated by the required performance level. With the pointing error and the indi-
cated permissible blow-down figures, a blow-down and pointing loss, proportional
to the calculated antenna beamwidth, is included in the table, Free space losses
are calculated and atmospheric absorption estimated for moderate rain conditions
per Bell Telephone Laboratories: Transmission Systems for Communications (4th
edition, 1970, pages 442-444), Antenna gains are calculated for 55% efficiency.
The receiver noise figures represent typical off-the-shelf equipments. The band-
width is adequate for high density multichannel voice or equivalent TV transmission.
Receiver threshold is the calculated value for the parameters included in the table,
Adequate available fade margins are obtained for this illustration. In CCIR Recom-
mendation 441-2 (Volume V, Part 2, Annex III, pages 188-189), the TV S/N ratio

is calculated for CCIR white noise weighting of the M-gystem as used in the U. S. A.
The worst channel noise figures, based on the receiver input power, can be realized
by solid-state off-the-shelf equipment available on today's market with the received
signal strength indicated in the table. These figures meet or exceed all relevant
CCIR requirements in CCIR Recommendation 395-1 (Volume IV, Part I, page 43).

Table 1. Typical Microwave Performance (s 90 Mile Link)

Frequency (GHz) 2 6 8

Antenna Diameter (feet) 15 15 15

Antenna Beamwidth (°) Ground 2.34 0.178 0.58

Antenna Gain (dB) Terminal 36.88 46, 42 48.92

Tx Power (dBm) (20 W) 43,00 43.00 43.00

Tx Losses (dB) 1.00 2.00 2.50

EIRP (dBm) 78.88 87, 42 89, 42

Free Space Loss (dB) 141,92 151.48 154,00

Permissible Blowdown (miles) 3.1 1.3 .9 ;
Blowdown & Pointing Loss (dB) 1,50 3.50 4.50 3
Atmospheric Absorption (dB) 0.15 7.00  10.50 | 4
Antenna Diameter (feet) 6 6 6 | 1
Antenna Beamwidth (°) 5,84 1.95 1.46 ;
Antenna Gain (dB) Airborne 28,92 38.47 40,917 4
Rx Losses (dB) Terminal 2.00 2.5 3.50 !
Rx Input Power (dBm) =37.%7 -38.59 -42.11

Rx Noise Figure (dB) 8.00 9.00 10.00 g
Rx Bandwidth (MHz) 30 30 30 i3
Rx Threshold (dBm) -81,23 -80.23 -79.23 ] 1
Available Fade Margin (dB) 43.46 41,64 37.12 q
TV S/N Ratio Weighted (dB) 78. 16 76. 34 71.82

Worst Channel Noise (pWpO) 85 90 150

Availability w/Freq. Diversity (%) 99,999 99.999 99.99
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Aerodynamic Performance of the Family Il
Tethered Balloon System

R. 6. Ollila and M. A, Duffy
Battelie Columbus Laboratories
Columbus, Ohio

Abstract

A design verification test program of the ARFA Family II tethered balloon
system was conducted at the Cape Canaveral Air Force Station during late 1973 and
early 1974. Objectives of this program were to describe the aerostatic, aero-
dynamic, structural, and performance characteristics of the IID-7A design. This
paper addresses the serodynamic performance of the balloon systes.

Experimental msthods for determining the aerodyramic coefficients of lift,
drag, and pitching moment of an aerodynamically-shaped tethered balloon are
described. Experimental data obtained from flight tests are presented and compared
with theoretical and wind tunnel results. Expected system performance, based on
these newly derived eerodynamic coefficients, is presented for various tether
lengths in winds up to 65 knots.
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1. INTRODUCTION

The objective of the Design Verification Program (DV) was to measure the per-
formance capabilities of the Family IID-7A balloon system for potential users. A
specific objective was to determine the aerodynamic lift, drag, and pitching moment
coefficients of the full-scale balloon system. These data are needed to define the
balloon systes payload/altitude capability, blowdown distance, dynamic stability
coefficients, and the influence of aerodynamic loads on structural response.

The series of flight tests were planned and conducted as a joint effort
between the Range Measurements Laboratory (RML) of the Air Force Eastern Test Range
and its support contractors and Battelle-Columbus personnel at the Cape Canaveral
Air Force Station, Florida. A total of 30 flights, including 29 fixed-tethe: R
flights and one helicopte- tow flight, wvere conducted to collect asrodynamic and
performance data on the balloon system during the period of November, 1973, to
March, 1974.

Presently, there is 2 very limited amount of full-gcale expaerimental data
which can be applied to the aerodynamic design or operation of aerodynamically-
shaped tethered balloon systems. This paper presents the results obtained during
the DV program and a description of a novel method for determining the aerodynamic
11ft coefficient of tethered balloons.

2. NOMENCLATURE

A constant in lift coefficient equation
B buoyant lift, 1lb

CD aerodynamic drag coefficient

CL aerodynamic lift coefficient

cLa aserodynamic lift curve slope, l/deg
CH aerodynamic moment coefficient

D drag, 1b

K constant in drag coefficient equation
L aerodynamic lif*, 1b

M moment, lb-ft

T tether tension at tether point, 1b

v wind speed, knots
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v balloon hull volume, £t3
' 2/ 2
v 3 characteristic area of balloon, ft
w weight, lb
X balloon station in X-direction measured from the nose of fabric

struccure, ft

4 balloon station in Z-direction measured from centerline of balloon
(down positive), ft

c hull length, 138 ft
free stream dynamic pressure, l.b/ft2
o angle of attack, deg
3 tether angle at tether point, deg
3 Subscripts:
i a after
B center of buoyancy
i b before
' CcG canter of gravity
CcP center of pressure
TP tether point

3. DERIVATION OF THE AERODYNAMIC COEFFICIENTS

A specific purpose of the DV program was to measure the steady ssrodynamic
forces and moments acting on the balloon at various angles of attack and relative
vind speeds.

The free body diagram of the balloon system at equilibrium is shown in
Figure 1. This diagram indicates the forces and the serodynamic moment acting on
the balloon; it also establishes the coordinate system used in locating these forces.

3.1 Aerodynamic Drag

The aerodynamic drag is obtained by summing the forces on the balloon which
act in the free stream wind direction. Assuming horiszontal winds,

D=Tsin ¢. 1) E
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Aerodynamic drag coefficients are obtained by nondimensionalizing the above
expression with respect to the dynamic pressure, and the characteristic area of the
batloon. Thus, at any equilibrium position, the asrodynamic drag coefficient is
defined by

T sin ¢
CD"—%T‘ ()

qV

Different equilibrium positions, chdracterized by different angles of attack, will
yield different values for Cpe Theoretically, these values will define the balloon
drag curve, comprised of the profile drag and the induced drag, which has the
familiar form

C.=C. + Ko 3

3.2 Aerodynamic Lift

The aerodynamic 1lift is obtained by summing the vertical forces on the
balloon such that

L=Tcos ¢+W-B. %)

Calculating the aerodynamic lift is straightforward if the weight and buoyancy
are known sccurately. Unfortunately, the specific values of W and B could not be
determined with sufficient accuracy on a day-to-day basis. The uncertainty in the
value of B arises because of the inability to calculate precisely the mass of helium
in the bulloon at a given time after the initial fill. Losses occur due to leakage
and programmed helium dumps. The uncertainty in the value of W arises beceuse of
the inability to calculate accurately the weight of water that is collected within
the balloon from precipitation and condensation. Therefore, it was necessary to
devise & means of calculating the aerodynamic lift coefficient that would eliminate
the need for knowing tha absolute values of the buoyant force and the balloon weight.

By releasing a known weight from the balloon while at steady-state equilibrium,
two different trim angles can be obtained at identical external conditions.
Resolving vertical forces at the tether point before and after the release will
yield the difference due to the change in weight, any change in buoyancy due to
altitude change, and the change in aerodynamic 1ift. Since the change in aero-
dynamic 1ift is a function of the chanye in angle of attack, and is independent of
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i how this change in o occurs, the slope of the lift curve can be determined directly
from the before and after stesady-state conditions.

Data taken during the water drop tests provided the means of eliminating
weight and buoyancy effects. The 1ift equation can be written as

; L Lb - L. = (Tb cos ¢ - Ta cos c‘) + (Hb - Wa) - (Bb - Ba) . (5)

The aerodynamic lift coefficient is linearly dependent on the angle of attack
and is expressed as

cLoA+cC o, ()
[+ 4

Since the aerodynamic lift is related to C, by

2/3

L=C qv " 7)
.
E substitution of Eq. (6) and Eq. (7) into Eq. (5) yields
2/3
(Tb cos € - Ta cos ea) + (wb - wa) - (Bb - B.) - A(qb - qa)v o
. c, = :
r’ & (B9, - 2,9V

This equation is justified because the slope of the lift curve remains essen-
tially constant as a function of angle of attack until the onset of flow separation
or stall occurs. :

Although the absolute value of total balloon weight may not be known with
sufficient accuracy, the term (Wb - wa) vhich is equal to the weight of water
released is easily determined prior to launch. Similarly, even though the buoyant
1ift before and after the water drop may not be known precisely, their difference
should dbe included in the lift slope calculations, especially at empty ballonet
1 conditions. Increases in balloon altitude of 100 feet are not uncommon during
i these water drop tests. This could mean as much as a 40 to 50 1lb decrease in
buoyancy at empty ballonet conditions, which is significant éhen compared to the
200 to 400 1b of water that is released. The uncertainty in calculating the
absolute value of buoyant lift becomes insignificant when forming this difference

term. For®example, if it is assumed that the errur in calculating buoyancy directly
were + 5 percent and entirely attributed to uncertainties in helium purity and

3 volume, then the error would be approximately 500 lb. However, the error in calcu-
lating the difference would be only 2 1b.
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3.3 Asrodynamic Pitching Moment

The asrodynamic moment (M _ o) required to maintain the balloon at equilibrium,
wvhen the serodynamic 1ift and drag forces are applied at a particular location, can
be determined by summing moments about any known reference point. If moments are
summed about the tether point, the required pitching moment is

M -n[(x’-xn,) cos o+ z" sin o

aero
- u[(xoc - L") cos o + (7." - CG) sin a}
+ L[(0.624c - Xp) cos @+ 2., sin 0)]
- D[2,, cos a - (0.624¢ - X)) sin o] , 9

assuming that the lift and drag act on the centerline of the hull at X = 0.624c and
zc' = 0.
The asrodynamic pitching moment coefficient is expresssed as

M
O . (10)
Gy ‘_'vz,a :

Although the aerodynamic pitching moment coefficient is a functiom of the
external configuration only, determining its value requires a precise knowledgs of
all forces (and their points of application) acting on the balloon. Because of the
uncertainty in locating the tether point, the center of buoyancy, ths center of
gravity, the weight and buoyancy, it is impossible to calculate a pitching moment
coefficient, as a function of angle of attack, which is consistent between flights.
Therefore, the location of the center of pressure (xc,) versus angle of attack was
assumed to be the same as determined during the wind tunnel tests. Then, c“ can be
determined relative to any point of application of the aerodynamic lift and drag
forces from the following relationship

C.“@x - - (cL cos a+ cn sin a) (&E:-E?‘-) 5 (11)

ref

4. TESTPROCEDURES

4.1 Test Vehicle and Instrumentation

The Family 1ID-7A balloon is a 200,000-cu-ft (approximately), all-weather |
balloon that is designed to operate in winds up to 65 knots at altitudes from sea

148

po




e

-

level to 10,000 ft. In flight, the balloon is tethered with a 0.775-inch-diameter
NOLARO cable, weighing 0.202 lb/ft, with a minimum breaking strength of 26,000 1b.
A mors comprehensive description of the system is reported by the ML (1974).

The balloon system was instrumented to obtain data for determining steady-
state asrodynamic coefficients. Table 1 is a description of the primary sensors
related to the aerodynamic data requirements. Systematic errors and the full-scale
range of each sensor are also noted in the table. Figure 2 shows the arrangement of
various sensors on the vehicle and the location of the instrumentation and telemetry

package.
Table 1. Primsry Semsers for Acredynamis Data
Phyoicsl Nedel Pull-Sesls Systemstic
Peramster Sensor Pusber Reading Errer
Vind Speed Belfer:. ancmsmster %00 0 to 60 hasts £ 0.3 kast
Tether Tension MR lest eoll G-1 0 te 10,000 1 $3
Tother Angle and Sunphtey gyrescope ¥6-24-0001-1 =10 te +30 dog 4 0.5 dog
Angls of Attesk
(Piteh Angle)
Ambient snd Bell Penwal therutster X-1979 40 to IO Y L2007
Tenpersture
smbiest Pressure Stathan presewte PA-303-13 0 29 13 pata + 0.13 pota
trensducer
Mull Pressure Stathan preseure Mi=283-TC Ote S ING ¢ 0,05 ™G
cranedusetr

In order to ensure an accurate determination of wind velocity, two anemometers
wvere attached to the balloon. The prime unit, which was also designed to measure
wind direction off the horizontal, was originally located on the tether approxim-
ately 100 feet below the confltence point (Figure 2). A second anemometer was sus-
pended from the horizontal empennage on a 100-ft line. Both anesomesters were out-
side the flow region influenced by the balloon and when both were functioning
properly, their readings agreed within one knot. Eventually the tether unit had to
be abandoned because of repeated damage caused by tether vibration. Thersafter,
redundancy was provided by two trailing anemometers. Unfortunately, this eliminated
the only means of measuring wind direction, so that the wind relative to the balloon
had to be assumed horiszontal.

Bags filled with water were used as ballast to change the trim angle of the
balloon. These bags, which could hold up to 400 lb of water, were attached to guy
wires on the lower vertical empennage. The water was released by severing a cord
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which held the bags in an upright position. The water ballast located in this
position was sufficient to cause changes in balloon trim angle of 1.5 to 7 deg,
depending upon the smount of water released, the wind speed at sltitude, and the
basic trim configuration of the balloen.

All of the physical parameters measured in flight were transsitted to a ground
recording station via telemetry. The asrodynamic data were sisultaneously recorded
on analog strip chart recorders and on a digital magnetic tape recorder.

The magnetic data tape was processed on a Xerox Sigma-7 computer prior to the
next flight. Figures 3-6 are soms representative output sheets. Figure 3 is a
listing of soms of the input measured data. Figure & is a listing of a typical
static aerodynamic data sample. TFigure 5 shows the calculation of the asrodynamic
1ift slope based on data collected before and after the relesss of water ballast.
In addition to ths printed output, it is possible to obtain plots of any output
paraseter versus any other gutput paramster. Figure 6 is a typical time history of
the balloon pitch angle and tether pitch angle for a water release test.

4.2 Fixed Tother

During the DV program, two types of balloon flights were conducted to obtain
assrodynasic data. Early in the DV program, each water drop experiment was conducted
while the balloon had an empty ballonet. This required that the balloon ascend to
an altitude of at least 7,500 ft, steady-state data being collected at certain
intermediate altitudes during both ascent and descent. At the maximum altitude,
steady-state data before and after the water drop were recorded. Thess two steady-
state conditions were used to calculate the slope of the aerodynamic lift curve
(they also provided serodynamic drag data at two different trim conditions).

As the DV program progressed, it became clear that both water drop and static
equilibrium tests could be conducted at low altitudes, if the winds were steady at
these altitudes. Thus, as many as four water drop tests were conducted in one day
at altitudes of 2,000 to 4,000 ft.

4.3 Helicopter Tow Test

In order to demonstrate the balloon performance and to collect structural and
serodynamic data up to its design wind speed, a procedure to tow the balloon behind
s halicopter was devised. A sketch of the tow ccufiguration is shown in Fizure 7.
This configuration was selected because the balloon would have the same loadn as it
would in a standard fixed-tether flight and no changes in instrumentation or data
reduction routines were required. The cable lengths and the ballast weight were
choo:.ﬁ so that the balloon would be towed above the helicopter downwash during the
data collection periods. i
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5. EXPERIMENTAL RESULTS AND ANALYSIS

A total of 30 flights, including 29 fixed-tether and one helicopter tow, were
conducted during this phase of the program. Winds from near zero to 38 knots wers
encountered at balloon altitudes from 2,000 to 12,000 ft. During the helicopter tow
test, the balloon experienced a relative wind spesed of 45 knots. Reynolds numbers,
based on hull length, ranged from 6 x 10 to 65 x 106.

5.1 Aerodynamic Drag Coefficient

Figure 8 presents the aerodynamic drag coefficient data as a function of angle
of attack. Seventy data poiats, from 22 of the fixed-tether flights and the heli-
copter tow test, are included. Since steady-state conditions were experienced
before and after a water drop and since data was generally recorded at intermediate
altitudes, one flight could yield several data points at different angles of attack.
However, some flights resulted in no usable data, either because of unsteady con-
ditions, or because of improper functioning of critical instrumentation.

The solid line on Figure 8 is a least squares fit of the data to an expression
of the form

which becomes
Gy = 0.11 + 0.0007 o .

The one-sigma deviation about ¢ is + 0.026 or + 24 percent. This one-sigma spread
is also indicated on the ﬂgurc.o

5.2 Aerodynamic Lift Coefficient

Valid data for determining the slope of the aerodynamic lift coefficient
(CL ) were obtained from 16 of the 22 flights during which the water ballast was
rel€ased. Figure 9 presents the results of CL calculations and the corresponding
change in angle of attack for each flight. A &lghtod average of all data points
and the one-sigma deviation are also shown

C, =0.05+0.014 .
"'a =
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Zach data point was weighted according to the reciprocal of the total error (random
plus systematic, im percent/100) expected for that flight. Thus, a data point with
an associsted error of + 25 percent would have a weight of 4.0 (1/0.25), vhereas one
vith an error of + 50 percent would only have a weight of 2.0. The average error
was calculated to be + 28 percent.

Integrating the aserodynamic lift slope by the balloon angle of attack yislds
the following equation for the aerodynsmic lift coefficient

CL' 0.050 a .

53  Asrodynamic Pitching Moment Coefficient

The aerodynamic pitching moment coefficient ((‘.“) could not be determined
directly from in-flight measurements. Therefore, c“ vas determined by assuming that
the X-location of the center of pressure (Xc,) for IID-7A balloon is the same as
that of the wind tunnel wodel as reported by Haak (1971). The wind tunnel variation
of xc,. as a fraction of hull length, with angle of attack, is shown in Pigure 10.

Figure 10 *ho presents c“ as a function of a for CL and cD as derived from flight

data and -E2f = 0,624,
[

S$.4 Discusdon of Results

The flight derived and wind tunnel measured lift and drag coefficients are
shown in Figure l1. These results are similar to those reported by Ollila (1973).
Comparison of the flight aerodynamic 1ift data to the wind tunnel data shows that
the nominal value of the flight test 1ift data is approximately S50 percent higher
than the wind tunnel data. This increase is probably caused by the reduced inter-
ference effects between the hull and tail of the full-scale balloon as compared to
those of the wind tunnel model.

Comparison of the flight drag data to the wind tunnel data shows that the pro-
file drag of the total balloon system is about twice that of the wind tunnel model.
This increase in drag is attributed to the parasite drag caused by addition of ram-
air scoops, confluence and load lines, tail guy wires, the power supply and its
frame, and the nose cone/batten assesbly. The wind tunnel model was much cleaner
asrodynamically, consisting of only the hull, tail, and payload windscreen.

The saximum 1ift-to-drag ratio (L/D) based on flight data is approximately
2.85 at an angle of approximataly 12.5 degrees. The maximum L/D based on wind
tunnel data is 3.8 at 10 degrees. The reduction in L/D and its shift are attributed

to the large increase in the drag of the actual balloon system as compared to the
wind tunnel model.
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6. BALLOON SYSTEM PERFORMANCE

Balloon system performance is calculated using a computerized equilibrium
analysis of the balloon cable system. This program has been validated by comparing
data obtained in-flight to calculated values by Ollila, Duffy, and Brown (1974).
The comparison showed that predicted altitudes were within + 5 percent of the
measured value and tether tensions were within + 10 percent.

6.1 Operational Performance

The performance of the Family 1I operational balloon system was calculated for
winds of 0 to 65 knots. The performance curves shown in Figure 12 are based on the
aerodynamic characteristics derived from flight data and the following physical
characteristics: total weight of 6,291 1lb (including a 750-1b payload and a 284-1b
fuel supply); center of gravity at X.. = 65.8 ft and Z., = 11.9 ft; hull volume of
204,000 cu ft; center of buoyancy at xCB = 57.7 ft and zcB = -0,5 ft; helium
purity of 98 percent; tether point location at Xrp ® 51.8 ft and ZTP = 52.8 ft;
and a tether weight of 0.202 lb/ft with a maximum length of 15,000 fc.

This configuration has a zero-wind trim angle of 7.6 deg., Although a low trim

T~

angle reduces the maximum achievable dynamic altitude and results in greater blow-
down distances, it does yileld lower tether tensiors for a given tether length and
wind speed. For comparative purposes, a curve, representing the hypothetical per- 4
formance of the same balloon always flying at its maximum aerodynamic lift-to-drag |
ratio, is shown on each plot. At high wind speeds, a significant increase in 4
altitude and decrease in blowdown is achieved at the expense of almost doubling the

tether tension. Of course, a tethered balloon camnot be designed to fly at a con-
stant angle of attack, independent of wind speed, without active control devices.
However, it can be designed to operate at maximum L/D for a particular wind speed.

6.2 Effect of the Uncertainty of Lift and Drag on P>rformance

Two additional sets of performance curves, which illustrate the influence of
the uncertainties in the CL and CD expressions, are indicated on Figure 12. One set
of curves pertains to lift and drag coefficient expressions, respectively, of

CL = (0.05 + OL) o

2
CD 0.11 + 0.0007 o" - S »
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and the other to

CL = (0.05 - OL) ]

Gy = 0.11 + 0.0007 o + o .
oL (=0.014) is the one standard deviation error associated with the calculation of
Cp s % (=0.03) is the one standard deviation error associated with the calculation
ofacb. The errors attributable to lift and drag were combined to yield the maxisus
and sinimum expected lift/drag ratios. Thus, the initial set of the above equations
combines the greatest expected asrodynamic lift with the smallest expected aero-
dynamic drag, producing the maximum expected L/D (4.3). The latter set produces
the sinimum expected L/D (1.8). In terms of altitude and blowdown, there is little
difference among the nominal, upper, and lower extremes. Appreciable differences
in tether tension occur at ths higher wind speeds only. The behavior of balloon
angle of attack, although not critical, is quite different for the minimum L/D case.

7. CONCLUDING REMARKS

The asrodynamic coefficients obtained from flight data are substantially
different than those obtained from wind tunnel tests utilising a small rigid scale
model. The full-scale balloon is aerodynamically dirty, ccapared to the wind
tunnel model, which accounts for the increase in drag. The increase in aerodynamic
1ift cannot be accounted for so easily and must be attributed to reduced inter-
ference effects and possibly scale effects.

Calculations based on the flight-derived asrodynamic duta show that the
operational balloon system can lift a useful, 750-1b payload to an altitude of
10,000 ft for all wind conditions up to the design wind speed. Uncertainties in
the estimation of the asrodynamic lift and drag do not alter this conclusion,
except to increase the design strength requirement of the tether cabls.
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Figure 1. Free Body Diagram of Balloon Systeam

Figure 2. Location of Balloon Instrumentation
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Figure 6. Time History of Pitch Angle During A Water Drop Test

Figure 7. Helicopter Tow Test Configuration
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An Experimental Investigation of the Dynamic
Stability of the Family Il Balloon

J. 0. DeLourier
Battolle Columbus Laboratories

Columbus, Ohie

Abstract

A series of tests vere performed on a Family II balloon in order to charac-
terize its dynamic stability. These tests consisted of perturbing the balloon a
known distance, and then recording its subsequent motion upon release. In par-
ticular, longitudinal perturbations were accomplished by drawing back the balloon's
confluence point with an auxilisry cable. This cable was released at the conflu-
ence point, and the balloon's displacement and pitch time histories were recorded.
Similarly, the balloon's lateral 3tability was investigated by displacing the con-
fluence point normsl to the wind's direction. The data recorded were the balloon's
lateral displacement, yaw, and roll.

These perturbations were accomplished for tether cable lengths of 1000, 1300,
2000, and 2500 feet for a variety of wind speeds varying from 11.8 to 31.3 ft/sec.
During the test program, theres were several days when the winds were extremely
steady. These alloved perturbation responses with minimal influence from atmos-
pheric turbulence. This gave smooth plots of the data which clearly show the in-
fluence of Lhe system's various dynamic modes, and the effect of cable length
and wind speed on the system's dynamic stability.
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1. INTRODUCTION

The objective of this work was to characterize the dynamic stability of s
200,000 ft3 tethered balloon by measuring its dynamic responses to given perturba-

tions from ite equilibrium flight configurations. These tests were performed under

ARPA contract during February, 1974, at Cape Kennedy Air Force Station, Florida,
and this paper presents the results and the methodology.

Although the dynamic response results are the primary consideration of this
report, the methodology of the tests is of particular icterest since much of it
had to be specifically developed for this program. This is because quantitative

measurements of a tethered balloon system's dynamic stability involve considerable

practical difficulty. Part of the problem is that normal atmospheric turbulence
causes a random dynamic response of the sysfem vhich is a "background noise" to

any measurements of the balloon's response to given experimental inputs. Random
response information s, itself, of considerable operational value, and has been

measured by various investigators beginning with Bairetow in 1915. However, it is

extremely difficult to obtain quantitative measures of the system's stability
parameters (such as time to Iuif amplitude) from such data.

For their ianvestigation of & tethered balloon's frequency and stability
boundaries, Radd, et al (1973), avoided atmospheric turbulence by towing their

system at various speeds through more or less quiescent air. This was a very suit-

able techaique for their small balloon (25.1-foot length), but poses considerable
difficulties for application to large balloons such as the Family II (167-foot
length). Other problems arise if one wants to investigate the balloon's response
to given initial conditions. This would entail devising some means to perturd

the balloon while towing it. Whereas such & problem is not insolvable, it appears

far simpler to perturb a system vhich is tethered to the ground. This approach
vas used by Vorachek and Dogle (1973) in their investigation of the dynamic res-
ponse of a BJ balloon (107-foot length). The perturbations were generated by

a light suxiliary tether which was attached to the confluence point and pulled
and released from the ground. The difficulty, then, is that one has to wait for
winds of suitable velocity and smoothness.

The tethéred perturbation technique was used for this dynamic response
study. Becauss three weeks of testing were allowed, there were sufficient days
wvith suitable atmospheric conditions to permit a good range of tests. Within cer-
tain limitations, these were sufficient to characterize the 204 balloon's dynamic
stability, as elucidated in the balance of this report.
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s 2. THE SYSTEM'S PROPERTIES

As mentioned above, the cable-body system tested is a balloon tethered to ;
1 the ground. The balloon, shown in Figure 1, is the fourth in the Family II series {
"' constructed under ARPA contract, and is designated SN 204. Its geometrical pro-

perties and coordinate definitions are shown in Figure 2, and its confluence point

] location is

‘tp = 57.6 £t , htp = 52.8 ft . (1)

Also, its nominal volumetric properties are
Hull volume = 204000 ft’
| Emspennage volume = 36%00 ft:’

Windecreen volume = 7530 ft3

ilotal volume = 248400 ft3

F lcv = 70.08 ft , hcv = 179 ft . (2)

1 The balloon's weight and center-of-gravity location differed slightly from test
to test, but very close nominal values were

Total weight = 7000 1b
tc' = 66.1 ft , hc' = 12,0 ft . (3)

Also, from the measured weights of the balloon's components, the balloon's moments
of inertia relative to its center of gravity (see Figure 2) were calculated to be
(note that the contribution of enclosed air and gas i3 not included):

Moment of Inertia about the a axis = 94650 llu;-ﬁ:2 0
= Moment of Inertia about the ¢ axis = 544300 olu;-ftz N
I, = Moment of Incr;ia about the axis normsl to a and ¢ =
583200 slug-ft 5
1,. * Product of In;rtu with respect to the % and C axes =
37900 slug-ft : %)

a
c

The balloon's static longitudinal serodynsmic properties were obtained from water-
drop tests described by Ollila and Duffy (1974). Upon using

Reference Area = 3465 f.tz »

Reference Length = 138 ft )

o w;m
"o
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Figure 1. SN 204 Balloon
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Figure 2. Balloon Dimensions end Coordinates



the aerodynamic properties are given by

c - 2,90 o . 6)

G = [l+236a° 1))

and the balloon's pitching moment coefficients about its nose were obtained from
the above equations and the longitudinal center-of-pressure locations found from
vind-tunnel tests by Haak (1971). Upon fitting these values with an equation, one
obtains

2
((:.)m”e - .0027 - 1.65 - .698 . (8)
where a 1s the balloon's angle of attack in radians. The lateral static aero-
dynamic properties also were calculated from Hask (1971), which gave

Cy = L91Y . 9)
where Y is the balloon's yaw angle in radians. Also, the lateral center of pres-
sure was apprcximately constant at 80 feet from the nose.

Finally, the cable was a smooth-jacketed NOLARO line (manufactured by the
Columbian Rope Company) with the following properties:

R = Radius = ,0323 ft 3
? = Mass/Length = .00621 slugs/ft (10)

and from Hoerner (1965)

C, = Tangentisl Drag Coefficient = .035 >
o

K = Normal Drag Coefficient = 1.19 a 1)

3. TESTPROCEDURE

A draving which {llustrates the perturbation technique is shown in Figure 3.
The auxiliary tether was attached directly below the confluence point swivel. Upon
launching the balloon, the auxiliary tether was left slack until the desired length
of main tether (L) was let out. At that point, both the main winch truck and the
auxiliary winch truck maneuvered within the flight area to give the desired pertur-
bation direction and baseline (Lb)' For longitudinal perturbations, ths balloon
vas drawn in the direction of the wind, and lateral perturbations were obtained
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Figure 3. Schemutic of Balloon Perturbation Techaique

by draving the balloon normal to the wind. Baselines ranging between 1500 and
2000 feet were used, and the change in the balloon's sltitude while the suxiliary
vinch vas reeling-in was utilized in a sisple calculstion te give an approximate
value to the horisontal perturbation. Aa accurate value was later obteined from
the recorded data.

When ready, the auxiliary tether was released st the confluence point by a
remotely controlled burn device. The subsequent motions were thea recorded in
a variety of ways: the horisontal displacements, X and Y, and the yaw angle,
Y, were obtained from film data recorded by e vertically oriented movie cemera
shown in Figure 4. The roll angle, §, and the pitch angle, 0, were obtained from
balloon-mounted gyro sensors. These signals were sent via a balloon-mounted
telemetry package to ground-based strip chart aad magnetic-tape recorders. This
same telemetry package hardled the signals for equilibrium tether tension, wind
speed, and angle of attack. DFurther details on the instrumentation (its type and
location) are described by Ollila (1974).

Data reduction of the movie film entailed the reeding of individual frames.
Trigonomstric corrections were aspplied to sccount for altitude variations and




camera distance from the main wvinch. The results were then presented in tabular

and graphical forms as functions of time. The magnetic tape data were directly
read {nto a computer, which then produced the results in tabular and graphical

i forms., The sampling time for all of the data collection was small enough to allow
3

the results to be plottud as continuous curves. However, for most cases, values

1 plotted at S-second intervals were sufficient to characterize the experimental
dynamic responses, which are given in Figures 5 through 12.

T

Figure 4, IFLOT Movie Camera

4. DISCUSSION OF THE EXPERIMENTAL RESULTS

The dynamic response tests covered a wind-speed range of 11.8 < U < 31,3

ft/sec, and a cable-length range of 1000 < L < 2500 ft. This did not cover the =
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system's eutire operational flight envelope (0 < U< 117 ft/sec 0 < L < 10,000 ft)
because of limitations on the perturbation technique and the wind speeds encoun-
tered. However, operational experience with the f-!.ly II balloon has shown that
the system 1is qualitatively stable throughout its flight envelope, and that it
has the most observable motion (least qualitative stability) in the flight regime
of lower altitudes and wind speeds. Thus, it is felt that the scope of the pre-
sent tests was adequate to characterize the dynamic stability of the 204 balloon.

The dynamic response results are shown in Figures S through 12, from which
one may see that in each case the system has complete dynamic stability. PFor in-
stance, there was no dynamic response where the number of cycles to half amplitude
was greater than 1. Also, the shapes of the rauponse plots are very similar to
those for damped simple narmonic motion. The displacement ~esponse plots, { and
Y versus t, have the greatest similarity, whereas the pitch and roll plots, ©
and ¢ versus t, have a quick initial jump before settling into the simple damped
motion. What this shows i{s that all of the possible dynsmic modes of this system
are heavily damped, except for a long period motion which is characterized by rela-
tively large longitudinal or lateral displacements. This is the "upside-down
pendulum" mode described by DeLaurier (1972), and since it has the least damping,
the dynamic stability may be adequately described in terms of this mole.

The response plots for the longitudinal perturbations are given in Figures
S through 8. The mean wind speed at the balloon varied somewhat from test to test,
but the salues remained close enough that variations of period and damping of the
system with cable length may be assessed. First of all, one sees that the period
of the oscillation increases with increasing cable length. This behavior is con-
sistent with the mode's characterization as an "upeide-iown pendulum"; and, in
fact, one may appr:xtuuly obtain the value of the period, T, from the simple

pendulum equation,

1/2
Total Balloon Mass x L) (12)

T = 27 (Cet Static Lift

Next, the plots show that the damping of the mode also increases with in-
creasing cable length., This is consistent with the previcusly mentioned qualita-
tive observation that the system appears least stable at lower altitudes and wind
speeds. Unforturately, no useable longitudinal data were obtained for a given
cable length at different wind speeds. But atmospheric conditions were more coop-
erative for tne lateral tests, and Figures 9 through 12 show the systeam's lateral
responses for four combinations of wind speed and cable length.

Figures 9, 10, and 11 show responses with similar mean wind speeds at the

#ote that the Total Balloon Mass should include its enclosed gas and afir.
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balloon but different cable lengths, and one sees that the period increases with

increasing cable length. This is the lateral version of the "upside-down pendulum"
mode, and in fact, the magnitude of the periods are very similar to those of the
longitudinal responses with the same cable lengths. However, the damping of the
lateral mode is not as large as it is for the corresponding longitudinal mode.
Again, this is consistent with operational experience where lateral balloon motion
is more ofien seen than longitudinal motion. Qualitative observation is further
confirmed by Figures 10 and 12, which show that the damping also increases with
increasing wind speed.

Further,note that the lateral displacement, Y, is more strongly coupled
with yaw angle, ¥, than roll angle, §. Also, after the initial perturbation has
settled down into the single mode motion (about 1/2 of a period), the § response
is generally in phase with Y, and may be approximately described by

¢§ ~ - arcein (Y/L) (13)

This suggests that an appropriate physical model for analyzing the lateral "upside-
down pendulum' motion of a balloon would be to assume that a short tether always
stays in a plane defined by the balloon's a - ¢ axes (Figure 2).

Finally, note that the longitudinal plots do not suggest an analogous
relationship between the longitudinal displacement, {, and the pitch angle, 0.

5. CONCLUSIONS

The auxiliary tether method for balloon perturbation proved to be a very
suitable technique for studying the dynamic stability of the 204 system. The only
constraint was the maximum available baseline distance between the main and
suxiliary winches, which restricted the main cable length to 2500 feet or less for
adequate perturbations. If larger baselines were available, there appears to be
no major reason why this technique could not be applied to studying balloons at
higher altitudes. For such applications, it would be helpful if the fall of the
auxiliary tether could be slowed (perhaps by parachute) and the auxiliary winch
speeded-up so that it could reel-in most of the tether before it reaches the ground
Winching-in the auxiliary tether along the ground was no problem for the present
tests, but it was seen how this could be time restrictive and inconvenient for
longer cable lengths.

The instrumentation for recording the dynamic responses was found to be very
suitable, and gave accurate and usable data. The movie data required more time

and labor for reduction than the information recorded on magnetic tape, which could
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be directly reduced and plotted through a computer program. If the movie camera

could be located directly next to the main winch, this would simplify the data
reduction, and help insure that the balloon would stay within the camera's field
of view during the perturbation. Also, note that the yaw information recorded
by the camera could have been obtained by a directional gyro slaved to magnetic
north.

Finally, it was shown that the 204 system had strong dynamic stability for
the configurations of wind speed and cable lengths tested. Further, it was shown
that the longitudinal stability increased with increasing cable length, and the
lateral stability likewise increased with cable length, as well as with increasing
vind speed. These quantitative measurements confirmed the qualitative observations
that the system has good operational stability throughout its flight envelope.
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Experimental Investigation of Balloon
Structural Re.ponse

E. ). Milis and J. J. Groom
Gettolie Columbus Laboratories
Columbus, Ohio

Abstract

Balloon fabric strains were measured during the design verification test
program on the ARPA Family II tethered balloon system. The strains were converted
to mewbrane stresses or fabric loads using a constitutive relationship developed
by Battelle's Columbus Laboratories. The numerical coefficients of this relation-
ship were obtained from an experimental evaluation of the balloon hull material.
Using the resulting balloon fabric stresses, the effects of static internal
pressure loads and flight dynamic pressure loads were evaluated.

1. INTRODUCTION

Structural response to operating wind loads was examined in the Def:nse
Advanced Research Projects Agency (ARPA), Family IID-7A tethecad balloons. This
balloon system includes a 200,000 cubic foot sll-weather balloon that is designed
to operate in winds up to 65 knots at altitudes up to 10,000 feet. Ia flight, the
balloon is tethered with a 0.775-irch-dismeter NOLARO cable weighing 0.202 1b/ft.,
vith a minimum breaking strength of 26,000 pounds. In this paper, structural
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response refers to the balloon fabric stress resulting from internal pressure and
serodynsmic pressure loads during flight. Stress is a derived physical condition
vhich is calculated either from the measured strain in the actual structure and its
material properties or from mathematical relationships describing the structure's
geometry and loading. For the ARPA balloon SN20%, no theoretical analyesis of the
structure was available at the time of the testing program other than that for
simple geometries, so the measured strain approach was selected to determine the
structural response.

2 STRAIN MEASUREMENT

Strain vas measured on the hull fabric using a linear variable displacement
transducer designed and built by RCA/TELTA personnel under the direction of Range
Messurement Laboratories, Patrick Air Force Base. These devices were designated
as fabric monitors and included a linear variable displacement transducer (LVDT),
mounting block, core displacement rod, and tail block. Both the transducer
mounting block and the tail block were bonded to the balloon fabric surface. The
spacing between the fixed tail block and the transducer was 2.5 inches. This
spacing can be considered as an equivalent gage length, and, when divided by the
travel distance of the core displacement rod, + 0.125 inch, the resulting maximum
strain capsbility of the fabric monitor is + 50,000 microstrain (one microstrain
=1 x 108 fn/1n.).

The signals from these fabric monitors were amplified and transmitted to a
receiver in the telemetry van on the ground where they were recorded. Selected
signals were recorded on Brush strip-chart recorders and all tranemitted signals
were recorded on FM tape in addit{on to the BCL Incre-Data digital tape recorder.
The digital tape was then used in a data reduction computer program to obtain a
printout of computed fabric stresses.

During the fixed-tether flight tests, only the steady-state conditions were
used for the fabric monitor dats acquisition periods. In steady winds, a one- or
two-minute data run was made and the data recorded on the digital tape recorder.
During the helicopter tow test phase of the program, several bursts of data were
recorded when the helicopter speed was relatively steady, both during the high-
speed and turn-around portions of the flight.

The fabric monitors were placed either in pairs aligned with the machine and
transverse directions of the major fabric ply or in a three-element rosette with
the third element at 45 degrees to these machine or transverse elements. A total
of 21 fabric wonitors were attached to the balloon hull. Figure 1 shows the general
arrangement of these fabric monitors.
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3. STRESS DETERMINATION

‘ The hull fabric strain data recorded during the flight tests were converted
to stresses using a constitutive relationship developed by BCL during this ARPA
program. In order to utilize the relationship, the necessary material coefficients
were required. These material coefficients are similar to the elastic or Young's
modulus, shear modulus, and Poisson's ratio, which are used to convert messured
strains to stresses in isotropic materials such as most common mctals. For example,
in a plane stress case, such as in-plane (membrane) loading of a thin plate, the
strains are related to the scresses by the following relationships:

¢ - =2 )

y E )

ny G 3

where ¢y and ¢ are the tensile/compressive strains associated with the stresses

o, and Oyi yxyyil the in-plane shear strain associated with Txys the shear stress
normal to the x-y axes; £ is the elastic or Young's modulus for the isotropic plate
material; G i{s the shear modulus; and v is Poisson's ratio. Note that the shear
strains and stresses are related as a function of the shear modulus. The tensile/
compressive strains and stresses are functjons of y and E, and these terms are also
coupled to G for isotropic elastic materials. Thus, the shear stresses and strains
are coupled to the tensile/compressive stresses and strains through the
relationship,

o il
¢ =201+ (4)

For a fabric msterial, however, and particularly a two-layer composite fabric,
the relationship between the measured strain and the calculated stress is much more
complex. The composite materisl used for the SN204 balloon has material properties
which vary with the orientation in the material plane and which are nonlinear. The
fabric tests also showed that the material tended to creep (strain continued to
increase with no increase in load), and its Poisson's ratio was unusually large
vhen compared with that determined for most common structural materials. These
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observations of unusual material behavior are partislly explained by the nature of
a woven material itself, in that the fibers in the machine or warp direction are
straight and the transverse or weave direction fibers are bent to go over and under
the machine direction fibers. Other factors governing the behavior are the proper-
ties of the fiber and the coating or inter-ply material.

The material coefficients were obtained from a series of laboratory tests

using a 12-inch-diameter by 42-inch-long cylinder of balloon fabric. The specimens
were supplied by ILC Industries, the manufacturers of the balloon using this
particular fabric. Strain gages were attached to the fabric specimens and data
recorded during sequential loading combinsti.ns of internal pressure, axisl and
torque loads. The resulting strains were ploctted as a function of the applied

NP S R AT BTN

membrane loads. The slopes of these strain versus load curves were used to
determine the material coefficients in a matrix equation relating the meri:ene
loads to the resulting membrane strains. The resulting constitutive reclationship
for the SN204 hull fabric is

re, " 1524, = (669,+62.) °7 ™ 1
6
. ¢, | x10” = [-(669. - 62.) 1053, 0 N,
i
Yo | () 0 5490, __ft_J
-0 10.6 07 w2
[ 3
_ + 10.6 0 0 N
b -
2
o0 0 o Lriad
- ’ 3 (5)
0 -0.11 0 N
t
+ -0. 3
0.11 (] 0 N
3
- 0 ° o L7ia-
u ha po ‘
0 0.0006 0 N, 7
&
1 + 0.0006 0 0 N
]
' 4
| 0 0 0 e Tem
181




ek i

T

where the following notation is used:

¢, ® transverse direction strain
» machine direction strain
Yim ® shear strain in the t-m plane normsl to the t and m axes
Ny = transverse direction membrane stress
N, ®-machine direction membrane stress
s ghear stress in the t-m plane and subscripts

t = transverse direction of fabric

m » me-hine direction of fabric.

In contrast to the isotropic materisl discussed earlier, there is no
convenient equation, such as Eq. 4, relating the coefficients for the fabric
material., This may be explained partly by the inherent nature of woven materials
in that the fibers tend to behave as mechanisms and not as a homogeneous material.

In the balloon, the strongest direction of the fabric (machine direction)
was carefully aligned to the hoop direction which is the direction of highest
stress. The fabric monitors were also carefully aligned to these expected major
load axes. Eq. 5 applies only to such an orientation.

The measured fabric strains can thus be converted to stresses by inverting
this equation. A computer program for converting the strains to stresses was
written by BCL and incorporated into the overall data reduction program used
with the RML computer facility,

4. INTERNAL PRESSURE STRESS

An internal pressure test on balloon SN204 was performed in the Vehicle
Assembly Bu.lding at Kennedy Space Flight Center. The purpose of conducting the
test indoors was to eliminate any dynamic pressure effect on the balloon structure.
Twenty-one fabric monitors were placed on the balloon as shown in Figure 1. The
machine and transverse fabric directions are also indicated on the figure. The
circled numbers refer to the gage set number. Some gage sets included two elements
(biaxial) and others included three elements (rosette). During the internal
pressure tests, the hull pressure was increased through a sequence from 1.5 to
3.75 ING while the empennage pressure was held constant. The empennage pressure
was also increased from 1.5 to 6.0 ING while the hull pressure was held constant.
During each test, the pressures were held at the designated levels for a period of
two minutes before the fabric monitor atrains were recorded.
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3. DYNANIC PRESSURE STRESS

During the tethered flights and the helicopter tow test, data were recorded
from the fabric monitors and reduced to stress values using the computer.

Figures 2 and 3 show selected fabric stresses for Gage Sets 3 and 8, respectively.
Gage Set Number 3 is at the balloon mid-body near the top surface, and Gage Set
Number 8 1s on the port side aft-body near the horizontal stabilizer as seen in
Figure 1. The background gridwork used on Figures 2 and ] represents the tensile
stress region of the constitutive relationship. The gridwork is arranged to aid
the conversion from strains to stresses. The static hull internal pressure curves
are those shown as solid lines and marked in hull pressure units of inches of
vater (ING). The dashed lines on the figures represent the difference between the
internsl pressure stress and the total measured stress as calculated from the
fabric monitor recorded strains. The numbers at the dashed line segments are the
dynamic pressure values, q. At some of the gage sets, the total stress values
follow a fairly obvious pattern related to wind speed.

One purpose of the structural data reduction is to predict structural
response to higher winds than those already experienced by the balloon. This
prediction can be made by determining the structural stress due to the dynamic
pressure load, q, at the extrapolated wind speed conditions and then adding that
stress component to the expected differential pressure stress component. The
differential pressure stress component can be found at the specific gage set
location from the experimental results.

As an example, the total membrane tensile stress state at Gage Set Number 3
will be calculated for a balloon wind speed of 65 knots (q = 2.7 IWG). The
differential pressure, Ap, for a given flight configuration is determined by the
following equatfon:

AP'Po+cq

P

wvhere ) is the internal pressure of the hull and Cp is the pressure coefficient
for that gage set location on the balloon. The internal pressure at 65 knots was
defined by

Pp"l-5+qel.5+2.7=4.2 G

Using a CP value of 0.4, the total differential pressure Ap becomes

ap = py + 0.4q = 4.2 + 0.4(2.7) = 5.3 IWG
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Applying this to Figure 2 gives the following differential pressure strusses.
N, = 47 1b/in (machine direction)
N, = 32 1b/in (transverse direction)

Next, the dynamic pressure stress must be added to those differential pressure
stresses to obtain the total expected stress level. The dynamic pressure structural
stress component can be derived from the data in Figure 2 for Gage Set Number 3.

The dynamic pressure structural stress as a function of qo (for angle of attack

o = 5 degrees) for this gage set was plotted separately as shown on Figure 4. At
65-knot wind speed, the value of qo = 1.22 1b/£t? and the resulting extrapolated

machine and transverse direction stresses are
N- = 15 1b/in

N, = 2 1b/in

Therefore, the extrapolated total fabric stresses at 65 knots are
Nn ® 47 + 15 = 62 1b/in
N, =32+ 2=341b/in

This technique can be used to determine the expected stress magnitudes at selected
wind speeds provided that an adequate material investigation has been performed to
allow a determination of a sufficiently reliable constitutive equation for
converting strains to stresses. In addition, the differential pressure stresses
on the structure need to be understood along with the dynamic pressure stress
behavior.

Acknowledgments

This research was supported by the Defense Advanced Reresrch Projects Agency
(ARPA) of the Department of Defense and was monitored by the U.S. Army Missile
Command under Contract Number DAAHO1-73-C-0924. Col. G. H. Greenleaf (USAF) of
the Tactical Technology Office of ARPA wonitored the effort. Review of this material
does not imply Uol) endorsement of factual accuracy or opinion.

186




F
!
E

1. % Ny b + Yy 3 My *r
0.64 0.12 27.6 17.0 25.0 16.0 2.6 1.0
3.70 0.28 28.4 16.? 19.0 11.0 9.4 5.2
1.33 0.12 27.6 16.3 24.0 15.0 3.6 1.3
0.3 0.02 22.1 13.8 19.0 11.0 3.1 2.8
1.58 0.14 3%.4 20.9 29.0 18.5 5.4 2.4
6.50 0.62 46,2 23.7 32.5 21.5 11.7 2.2
20
"] .
-
F -—- —
-—
P =
~
o
-1 +
g 8
+ o
4l
3 +
*ﬂ a HT
:
«, ol ! | ! ! L
[+] 0.2 04 06 08 LO 1.2
# qQa, Ib/ft®
[' Figure 4. Dynamic Stress it Gage Set Number 3

187

e R M e asmgengl D N L © ©HA A it st .




& - i g . e e D 4 s il
Gt v i A . et Jeaisc b T R A T - _— e £ .

: Ballonet Gas Motion in Large Balloons

1 Cherles F. Holt
| Battelle Columbus Leborstories
Columbus, Ohio

Abstract

A study of ballonet gas motion in the ARPA Family II tether balloon was made
using a 1/30th scale model. The shift of the center of gravity of the model as a
function of pitch attitude was related to the movement of the center of buoyancy
4 (CB). From these data, predictions of CB movement of the Family II balloon, for
‘ changes in pitch attitude up to + 20 degrees, were made.

1. INTRODUCTION

Constant volume balloons operating at high altitudes require large initial
ballonet volumes. Since the weight of air is ovur six times that of helium, the

i o

motion of the air (termed sloshing) at partial ballonet inflation levels may have
a significant effect on the handling qualities of the balloon. The air shifting

within the flexible constraint of the ba.l-w..t curtain causes a change in the

i o ot g

shape of the helium compartment, thus causing a change in the location of the
center of buoyancy. Because the actual shape of a partially full ballonet is not
describable analytically, scale-model tests appear to be the best method for

el
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obtaining i{nformation on center-of-buoyancy shift and the nature of the ballonet
gas motion.

In what follows, model-scaling criteria along with the results of an experi~
ment with a 1/30 scale model of the ARPA Family II balloon, are presented.

2 SCALING CONSIDERATIONS IN MODELING BALLONET SLOSH

2.1 Fluid Forces

In scaling the sloshing phenomenon, no consideration was given to external
aerodynamic forces. Frictional scaling effects are neglected because they are con-
sidered to be insignificant so long as the model is not made unreasonably small and
the fluids used are not of obviously large viscosity.

Consideration of the physics of the sloshing phenomena leads one to conclude
that the major forces acting on the fluid are inertial and gravitational. Dynamic
similarity requires that the ratio of these forces, termed the Froude number, be
the same at every point in model and prototype.

The gravitational forces arise due to fluid displacement when the slack
ba.lonet changes shape (due to a change in pitch attitude, for example) as shown
in Pigure 1. An equivalent volume of helium counterbalances the displaced air and
is indicated by the dotted line. The net gravitational force driving the motion 1is
then:

(0, = o) o’

where 0, and oy are the densities of air and helium, respectively, and £ is a

characteristic linear dimension of t.hc rajsed fluid.

Figure 1. Unbalanced Mass or Fluid Driving the Ballonet Motion




The inertial resistance to the motion includes the entire mass of air plus |
that of the helium. This resistance is in the form of an inertial force developed
during the motion of the air and helium which is:

2,2

2,2
0,U, L® + o,y L (2)

Here UA and UH are representative of the velocities in the air end helium, 1

D Ty P RN TR T TS VT

respectively. For the case when the ballonet is half-full, it seems reasonable to
neglect the inertial forces in the helium for those in air due to the large densi-

LS

ty differences and the fact that the characteristic velocity in helium will be

lower than that in air. Using the dimensions of the Family II balloon, the mag- ’
nitudes of the inertial forces in helium were estimated to be lower than those in 4

air by at least an order of magnitude. Therefore, the Froude number may be

written as 1

T TR VT T R P R ST

Fa quzz/(l-q) at? ) |

where the density ratio, 8 = °H/°A'

For modeling purposes, scale factors may be determined by requiring that the
Froude number be equivalent in both model and prototype (Fm = Fp). The character-
istic velocity may be represented by the length, £, divided by a characteristic
time of the motion, say one period of oscillation, t, then equating Froude numbers
yields,

2, 2
t Ity = lp -8/t (1-qp) )

1 It is not surprising that the time scale depends upon the length scale and

. the density ratio. Both model and prototype are to be operated in the same gravi-
tational force fi:ld so that size will determine the forces and resultant motion.
The above relation allows the choice of two parameters, fixing the third among the
three variables of length, time, and density.

22 Choosing a Scale

In Table 1 two length-scale ratios are illustrated along with the choice of
gases or liquids as the test fluids. The density ratio is fixed for illustrative
o purposes as 0,14 which is the ratio for helium/air as used in the full scale. It
is assumed for {llustration that this ratio can be maintained with a pair of
11quids so that the time scale [ from Equation 4) is simply the square root of the
length rat{o. For case (a) the ballonet fluid is air and for (b) it is water. Any
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Table 1. Scale Parameters For Two Models

Design Parameters lp - 5‘. lp - 2L
Model density ratio °H’°A = 0.14 LN 0.14
Time scale t =/5 t, t - f24 ty
(a) Ballonet fluid AMr Alr
Fluid above Helium Helium
Ballonet weight 18.4 1bf 0.166 1bf
Displaced weight* 3.1 1bf 0.0288 1bf

(b) Ballonet fluid Water Water
Fluid above p = 0.14 p vater p = 0.14 p water
Ballonet weight 15,000 1bf 135 1bf
Displaced weight¥ 2,580 1bf 23,3 1bf

D

"y

*Weight is for 20 percent ballonet displacement offset by an equivalent volume
of fluid above ballonet.
density ratio other than B. = 0.14 may result in a somewhat different shape (how-
ever slight) from the prototype shape under the same relative coanditions.

Table 1 also contains the ballonet volume when 50 percent full and the total
ballonet weight for each fluid. The figures indicated as "displaced weight" have
been calculated by taking the weight of 20 percent of the ballonet fluid diminished
by the weight of an equal volume of the fluid above the ballonet. This gives an
indication of the experimental measurement requirements. From an {nspection of
the ballonet weights, {t may be concluded that it is impractical to use water in
the larger two models and gas in the smaller models. In the former case, the
weights are prohibitively large and in the latter case they are too small for

reasonable measurement.

23 The 1/30th Scale Model

A model of the order of 1/24 full scale with liquids used for the test fluids
was considered to be the most suitable choice giving measurable force differentials
with a reasonable size model. The length scale finally chosen was 1/30 for economy
and manageability.

It was not possible to reproduce the prototype density ratio of ap = 0.14
with available liquids. The actual choice was to have acetylene tetrabromide (ATB)
as the ballonet fluid with water above the ballonet. Thus, the density ratio was
set at Bm = 0.337. Dupont SurlynQlec chosen as the ballonet fabric because of its
formability over a mold to the exact shape required and because of its resistance
to attack from ATB.




-

The basic scale factors are shown in Table 2.

Table 2. Descriptive Characteristics of the
1/30 Scale Model

Time Scale Density Ratio Model Fluids
t = 4.8t 8 -(L“) = 0.337 Water
P L] n \pA/m acetylene tetrabromide

3. MODEL TESTS

3.1 Apparstus

The model was fabricated in two half-shells by vacuum forming from sheets of
clear plastic material. The ballonet curtain was designed to lie flat against
the hull when completely deflated by stretch-forming the Surlyn over the mold
used for the hull. The transparent shell was supported in a cradle formed of
plywood and 2-inch angle iron [ see Pigure 2], then suspended from the ceiling by
steel cables fitted with load cells. Figure 3 illustrates the support structure.

Direct measurement of the motion of the ballonet was obtained as a movement
in the center of gravity of the scale model through the shifting support cable
i10ads. For the CG measurements, the model was placed at several pitch attitudes
by rotating and locking the upper frame in each position. With a nonhomogeneous
body where the mass distribution changes with orientation, the CG can only be lo-
cated at some point between supports. The response of the ballonet to sinusoidal
pitching motion and to step changes in pitch attitude was recorded on 16 MM film.

3.2 Center of Buoyance

In a balloon with a ballonet partially inflated, the attitude of the balloon
will determine, within limits, the location of the center of buoyancy. The cen-
troid of the balloon is not coincident with the centroid of the helium volume.
This situation is illustrated in Figure 4(a) and (b). In Figure 4(a) the buoyant
force on the entire shell, without regard to the interior distribution of gases,
is considered. In Figure 4(b) the same situation {s depicted, but the buoyant
force on the two-gas volume (helium/air) is shown separately. Since the gases
are homogeneous within their respective volumes, the buoyant forces and the gravi-
tational forces act through the centroild of volume for each gas as shown. Be-
cause the gas in the ballonet is air, the buoyant force balances the gravitational
force. Both 4(a) and 4(b) are two descriptjons of the same situation, and moments

taken about the hull centroid (Point 0) may be equated. The result is a relation
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between the center of gravity of the fluid system and the center of buoyancy of
the helium which can be written as

’ ’
vhere x’cc and x'c' are the perpendicular distances between point 0 and the forces
F_and F_ , respectively and VA, Vu represent gas volumes.

s By

As 8 approaches zero the ratio x! approaches the value VH/V A

cc’*'ca
The opposite extreme is that of a homogeneous body, 8 = 1. In this case both the
center of buoyancy and the ceanter of gravity are located at the volume centroid of
the body and the ratio x'cc/x'c' has no meaning since both distances are zero.
Thus, by measuring x’c' from tests, the value x’cn may be found in Equation (5).
The position of the CG and CB measured slong the axis of the balloon from the
volume centroid is X'oclcol @+2Z,, tan @ and x'cn/coo o2,

For the present work the Z components are neglected since they are unobtainable

tan a, respectively.

from the experimental setup.

Figure 4. Buoyant and Gravitational Forces




4. EXPERIMENTAL RESULTS

4.1 Movement of the CG

Two photographs of the model at pitch attitudes of + 20, degrees are shown
in Figure 5. The displacement of the ballonet fluid is clearly indicated in the
lower half of the hull. Subtracting out the {nfluence of the model assembly
leaves only the CG of the fluid system. This point, xcc (measured from the nose)
shifts due to the changing shape of the ballonet with pitch angle, a. The value of
xCG (computed as a percentage of the length of the model measured from the nose) is
{llustrated in Figure 6.

= 20 Deg.

+ 20 Deg.

Figure 5. Model At Various Pitch Attitudes

The vertical line through the 42 percent position is the center of volume for
:he hull and represents the CG and CB for the special case where the density ratio
is unity. For @ = 0,337, the movement of xcc of the fluid system in the model is
almost linear between the angles + 20 degrees. The slight deviation from the
linear may be seen at either end of the o range, due to the ballonet restricting
fluid movement. The data indicate that the maximum travel of the CG is about
20 percent of the total length of the hull. This is a variation of + 10 percent
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about the volume centroid of the hull.

The shape of the ballonet, and thus the CB and CG shift, can be expected to
depend on the density ratio of the fluids. The larger 8§, the smaller the CG
variation and, conversely, for smaller values of 8, larger CG variations will re-

sult, up to a maximum defined by the ballonet constraints.

Thé density ratio was decreased to approximstely zero by removing the water
from the model and leaving the ATB in the ballonet. With the air/ATB system the
movement of the CG with pitch angle is more pronounced as can be seen in Figure 6.
For this system, the CG moves slightly further forward than it moves aft of the
volume centroid (19 percent forward as opposed to 17 percent aft).

For a density ratio of 0.14 (helium/air) the CG migration should fall some-
where in between the experimentally determined curves for 9 = 0,337 and 9 = 0.0,
To obtain this location, the curves of Figure 6 are replotted in Figure 7 with
the pitch angle as a parameter. As the density ratio is decreased, the maximum
travel of the CG for the limiting pitch angles (+ 20 degrees) increases and
reaches a limit at 8 = 0,0. The family of curves drawn through the points is
approximate. The estimated travel of the CG for 8 = 0.14, as determined from
Figure 7 is presented in Figure 8.

4.2 Predicted CB Movement

The CB, for the fluid above the ballonet can be determined with the aid of
Equation (5) using 8 = 0.14.

Thus, the movement of the center of buoyancy as a function of pitch angle
is obtained as shown in Figure 8.

for a helium/air system with a half-full ballonet, the CB is shown to move
4.5 percent forward and about 5.5 percent aft of the volume centroid at the ex-
treme pitch angles. This represents a total movement of 10 percent between + 20
degrees pitch. However, the balloon can be realistically expected to fly between
0.0 and + 20.0 degrees pitch under normal conditions. This restricts the
possible CB movement between -1.0 and + 4.5 percent, or a total of 5.5 percent.
Translated into full-scale dimensions, this implies a movement of 6.9 feet. If
a buoyant lift of 6,000 pounds moving over this distance is assumed, then the
moment due to a shifting CB can be over 41,000 ft-1b., For comparison, the moment
generated by the 1ift on the balloon in a 15-knot wind at an angle of attack of
15.0 degrees is about 20,000 ft-1b when measured about the volume centroid of the
hull. Although the balloon would not normally be expected to experience angle
of attack changes as violent as 20 degrees, it seems clear that the moment due
to CB shift can easily be of the order of the aerodynamic moment.
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Figure 8. Predicted Center of Buoyancy Location
As A Function of Pitch Angle

4.3 Motion-Picture Data

The upper frame of the model assembly was connected to a drive mechanism
which was designed to impart a sine wave-like oscillation to the frame. In order
to avoid possible damage to the ballonet due to heavy inertia loads imparted by the
ATB, the amplitude was restricted to + 10 degrees. The maximum rotational output
from the gear reduction drive to the frame was rpm. This speed corresponds to a
full-scale time period for the oscillation of T = 48 seconds. The results of the
pitch tests were recorded at 32 frames per second.

Observation of the motion during the experiment suggests that the ballonet
slosh 18 in phase with the forced oscillation of the shell. Thus, the ballonet
responds rapidly to changes in the balloon pitch angle so that the motion appears
to be quasi-steady.

To obtain some indication of the ballonet slosh period, a series of tests
was run to note the response of the ballonet to a given step change in pitch angle.
The model was placed in either a nose-down or nose-up position and then manually
brought to the horizontal (within 1 second) and held there by causing the frame to
come to rest against a stop. Motion pictures provided the means by which the
period of slosh was measured (via counting frames between peaks). In all cases,
the ballonet motion damped out within three cycles. These results are preseated
in Table 3.
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Table 3. Slosh Periods For A Half-Full Ballonet

Pitch Angle Time Required Estimated Period, seconds

Change to Change First Cycle Second Cycle
degrees seconds Model Full Scale Model Full Scale
<20 0 1.19 2.00 9.6 2.80 13.4
+20 O 0.78 2.35 11.3 3.00 14.4

The pitching motion of the ballonet appears to have a period of about 10 to
14 seconds. Of course, much longer periods may be present but the amplitudes of
the motion are insignificant. It seems reasonable to coanclude that full-scale
balloon pitching motions with periods greater than 20 seconds will be accompanied
by inephase ballonet sloshing motion. This period is much shorter than the theo-
retical period for all reasonably long tether lengths throughout the speed range
of the Family II as shown in Reference 1.

The slosh period of 10 to 14 seconds compares favorsbly with the values cal-
culated by an approximate analytical technique which considers the ballonet to
behave as a modified fluid pendulum. This simple approach gives a period of about

10 seconds.

5. CONCLUSIONS

The CB movement for a balloon of the ARPA Family II type with a half-full
ballonet appears to be about 7 feet when the balloon goes from +20 to O degrees
pitch. Such changes in the location of the buoyant force can result in significant
moments possibly affecting the static trim and stability of the balloon.

From the dynamic tests the period of motion of ballonet slosh appears to be
about 10 to 14 seconds. Approximate analytical computations yield similar results.
This indicates that for any balloon pitching period significantly longer than 10
seconds the ballonet motion may be considered quasi-steady. Thus, the static CB
versus pitch attitude may be used in the equations of notlo_n and in any stability

analysis.
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Appendix A

Fabric Scaling Considerations

The need to choose a ballonet fabric for the model raises the question of
suitability in the context of the experimental objectives. Briefly, these objec-
tives are that: (1) the ballonet surface assumes a geometrically similar shape
under similar loading, and (2) that the fabric not unduly influence the response
of the sloshing liquid by either being too heavy or too stiff. The first require-
ment is really no problem 80 long as the fabric is not obviously resistant to
bending or is not made irregular. The second requirement is more difficult to
evaluate.

In an attempt to evaluate the importance of bending stiffness, a comparison
was made between the bending strain energy, U, of a sheet (of unit width and
length, £) and the translational kinetic energy, KE, due to an assumed harmonic
motion of the sheet. The calculation was only approximate, since the nature of
the edge clamping of the fabric was not included. For the materials, lengths,
and periods of motion considered in this work the ratio U/KE was found to be much
less than unity, thus suggesting that fabric stiffness was not a critical factor
in model scaling.

Fabric scaling criteria suggested by Sedov* was designed to insure that the
stresses imposed on the model fabric are geometrically similar to those produced in
the full scale. The system of parameters for obtaining geometric similarity of
fabrics prepared from materials with the same stress-strain relations are; the
difference in densities of the fluide across the fabric, the elastic modulus of
the fabric, a characteristic length, and the weight of the fabric. These may
be grouped into scaling conditions linking the fabric properties and the model
fluid system. The material finally chosen for the ballonet was judged to be
relatively lighter and more flexible than the prototype fabric.

*Sedov, L. L. (1959), S arity and Dimensional Methods Mechanics,
Academic Press, New York, pp 48-52,
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A New Kind of Powered or Tethered Balloon

Alsin Balleyguier
Chavilie, France

Abstract

This paper contains four sections, divided as follows:

Part 1:

Part 2:

Part 3.

Part 4.

Presentation of research principles and models selected. Calculations
and wind tunnel results,

Tethered unpowered balloons: scheduled production models, all-weather,
in a wide range of sizes.

Powered balloons: (a) probatory model (2600 1b of useful load, moored
high above the ground; (b a 40-ton load-under-sling model—mainly for
oil companies in areas lacking transport facilities; (c) a 400-ton load-
under-sling model, whose scheduled main use is for transportation of
nuclear pressure vessels between factories and power unit locations
(volume is 28x106 ft3; length, 750 ft [twin-hulled]; cruising speed,

70 to 75 mph). This semirigid balloon will be constructed of high-
performance new fabrics made with PRD 49 fibers. It will have a
performance/weight ratio 2 to 3 times better than Dacron. The mooring
cables will also be made with this material, with a resistance/weight
ratio about 8 times better than equivalent steel cables,

New types of configurations.
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! Design, Development, And Testing Of New Aerostat Material
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R

: Abstract

E A series of new candidate materials for use in aerostats have
been designed, developed, tested and compared with present state-of-
the-art materials. The tests were conducted under contract to the
Air Force Cambridge Research Laboratories. This effort was very ex-
tensive and produced two promising advancements in aerostat fabric.

(i abhido o

One new material is a ripstop fabric made from Dacron* and
Kevlar 29* yarns. This fabric affords an excellent strength-to-weight
relationship and exhibits much improved tear strength over commerci-
ally available ripstop fabrics.

The other new material is a triaxially woven fabric incorporating
a three yarn system. Unlike conventional fabrics having warp yarns
and fill yarns intersecting at 90°, triaxially woven fabric has two
warp yarn systems and one fill yarn system intersecting at 60° and
forming a triangle. This construction provides bias strength to the
fabric, increasing dimensional stability and tear strength. New test-
ing procedures required for this fabric and coating techniques are
also discussed.

*DuPont Tradename

Preceding page blank




1. INTRODUCTION

Under contract to the Air Force Cambridge Research Laboratories
(F19628-73-C-0155), the 1ILC Materials Department has recently develop-
ed new superior materials specifically for aerostat applications.

This effort was very extensive and has produced two major advancements
in the state-of-the-art of balloon fabric. The effort was not limit-
ed to improved envelope material but also included an extensive

effort in the development of new empennage materials.

The disadvantage of present lightweight empennage fabric is poor
tear strength. One way to improve the tear strength is the utiliza-
tion of ripstop weaves. Use of conventional yarns in conjunction
with ripstop weaves affords a two and one-half fold increase in un-
coated fabric tear strength; however, when coated, the improved tear
property is lost. To obtain the advantage of the ripstop weave re-
quires the judicious use of dissimilar moduli materials, such as,
Kevlar 29 and high tenacity Dacron yarns.

There are basically two types of fabric geometries that are now
being vsed to meet the requirements of structural envelope material.
Tnese types are: double substrate coated two sides, and single sub-
strate coated two sides. The double substrate ply construction pro-
vides exceptional dimensional stability with increased tear resistance
but high weight penalties. Single substrate fabrics are generally
lower in weight but in order for a single substrate fabric to have
good dimensional stability, it must be combined with films having a
high modulus which usually results in a stiff material having poor
flex life. One way to solve the high weight and dimensional stability
problems with double and single substrates is the use of triaxial
weaves.

Although the two experimental fabric constructions were designed
to meet the requirements for a 100,000 ft3
low enough in weight to use in a 45,000 ft

balloon, they are still
3 balloon. As a result, a
45,000 ft3 balloon, made from these experimental fabrics is now under

construction for AFCRL.

2. RIPSTOP DEVELOPMENT

The distinctive characteristics of lightweight, plain-weave
orthogonal fabrics include high tensile strength, tight weave, low
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racking characteristic, and relatively low tear strength. However,
tear strength is dependent upon the fabric weave, crimp distribution,
yarn strength, and yarn elongation. It is important to note that the
yarns fail individually in tension, and this is the reason that the
fabric's tear strength is so much lower than its tensile strength
where all the yarns fail at the same time.

It will be apparent that fabric weave can have a great influence
on tear strength. All other construction factors being equal, a rip-
stop weave will have more than two and one-~half times the tear
strength of a 1 x 1 plain weave, the reason being that the two rip-
stop yarns act as one in the del and they break at the same time.

The higher origiral tear strength of a ripstop weave may not be re-
tained when such fabrics are coated. A 2.0 oz/yd2 plain weave Dacron
fabric has an uncoated tear strength of four pounds and a coated
fabric tear strength of two pounds. A 2.0 oz/yd2 Dacron ripstop
fabric has an uncoated tear strength of ten pounds and a coated fabric
tear strength of five pounds.

In order to further improve the tear strength of the ripstop
weave after coating, it is necessary to integrate a second, stronger
yarn system into the construction. 1In this case, Dacron and Kevlar
29 yarns are used where the Kevlar 29 yarns function as the ripstop
and the Dacron yarns provide the body of the fabric.

2.1 Ripstop Fabric Design Criteria
Due to the high cost 5{ the Kevlar 29 yarn, ILC Dover ran a
study to minimize the Kevlar 29 usage in the structural ripstop
fabric. The following equation was used to determine what percentage

of the construction should be Kevlar 29 and what percentage should
be Dacron, Type 52.

o(lbs/in) = €Ey Dy X + ¢Ey Dy Y (1)

where: o = yltimate fabric stress (lbs/in)

€ = ultimate elongation (in/in)
E = Tenacity (GPD)
D = denier

X, Y = numbers of yarns per inch

140 = (.033) i75! (70)xX + (.033) (630 200)Y

100 = X + Y (2)
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solving simultaneously:
Y = 11.6
X = 88.4

2.2 Problems Encountered

The development of the Dacron/Kevlar ripstop fabric was initiat-
ed using commercially available yarns. Because of this decision,
the resulting fabric was unacceptable for coating due to the excess-
ive shrinkage in tie Dacron yarns and the absence of shrinkage in the
Kevlar 29 yarns.

The dissimilar moduli of the Kevlar 29 and Dacron Type 52 yarns
prevented the satisfactory culmination of this design effort. Al-
though one physical fabric was woven, two definite breaking strengths
resulted. The first breaking strength indicated the breakage of the
Kevlar 29 yarns. The second ureakage indicated the breaking strength
of the Dacron yarns. Analysis of this phenomenon indicated that this
type of failure defeated the purpose of the fabric design. When the
Kevlar 29 yarns failed, although the Dacron yarns maintained adequate
tensile to sustain static loads, the increased tear strength provided
by the Kevlar 29 yarns is lost. Therefore, this construction was
functionally unacceptable.

Thorough analysic of the problems encountered in mixing dissimi-
lar moduli materials resulted in a design modification to perfect the
Dacron/Kevlar ripstop construction. The approach was to change the
orientation and crystallinity of the Dacron yarn, thus increasing the
modulus, while twisting and plying the Kevlar 29 yarn to reduce the
modulus.

The next design iteration consisted of lowering the twist per
inch in the Dacron yarn, increasing the twist per inch in the Kevlar
29 yarn, 2-plying the Kevlar 29 yarn and changing from two strands of
Kevlar 29 for the ripstop to one strand. These changes effected an
increased ultimate elongation of the Kevlar yarn and resulted in a
fabric having a minimum breaking strength in either yarn system of
80 pounds per inch; however, the Kevlar 29 yarn still broke first.

In addition, the single strand of Kevlar 29 yarn only had 10 pounds
of tear strength and the two-ply Kevlar 29 yarn presented excessive
bulk at the cross-over. This bulk presented considerable coating
difficulty. Consequently, another design interation was initiated.
Considerations for this design iteration were:

208

Rl oot




v

g Tw——

RAGE L A Shi d o
Ty Ml e M o T 7 TR o Wit st o o = ¢

= cold-stretched, pre-shrunk 140 denier Dacron yarn
in lieu of 55 denier preshrunk Dacron yarn

- lower twist per inch in the Dacron yarn

- higher twist per inch in the Kevlar 29 yarn

The rationale for this design iteration was to provide for a
flatter fabric, thus enhancing the coating capability, while bringing
the yarn moduli closer together to effect complementary load sharing
between the two yarn systems.

During the course of this materials program, it was decided to
pursue the development of triaxial materials for the balloon hull and
utilize the advanced Dacron/Kevlar ripstop construction for the em-
pennage. Because of this decision, the scope of the ripstop design
criteria was chan~y! to reflect the lower strength requirements of
the empennage application. Continued development efforts with the

Dacron/Kevlar ripstop construction were sized to these lower require-
ments.

23 Results

Preproduction samples of the ripstop configuration were obtained
for physical properties testing; both coated and uncoated samples
were evaluated. A cross section of the finished coated fabric is
shown in Figure 1. The tensile and tear test results are listed in
Table 1 for both coated and uncoated fabrics.

Table 1. Dacron/Kevlar Ripstop Material

Design Goal Value

Characteristic Uncoated Uncoated Coated
Weight, oz/yd? 2.0 2.0 6.0
Tensile, lbs/in

Machine 70 96 96

Transverse 70 101 101
Tear, Tongue, lbs

Machine 15 27.0 24.2

Transverse 15 30.4 26.8
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2.5 ox/yd2 Film Polyurethane-———-———*RT:TQf?i;?#ﬁ:?E155?ft¥?

2.0 oz/ydg Dacron/Kevlar Ripstop—--«m;mgmg

1.5 o2/yd® Polyurethane

Figure 1. Cross Section of Single Ply Couated
Dacron/Kevlar Ripgtop

3. TRIAXIALLY WOVEN FABRIC

Triaxial fabric is a three yarn systcm with the yarns oriented
60 degrees apart as shown in Figure 2. The name given to this new
weaving system is "DOWEAVE".

Oone 0'Clock Yarns

Eleven O'Clock Yarns

Horizontal Yarns

© Figure 2. Basic-Weave

As a result of this construction, the fabric yarn geometry forms
triangular intcrsections which serve to prevent bias distortion, in-
sure dimensional stability, and increase tear strength over compar-
able biaxial fabric. Conventional balloon technology requirgs the
bias lamination of two biaxial fabrics or the use of high modulus
films to obtain dimensional stability. Triaxial fabric, by its con-
struction, eliminatcs the nced for either of these operations.

1n the performance of the present investigations, ILC with a
view toward the simplification of fabric design, elected to study and
devclop the basic~-weave pattern fcr acrostat envelope material.

The basic-veave, the simplest possible triaxial configuration,
has no counterport in conventional fabric construction. The yarn
courses are not interwoven at all, that is, they do not pass alter-
nately over and under each other., The horizontal yarns are over all
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the "eleven o'clock yarns®" and under all the "one o'clock yarns®; the
“"elevens" are also over all the "ones", as shown in Pigure 2. Thus,
the impossibility of finding a two-way counterpart to this weave is
evident; if the warp simply lay on top of the fill throughout the
fabric no weave would exist to hold them together.

In contrast to the complete instability of a lay-up of two yarns,
the basic-weave is stable both in the small and in the large. In the
small, the locking characteristics of the yarn cross-over resists
sideways slippage of any of the yarn courses. In the large, the tri-
axial symmetry is such that there is no bias direction at all, and
for the first time, a fabric can approach isotropy, that is, it pro-
vides essentially uniform resistance to distrotion in all directions.

Radically new fabric testing and evaluation methods have been
developed by ILC Dover for both coated and uncoated triaxial fabrics.
These efforts have resulted in several new test fixtures which were

developed to overcome the shortcomings encountered with conventional
biaxial fixtures.

3.1 Biss Stability

To illustrate the bias stability of triaxially woven fabric, ILC
Dover designed and fabricated a shear testing device. The purpose of
this test fixture was to measure the amount of load required to de-
form a fabric in the bias direction through a qgiven length (1/2 inch).
The three major fabric geometries were tested using the test fixture
shown in Figure 3. The test results are shown in Table 2.

Table 2. Fabric Dimensional Stability

Shear
Woighs Breaking Strength Resistance

Fabric Geometry (0z/¥d“) (Lb/1In) (Lbs)
Two-Ply Biased Fabric 10.85 160 x 160 x 120 99
Construction (1.1 oz/yd2
Biased at 45° to the
3.25 oz/ydé Fabric)
Biaxially Reinforced 8.5 200 x 200 x 90 89
Film COnstruction
(4 oz/yd* Lamipated to
2 Layers .25 Mil Mylar
and 1.0 Mil Tedlar)
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Figure 3. Dimensional Stability Fixture
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Table 2. Fabric Dimensional Stability (Cont'd)

Shear
Weighi Breaking Strength Resictance
Fabric Geometry (0z/Yd*) (Lb/1n) (Lbs)
Triaxially Reinforced 5.0 150 x 150 x 150 252
Film gonstruction (1.5
oz/yd+ Urethane
Laminated)

3.2 Tendile Testing

The geometric characteristics of triaxial fahrics have necessi-
tated the development of new tensile testing techniques and apparatus.
The basic biaxial testing methods and equipment which were previous-
ly the standards of the textile industry have been found to be in-
capable of accurately measuring the strength of the triaxial system.
ILC Dover has pioneered the testing of triaxial fabrics and has
developed several pieces of tensile testing equipment during the
course of these efforts.

3.2.1 One x Six Inch Ravel Strip Tensile

Test Method 5104 from Federal Test Method Standard No. 191
utilizes a 1 x 6 inch ravel strip sample to determine fabric tensile
and elongation. Samples are typically cut parallel to the machine or
transverse direction and test either the "warp" or "fill" yarns
respectively.

Triaxial fabric, when subjected to this test procedure in the
machine direction, yields very poor results since individual warp
yarns are not held in both jaws, but tend to "run-off" the side of
the 1 x 6 sample. See Figure 4.

It was attempted to run this test with successively smaller in-
itial jaw separations in an effort to minimize the warp yarn run-
off. The test was finally conducted with the jaws initially butted
together; however, the mode of failure in each test was a single yarn
system break. It was believed that jaw travel before break was too
short to allow the second yarn system to shift and share the total
load.
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——Triaxial Sample

Machine Jaw

Figure 4. Triaxial Fabric Strip Tensile. Note the
"run-off" of the warp yarn systems

3.2.2 Ssix Inch wWide Tensile Test

Since initial efforts to minimize or eliminate warp yarn run-off

were unsuccessful, it was then decided to design a test fixture that

would minimize the effect of the run-off. Using a one inch jaw sep-

aration, the length of test sample affected by run-off is .578 inches
on a side. Thus, it was expected that a total of 1.16 inches of
sample would be affected. See Figure 5.
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Figure 5. Six Inch Wide Edge Effects

ILC fabrici:ted a six inch wide jaw fixture (Figure 6) for the
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Instron machine. Using this apparatus, larger samples could be test-
ed and a loss factor, due to edge effects, could be applied to the
triaxial tests; however, the magnitude of this factor was still
questionable.

Up to this point in triaxial testing technology, there existed
no accurate test on which triaxial and biaxial fabrics could be com-
pared. ILC has used this six inch test fixture for preliminary
relative evaluations of different triaxial fabrics but is not suit-
able for use as a design test apparatus to limlato’actual loads
encountered in aa inflatable product application.

3.2.3 Cylindrical Tensile Test

As the testing of triaxial fabrics progressed it became apparent
that the edge effects of the test sample were very important. Pre-~
vious testing procedures had attempted first to minimire the amount
of run-off in triaxial fabric testing and then to minimize its effect
on the total test article. The cylindrical tensile test was intended
to remove or lock out the edge effects from the test sample.

A two inch diameter by six inch long cylindricul test sample was
prepared from the fabric specimen. The longitudinal seam of the
cylinder was made with a one-half inch overlap sealed with a heat set
polyester adhesive. The entire sample was then placed into a set of
circular jaws fabricated for the test. These jaws loaded the fabric
cylinder and continuously hald the sample around its perimeter to
lock the yarn ends in place. See Pigure 7.

The test results obtained from this test were found to be of
limited value in determining a fabric tensile because the sample
exhibited a localized failure mode. It was impossible to position the
fabric sample evenly enough to ensure total failure around the cylin-
der circumference, consequently the ultimate fabric tensile in 1lb/in
was not apparent from the test results.

3.2.4 Mullen Burst Method

At this point in the testing program, it was recognized that the
pressurized behavior of triaxial fabric presented an interesting
phenomenon in that the' crossing yarn systems add stability and
strength to the principal direction yarns. ILC thus began to consider
methods of utilizing pressure forces to achieve uniform fabric stress
loading. The first test procedure designed to accomplish this effect
utilizes the standard Mullen Burst Tester.

216

TP WP v

T T O T T ¥ S
e s et i o Al s b o g i e

s T e i O il




Figure 7. Cylindrical Tensile Test Fixture
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The approach taken wis to apply increasing pressure to a fabric
sample until failure occurred. Then, knowing the internal pressure
and the shape of the distorted sample at break, the fabric stress in
l1b/in could be calculated. It was projected that the sample deforma-

¢ tion would follow a spherical shape. It was therefore only necessary
to be able to determine the radius of curvature of the surface at the
time of break.

Utilizing the volumetric flow rate specifications of the stan-
dard Mullen Burst machine, we were able to establish the spherical
section volume and hence its radius of curvature with respect to the
real time base of the test duration. The equation describing the ]
radius of curvature as a function of elapsed time from start to break
was generated and plotted to serve as an aid in evaluating the test
f data. 4
3 It was apparent that in order for any test procedure to be k

totally credible its accuracy had to be verified by the use of conven-
tional biaxial fabrics of known strengths. Efforts to so correlate
the Mullen Burst test procedure in this manner consistently yielded
tensile results on the order of 80% of the true value established by

| standard strip tensile methods. Several attempts were made to im-

i’ prove the test timing apparatus including the use of an audio actu- :
| ated timer that would automatically indicate the elapsed time 1
; betweea the start of the machine and the sample failure.

After considerable efforts to refine the procedure and equipment
for this test it was decided to develop a second approach which would
_ subject the fabric samples to a real life load configuration and
1 eliminate the timing problems encountered previously.

3.2.5 Bag Burst Test

In an effort to more accurately simulate the fabric loading
characteristics encountered in actual balloon applications, a
cylindrical bag burst test (Figure 8) was developed. It was desired '?
1 to provide a testing procedure which served to load the test sample
with a uniform hoop stress and be able to determine the value of that
stress from the internal pressure and the radius of the cylinder. It
was also felt to be advantageous to subject the triaxial test samples
to stress loading values which were ¢ and 20 respectively in the two

principal directions. The cylindrical bag burst test accomplished
all of these intents.

]
]
i
|
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Pigure 8. Bag Burst Tensile Apparatus




It was desired to record the bag growth as a function of inter-
nal pressure during the test. Having this data available, the fabric
modulus could be determined as well as the ultimate tensile strength.

The test bag was desiyned to be six inches in diameter and hold
a six inch long sample of material in its center section. The ends
of the bag were hemispherical end caps made from heavy Kevlar fabric.

The bag growth was measured by recording the movement of a cir-
cumferential cord wound around the bag center. The cord, as it moved,
rotated the shaft of a calibrated potentiometer which recorded the
change in circumference. The bag pressure was recorded by a pressure
transducer. Both signals were recorded on a multiple pen Sandborn
strip chart recorder. 1Initial tests were conducted using air pres-
sure, however, the failure mode was extremely explosive and it was
impossible to observe the failure either visually or with high speed
photography. A change was made in the system to include a reservoir
tank and water was used as the pressurizing fluid. This enable close-
up visual observation of the fabric failure.

Utilizing this equipment and test procedure, samples of biaxial
fabrics of known tensile strength were tested and found to exhibit
tensile strengths which agreed with the values obtained by standard
coupon test methods. The correlation of results between the bag test
and standard unidirectional tensile tests was verified with numerous
biaxial tests; it is therefore apparent that the bag test procedure

is a valid and accurate method of determining ultimate fabric tensile
strength.

3.3 Tear Resistance

The tearing behavior is extremely important in many fabric appli-
cations, particularly those for aerostats. The significance cf this
property can be illustrated by analyzing personal tearing experiences.
As is known, the tearing resistance "on the bias"™ is greater than in
the warp or fill direction. To tear a triaxial fabric, one is always
tearing "on the bias", and the overall improved tear properties re-
sult.

Because the basic weave is the simplest possible triaxial con-
figuration, tne analysis of its tearing behavior forms an ideal start-
ing point, on both theoretical and experimental grounds, in the
investigation of the tearing characteristics of triaxially woven
fabric.
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Theoretically, the basic-weave should possess the lowest tear
strength of any triaxial configuration. As the interlacings become
more complex, as in the first, second and third variants, the tear
strength should similarly increase. This has been empirically shown
to be true by virtue of comparison of the basic-weave with the six-
teenth variant.

For the purposes of evaluating the tear strength of triaxial
fabric three different tear methods were investigated: tongue tear,
trapezpoid tear and slit tear.

In the tongue tear test a specimen 6 x 8 inches is cut so that
the yarns to be ruptured during the tear lie in the shorter dimension.
A cut three inches in length is made along the longer centerline of
the fabric. This cut thus produces two 3 x 3 inch tongues which are
placed in the upper and lower jaws of the testing machine. As the
jaws move apart the specimen assumes a configuration typified as
shown in Figures 9 and 10.

As the yarn courses are subjected to increasing tension the
angle between the eleven o'clock and one o'clock warp yarns increases
allowing the yarn courses to bunch up against each other. As the
tear progresses the tongues become progressively longer. The del be-
comes very large, and the yarns bunch up to reinforce each other, so
that tearing is extremely difficult. The tearing action is manifest-
ed on the tensile tester recorder as a diagram of progressively in-
creasing and then sharply decreasing loads. Results of the tongue
tear tests are shown in Table 3.

For the trapezoid tear test the specimen is 8 1/2 x 5 3/8 inches
with a one inch slit placed zidway along the longer direction. The
sample is inserted on the bias between the jaws of the testing machine
80 that the yarns are caused to fiil progressively. This test is
entirely of a tension type, and has little meaning in terms of the
practical tearing characteristics of the fabric. In fact, unless the
sample size is extremely large, the warp yarns are never placed in
tension. Therefore, comparative test results are only obtainable in
the machine direction. The phenomsnon of trapeszoidal tear is
illustrated in Pigures 1l and 12. Results of the trapezoid tear tests
are shown in Table 3.
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Figure 9. Tongue Tear Test Machine Direction
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Figure 10.

Tongue Tear Test Transverse Direction
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Figure 11. Trapezoid Tear Test Machine Direction
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Figure 12. Trapezoid Tear Test Transverse Direction i
i
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Por the slit tear test a specimen 6 x 7 inches is cut such
that the sample has 1 1/4 inch wide slit across the center of the
sample at right angles to the longest dimension. This test is
designed to determine the force necessary to propagate a tear in
damaged fabric. Unlike conventional orthogonul woven fabric, ‘the
triaxially woven fabric shows no sign of tear propagation. Pigure 13
illustrates the effects of the slit tear test on a triaxial fabric
where the slit is normal to the transverse direction. The transverse
yarns are brought into tension until rupture occurs with no evidence
of tear propagation. Figure 14 illustrates the effect of the slit
tear test on a triaxial fabric where the slit is normal to the
machine direction. Although only a few warp onds are placed in ten-

sion, no tear propagation results. Results of the nlit tear tests
are shown in Table 3.

Table 3. Triaxial Fabric Tear Tests, 16 x 16 x 20
Basic Weave

Fabric Hgight Tear Strength, Lbs.
Test {oz/yd<) Machine Transverse
Tongue Tear 1.5 90* 50*
Trapezoid Tear 1.5 164 65
S8lit Tear 1.5 265%% ¢ 860 n*

* The tear did not propagate at the tongue slit, but took
the path of least resistance.

** The warp yarns were not under tension, therefore the re-
sultant tear strength is not comparative to a similar
orthogonal construction.

*## Pajlure was in tensile. The sample showed no signs of tear|
propagation.

As a result of the in-depth study of the tearing behavior of
triaxial fabric, the following conclusions are drawn:

a. The nature of the triaxial configuration precludes
tear propagation.

b. Tongue tear results are a magnitude better than con-
ventional orthogonal fabrics.

c. Trapezoidal tear tests have little meaning in terms
of practical tearing characteristics.
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Figure 14. 8Slit Tear Test Machine Direction
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3.4 Triaxial Fabric Design

Due to the revolutionary nature of the triaxial configuration
and the limited capabilities of those machines available, only two
variants of triaxial weave were considered; the basic-weave, and the
sixteenth variant. The nature of triaxial machinery and the mech-
anisms associated with them, unlik~ conventional textile machinery,
dictate certain design parameters, such as yarn count and yarn
diameter. Investigation was initiated with the triaxial fabric manu-
facturer, Doweave, Inc., to develop a lightweight triaxially woven
fabric of the basic-weave configuration. Included in this develop-
ment effort were the following fabrics: 1.89 oz/yd2 triaxial fabric
made from all Dacron, and a 1.5 oz/yd2 triaxial fabric made from all
Kevlar 29,

It was learned from the preliminary run of experimental triaxial
hull laminate constructed of all Kevlar 29 yarns, that the anticipated
lower elongation (vs. all Dacron) was attained; however, the higher
strength-weight ratio was not reflected in the cylinder bursting
strength. The use of polyacrylic acid sizing c¢n the Kevlar 29 yarns
reflects not only a 50 percent reduction in yarn breaking strength,
but also a severe reduction in yarn elongation. This elongation
reduction prevents the fahric from stretching or shifting to share
the load more efficiently.

As a result, another design iteration was considered. Considera-
tions for this design iteration were: the elimination of all sizing
on yarns and the twisting of the Kevlar 29 yarns with 9 turns per
inch of Z twist. The rationale for this design iteration was to pro-
vide for lower yarn modulus thus resulting in higher fabric elonga-
tion. Figure 15 shows the cross section of the finished triaxial

envelope laminate and the associated physical properties are given
in Table 4.

Table 4. Finished Triaxial Envelope Laminate

Design Goal Actual
Weight, az/yad? 5.0 5.2
Breaking Strength, lb/in
Machine 120 150
Transverse 120 150
Bias 120 150
229
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i Table 4. Finished Triaxial Envelope Laminate (Cont‘'d)

#f Design Goal Actual

] Tear Strength, 1lbs.

¥ Tongue Method

3 Machine 20 35 :
. Transverse 20 35 4
K. E
i Leakage E
| L/M*®/Day 1.0 max. .6 i
d Shear Resistance, lbs. 150 min. 252 é
3

=

-

2.5 oz/yd% Film Polyurethane
POOOOOOCNOOOOONO00XN

1.5 oz/yd. Kevlar Triaxial
1.0 oz/yd2 Polyurethane
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Figure 15. Cross Section of the Triaxial Envelope i
Laminate

3.5 Economic Benefits

g

o

The inherent strength of triaxially woven fabric will allow 3
lighter weight fabric substrates to be used in coated and multi-ply
fabrics. 1In some applications the lighter substrates will result in
raw material savings in excess of 30 per cent. Since raw material

costs represent approximately 60 per cent of fabric costs, this sav-
ings is significant.

Ly

An inherent characteristic of the weaving process is the poten-
tial to produce 50 per cent more fabric than conventional weaving for 1
each pass of the shuttle across the loom. The number of shuttle
passes is a main factor limiting production speeds, and since, in a
triaxial machine, only one third of the yarns must be carried across
the loom by the shuttle, rather than half, two triaxial machines will
do the work of three conventional looms.

Triaxial woven fabrics will be competing with conventional
woven, knitted, and non-woven products produced by the large textile
organizations. Improved fabric performance, potential manufacturing
cost reductions, and raw materials savings are significant reasons
why triaxial woven fabric should fare well in the aerostat market-
pla~=.

ILC Dover is working closely wich the triaxial fabric
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manufacturer, Doweave, Inc., to develop optimum substrate fabrics
for aerostat programs. ILC Dover's efforts in coating development
for these materials have been consolidated with the E. I. DuPont de
Nemours Co., Inc. DuPont is presently engaged in an extensive’
effort to develop coatings and techniques to fully exploit the cap-
abilities of triaxial fabric. Foremost in this effort is their
integrated activity with ILC Dover and Doweave to optimize the coat-
ing system for aerostat materials,

4 CONCLUSIONS

As a result of this materials development program, new frontiers
have been created in the field of aerostat softgoods. The new con-
cepts explored by ILC during this effort are expected to establish
new guidelines in materials development for advanced aerostats being
considered today.

With the vast amount of interest currently being shown in large
aerostats and hybrid LTA vehicles, it is expected that such programs
will soon progress beyond the drawing board to working scale models
and then on to full size systems. Aerostat materials development
will also progress with these programs as the need for stronger
materials for these larger ships is realized. The new triaxial and
ripstop materials are expected to lead the way for future “"super”
fabrics in these applications.

The knowledge of triaxial Kevlar fabrics obtained during this
program, has already been applied to one such hybrid called the
Aerocrane, designed by All American Engineering Company. ILC Dover
has conducted a preliminary materials study encompassing strength
requirements, weight analysis and coating options for this applica-
tion.

Fabrics which have been proposed for larger models of the
Aerocrane will require tensile strengths on the order of 3000 lb/in.
With the triaxial Kevlar construction, it sliould be quite possible
to build such a fabric, but it is anticipated that a major effort
will be required to improve current fabric joining or seaming tech-
nology.

The two materials advancements explored during this effort re-
present the beginning of two new classes of aerostat materials. It
is hoped that subsequent programs will be able to build upon this
base work by providing a suitable growth environment for the new
triaxial and ripstop technologies.
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Local Motions of a Payload Supported by a
Nolaro Tri -Tethered Balloon

R. C. Lacksir, 1/Lt, USAF and

H. L. Schumacher, Jr., 2/Lt, USAF

Air Force Cambridge Resserch Laborstories
Bedford, Massaschusstts

Abstract

This report studies the local motgons of a pagload supported by a NOLARO tri-
tethered natural shape balloon. A 793 (28,000 ft°) natural shape balloon on a
13.2mn (0.52 in) diameter NOLARO tri-tethered cable array was flown with the
payload at an altitude of 140M (460 ft) AGL. Test constraints included separating
the payload from all metal by 15M (50 ft) and from the balloon by 45M (150 ft).

The payload had to remain within a 3 meter radius sphere for all 25 test rums.
These tests were conducted at liolloman AFB and White Sands Missile Range, New Mexion,
Target position, tangential speed and acceleration were determined by using the
khite Sands Missile Range cinetheodolite system, Actual results are compared with
theoretical data,
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1. INTRODUCTION

Several papers have been written on the use of steel cable in forming a tri-
tethered balloon system, These systems are stable, easy to erect and well defined,
The distinct advantages of the steel cable supported system are well known and
include readily available tether cable, off the shelf winches adapted to the
operation, high safety factors, etc., The prime disadvantage is the low strength/
weight ratio, elasticity and resulting instability of the balloon system, and radar
reflectivity,

As a result of the steel cable limitations, the use of NOLARO rope was
identified as possibly providing a superior tri-tether arrangement to exceed those
previously established and tested. The one immediate advantage of higher strength/
weight ratio for supporting cable created a higher payload capability with
established balloon systems. The design, development, and application of this
system is described in this paper, with the culmination of direct Army program
support in March 1974,

11 Requirement

On 22 January 1974 Detachment 1, AFCRL was approached by persomnel from the
Missile Electronics Warfare, Technical Area (MEWTA) Group at the White Sands
Missile Range (WS'R) to provide a tethered balloon platform in support of a Chaff
Dispersion mechanism. From 25 March to 1 April 1974 a flight series was flown at
the Radar Target Scattering Facility. (RATSCAT) WS'R, New Mexico to support this
program., Test constraints included separating the payload from all metal by 15
meters and from the balloon by 45 meters, The payload had to remain within the
same 3 meter radius sphere for 25 separate test runs over several days., Metal
cables could not he used as it would have interfered with the radar acquired -lata,
The experimenter imposed a two meter/second wind limitation in order to evaluate
the chaff dispersion separate from wind effects,
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1.2 Requirement Evalustion
From the constraints outlined, a detailed evaluation of the requ.rements

immediately led to the conclusion that systems previously flown were not acceptable.
Target position, target speed and acceleration, the effect of cable catenary, and
the variation of balloon motion versus target motion led to the system integrated
for initial testing and program support. Final determination of a test program
included a 7933 (28,000 ft3) natural shape balloon on a 13.2mn (0.52 in) diameter
NOLARO tri-tethered cable with the payload at an altitude of 140M (460 ft) AGL.
(See Figure 1), The test program demonstrated the advantages of this type of
support. This report describes . results of two preliminary flights to show
feasibility of supporting this program, the actual flight series, and a flight
after the fact using an identical configuration to further evaluate the system,
The flights were conducted at Hclloman AFB and the White Sands Missile Range,

New Mexico,

2. TEST ARRANGEMENT

21 The Balloon and Cable

The natural-shape balloon, made of urethane-coated nylon, weighed 1290N
(290 1bs). When fully inflated and pressurized, the nominal 7933 (28,000 £t3)
balloon had a total volume of 878M3 (31,000 ft3), (This balloon is illustrated
in Figure 2)

The cable used was 13.2mm (0.52 in) diameter rope manufactured by the
Columbian Rope Company. It consists of prestretched polyester yarns contained in
an extruded polycthylene jacket. The cable has 60 yarns and a nominal jacket
thickness of lmm (40 mils). It has a rated break strength of 50,600N (11,500 1bs)
and weighs 396N (90 lbs) per 30SM (1,000 ft),

This cadble hasteen used omtethered balloons—successfully-for—yesrs, its
biggest advantage for this test was that it is non-radar reflective, It is less
susceptible than steel cables to damage due to lightning, less likely to transmit




dangerous electric potential, has limited stretch, and a very high strength to
weight ratio, llowever, it is suscentible to failure due to dirt damaging the
jacket and abrading the fibers., It cannot be wound upon a drum while under
tension without the use of a traction drive to prevent crushing of the cable and
jacket,

22 Erection of the Balloon System

Due to the use of NULARU cable, the technique of erecting the system was
different from that normally used by AFCRL.®* e had no on-hand mobile winches with
traction drive capable of handling the large diameter rope., We therefore put
fittings on the end of three pre-cut lengths and tied them to the bumpers of
vehicles,

As the vehicle system has less positive control of the balloon than a winch,
a fourth line was tied to the tri-plate.** This line was a braided dacron line

(12.5m) not requiring a traction driven winch, This line was used solely to raise

and lower the balloon. Due to its high stretch characteristics it was kept slack
on all data runs, and was not used as the sole support line during any portion of
the test program, After reaching the proper altitude with this line, the NOLARD
legs took up the tension and positioned the balloon,

The other change from the normal configuration was the use of a 30M extension
line between the balloon and tri-plate. (See Figure 3) As a result two lines were
flown here. One NOLARO line was the flying line, and the other, a woven coreless
braid, was used for balloon handling. Through use of a ground shieve, the braided
line raised and lowered the balloon 30M in order to attach the tri-plate and tri-
tether legs to the flying line.

* Leclaire, R, C. and Rice, C. B. (1973), The Local Motions of a Payload
Supported by a Tri-tethered Natural. Balloon, M:WBW'L_- -

*# The tri-plate is at the confluence point of the three tether lines and is
shown in Figure 3,
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The payload was suspended 15M below the tri-plate. A pulley was attached to
the base of the tri-plate and the package support line was run from the top of the
package sround the pulley and down to the ground. By this technique we were able

to raise and lower the package as required without repositioning vehicles or moving
the balloon,

2.3 Instrumentation snd Data Collection
Since the experimenter required no instrumentation support from AFCRL, a
standard tethered balloon safety package (developed by Mr, Arthur Giannetti, AFCRL)

was used, This package will open and close the balloor. valve by command or by a

preset aneroid.

e ‘.."'.n

The experimenter gathered data through the use of cameras, radar and visual
observations, The data used in this report was gathered by cinetheodolites,
theodolites, visual observations, and pibals. Correlation of the data indicated
that the theodolites show the position of the balloon very accurately, although 3

they do not show small scale variations over time, Thus they can show position E
within a small radius very accurately and if the balloon was out of position by

e 2

a significant amount, it would be immediately obvious from the data,

24 Flight Geometry §
The March preliminary test configuration and the RATSCAT configuration were }
basically the same, On the first day of the preliminary tests, the cinetheodolite ]
data show an altitude of 127M for the target. We took the data at this altitude i
to show the effects of elevation angle on stability. On the second day of testing !
the system was located (within 3 meters) at 153 ard two data runs were made. The
vehicles were at a 187M radius and the triangle they formed was approximately
equilateral. From experience, the authors feel that as long as the triangle is
approximately equilateral there will be no significant change in system stibility.
The theodolite computer program used at that time gave altitude and not position
relative to a ground point. Therefore, we were not able to accurately locate the

target relative to ground zero,
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Cinetheodolite data is highly accurate, although data reduction takes 2 to 3
weeks, Therefore, we required an alternative system to provide real time target
position, Prior to the RATSCAT tests the computer program was modified to give
ground position as well as altitude,

In the July tests, we used surveyed locations at Scat Site to position the
vehicles und let the target seek its own position, Three different triangles were
used at radii of 87.5M, 127.5M and 18IM, (See Figure 4) These were equilateral
triangles with ground zero as the centroid., The altitude of the tri-plate was then
compared to that calculated by assuming no catenary in the cable. An uplooking
ground camera was placed at ground zero to evaluate balloon motion versus target
box motion. Finally the suspension line length between the tri-plate and target
was varied from 5 to 56 feet to determine pendulum effects.

25 Operstional Constraints
Due to time and money limitations, the system actually flown was not
optomized. The least satisfactory portion of the system was the use of pre-cut
lengths of NOLARO, The NOLARO is subject to damage to a much greater extent than
steel as described above. Positioning was somewhat more difficult because vehicles
had to be moved rather than inhauling or outhauling a winch. This was partially
ameliorated by marking the positions of the vehicles the first time and returning
to these spots on subsequent days. In the light wind/high lift system used, this
worked very well, although we believe that if the system had heen more marginal
on 1ift or if the winds had been higher this would not have sufficed. The other
major problem inherent in NOLARO is its vulnerability to damage during ground
handling. Due to lack of winches, there were times when the NOLARO was laid out
on the ground and carc had to be taken to prevent tearing the jacket by either
human error or natural events, Although no damage was incurred, we were unable
to prevent some ;iragging on the ground, and in different terrain this could have
been a real problem,
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The severe wind limitation imposed by the experimenter was another operationsl
constraint, At the start of the test a 2 meter/second wind limit was used. As the
tests progressed it hecame apparent from the radar data that this was more stringert
than required, and was relaxed to 3 meters/seconds. This constraint resulted in a
limited period each day when tests could be run due to the local climatology.
Cameras were used to record experimenter data so we were also limited to daylight
operations, As a result we could only test from about one hour after dawn until

approximately 1030 hours local time,

3. TEST PROGRAM

8.1 March Tests
On 13 and 14 March 1974 preliminary tests were performed ut Scat Site,
liolloman AFB, New Mexico to determine if the proposed technique of suspending the

payload was feasible. Four cinetheodolite runs werc taken for after the fact

analysis. The prime purposes of these tests were to insure that the system would
be acceptably stable, positioning the balloon at the proper position was possible,
and the method of using NOLARD cable would not result in flying line failure due to
an unforeseen problem,

It was determined that the system was safe to operate, and the system could
meet the operational requirements imposed by the experimenter. ]

3.2 RATSCAT Tests ?

From 25 March to 1 April 1974 tests were run at RATSCAT to actually support ‘
MEWTA., The system was flown over a ground radar with the pavload at 140 ;neters. j
Sixteen test runs were originally scheduled, As a result of excellent data, and a

4 misfires, a total of 25 actual test runs werc made, Two theodolites were used
to assure that the halloon was in the same position for every test, The "quick-
look” radar data verified the target was satisfactorily positioned and not moving 3

excessively.
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33 July Tests

On 17 July 1974 an additional flight was flown at Scat Site to further study
system stability, evaluate how much effect the cable catenary had on altitude, and
look at the balloon motion relative to target motion. Seven data runs were made
while measuring cable tension at each of the three vehicles and plotting target
positions, The target was suspended at various distances below the tri-plate to

determine if this had a significant effect.

4. RESULTS

Table 1 sumarizes the results of all flights flown with a fixed elevation
angle and fixed distance from the tri-plate to the target, The same data is
represented on Table 2, for Flight 7, using changing elevation angles and target
position below the tri-plate, On all flights data was taken on the target motion,

The Jeast amount of wander was encountered on Flight 7, run 1, On this run
the payload did not move at all, The maximum wander was encountered on Flight 4,
and this was only 2,5 meters, The wind speeds present during these nuns ranged
from 0 to 6.2 meters/second, As can be seen fiom Table 1, this system, utilizing
an elevation angle of approximately 40°, is very stable in the 0 to 6,2 meters/
second wind regime, It should be noted that payload ground speed and acceleration
was minimal,

On Flight 7, runs were conducted varying elevation angle and payload distance
from the tri-plate, As can be seen from Table 2, as the elevation angle increases,
payload stability decreases, It is felt by the authors that increased balloon
motion accounts for this trend. For as the elevation angle increases, the tri-
tether system more closely approximates a single tether system,

Figures S through 8 show time-displacement curves for the data collected on

Flights 1 through 6. Table 1 reflects the maximum values of wander collected.
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3. DISCUSSION

S.1 Cable Catenary and Cable Stretch

The test series in which cable catenary was investigated is summarized in
Table 2, Tri-plate height was calculated by assuming rigid links with neither
catenary nor stretch. Lookins at Table 2, it is apparent that the actual height
is consistently higher than predicted. The actual height was obtained from double
theodolite readings. If a catenary were present with no stretch, the actual height
would be lower than the calculated height, From this it is apparent that cable
stretch offsets any effect of cable catenary,

This amcunt of stretch exceeds predictions hased upon manufacturer's data
on stretch at these low loads, It is the opinion of the authors that this
discrepancy is due in part to heating of the cable by the sun, As the cable has
carbon black in the jacket, it will be significantly warmer than ambient, Further
tests will have to be conducted to determine the relationship of solar heating,
cable age, and cable loading.

5.2 Psyload Positioning

The accurate placement of the test payload over a specified ground point was
easier in practice than anticipated, The first time we located the system over a
particular point, an iterative procedure was used. The crew chief directed the
positioning of vehicles until the system was reasonably close, At that time the
theodolites would determine the target position relative to the proper location,
The crew chief would reposition the vehicles to adjust the. payload position,

Several iterations were required to properly position the payload. Once ground
points were located and marked, the positioning was merely a process of having ]

the vehicles move to those locations., Fixed cable lengths eased the process ?
substantially,

The use of double theodolite positicning data aided the fine tuning of
position immeasurably, The procedure used to position this system is applicable
to all systems where the requisite control is present,
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One problem was the requirement to survey the site prior to placing the
theodolites, We are presently in the process of rewriting the program so that
ore can go to any location and by knowing which direction north is, and picking

two convenient locations for theodolites, set up a viable theodolite system,

T PR

The only measuring required would be the distance betwsen the theodolites, a.l
the angle from true north to ground zero from each theodolite.

5.3 Balloon Motion Versus Tri-plate Motion

1 An extension line was flown between the balloon and the tri-plate on all
' tests. This had two major benefits and one minor drawback. The most important
benefit was to separate the balloon radar signature from that of the chaff and

dispenser. This allowed the experimenter to analyze the data without making a

-
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correction, hy use of a "range gate". The other advantage is to greatly enhance

the positional stability of the experimental payload, It was visually obvious

ETTG WU I -2 S

using a bore sight, in winds of approximately S knots at the balloon, that the

target had no apparent motion while the balloon above it was sweeping a disk
approximately 1,5 balloon diameters in radius. Thus the balloon would move
approximately 35 meters in both x and y while the target stayed within 3 meters.
In the follow up tests at Scat Site this effect was filmed by an uplooking
camera at ground zero, A clip of film will be shown in conjunctidn with this

e sl

presentation at this symposiwn. The minor-drawback associated with the extension
cable is in the increased difficulty of ground handling and maintenance. However,

any time test stability is required, the benefits far outweigh the disadvantages,

5.4 Pendulum Effects of s Hanging Package

. Table 2 shows that as the distance between tri-plate and payload increases,
payload motion increases. During Data Run 1 winds of approximately 1.5 meters/
second were encountered. With the payload 1.8 meters below the tri-plate, no
motion was detected, Run 3, utilizing the same elevation angle, shows payload

motion in a weaker wi field., In this case the payload was 15,2 meters below

the tri-plate. When other elevation angles were used, the same situation occurred,
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; . The greater the pendulum, the more payload motion. This is due to the fact that
: a longer pendulum will show more displacement for the same energy,

6. CONCLUSIONS AND SUGGESTIONS

4
3
1
¢
1

6.1 Conclusions
The following conclusions were made from thc test program described in this 1
report: 4
(1) The NOLARO tri-tether system with a natural shape balloon resulted in

excellent stability for a payload in low winds,

(2) Very precise positioning requirements can be met with little problem
in low winds if a double theodolite system is used.

(3) The tri-tether system with a lower elevation angle tends to be more
stable regardless of cable type.* This tends to indicate system geometry is more

il P ST E

important to stability than the type of cable used.

(4) The double theodolite system is valuable for assuring proper system
location,

(5) Cable catenary has no appreciable effect on a low aititude, high 1ift

T

system such as was flown,

oo e s . i

T

; (6) The use of NOLARO cable was satisfactory, even though it went through

1 handling it was not designed for,

| (7) The use of a pulley to reel a package up and down while leaving the

balloon on station significantly speeds up an operation. 5.
(8) The use of a long extension line between the balloon and the tri-tether '

apex significantly cnhances system stability. E

* Leclaire and Rice, Ibid.
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6.2 Further Work and Improvements

Several arcas of improvement have presented themselves to the authors, One
of these is to irprove the theodolite data analysis computer program as mentioned
earlier in this paper,

Data acquisition on the total system could be improved by the more complete
use of theodolites anxd cinetheodolites, This could be done by using them to record
simultaneous data on balloon, tri-plate, and payload motions. Data of this sort
would allow the various components to be looked at as a total system. Relationships
between rotions of the corponents might be determined with this data.

The extraordinary stretch found to be present in the cable needs further
study, Solar radiations impact on this characteristic needs to be determined.
Docs the cable in fact stretch more under the influence of heat? Recommended
additional study in this area is felt by the authors to he necessary,

The use of winches in place of trucks would aid in the proper care of the
NOLARO cable., As explained before, time consideration required the use of cable
too big for use on winches on hand, Future work would be greatly facilitated by
the use of NOLARO cable on winches with a compatible traction drive system,

The optimum extension length between balloon and tri-plate should be
determined, This would enhance the stability of the system without unnecessarily
hampering ground handling.

Relationships between elevation angle, system weight and stability should
be investigated.

A study utilizing an id:ntical cable array hut using an aerodynamically
shaped bhalloon appears called for. The system using the aerodynamically shaped
balloon should he extremely stable, especially in higher wind regimes.
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Figure 2. The Balloon at the Ground
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Figure 4 View of Scat Site Ground
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A Fabric Strain Monitor for Balloon Flight Test

Edwerd L. Crosby, J.

Chief, Analysis & Advanced Development
RCS TELTA Project

Cape Caneversl Air Force Station, Florids

Abstract

The performance characteristics required of an elongation
transducer for in-flight monitoring of balloon fabric are some-
what unusual. The design, use, and results obtained with a fab-
ric monitor used extensively on the IID7, 200,000 cubic foot aeroform

balloon are presented and discussed.

L. PURPOSE AND SCOPE

This paper describes the design of a new fabric strain measur:-
ing instrument which has been used successfully fcor in-flight monitor-
ing of induced strains in balloon fabric. Rather than as an acaaemic
"tour-de-force", in addressing conferees of the technical balloon
community, we will emphasize the practical aspects of the development,
hoping to provide the most useful information.
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2 OBJECTIVES AND REQUIREMENTS

21 Background
In dealing with structural fabrics, the designer of inflated

structures applies the classical principles of structural dynamics as
applied to thin plates or membranes. His task is made more difficult
and his methodology is modified because the materials of preference
differ from metals in several important ways. They are anistropic,
usually strongly so; that is, their strength 1s much greater along

certain directions than others. They are non-Newtonian in that their

stress~-strain ratios are not constant; in fact for most modern balloon.

fadbrics the stress-strain slope is not only not linear, but has an
arbitrarily curved shape. They exhibit "stress-creep” and stress
memory. And, finally, their physical properties are more or .ess
strongly temperature dependent.

The designer, obviously, must understand the capabilities and
limitations of his materials; and the method of applying structural
fabrics, very briefly, is as follows. The selected material is meas-
ured in the laboratory by instruments which provide stress data from
applied strain in each of several selected directions while maintain-
ing selected stress levels in each of one or more of the other sig-
nificant axes. For "bias-ply" balloon fabric these directions are
longitudinal, transverse and shear as related to the bolt of fabric,
With these "materials properties”, s measured strain, which is the
elongation of the material, can be equated to the stress which pro-
duced it. This process of converting measured strain to applied
stress may be performed by inspection of suitably plotted data, or it
may be accomplished by reduction of the laboratory-generated data to
an empirical mathematical definition for entry in a computer. The

stral~ values measured on the structure are then entered and the




stresses print out. More will be said about this process by other
speakers.

2.2 Utiity of the Data

An accurate knowledge of the stresses to which the fabric 1is
subjected provides the following essential information to the balloon
designer:

(1) The circumferential and longitudinal hoop tension due to
inflation.

(2) The loads imposed by load patches, fin attachment structures
and other structural discontinuities.

(3) The adequacy of the distribution (or the risk of the concen-
tration) of these loads.

(4) The stress imposed by hull body-bending or tail-lift under
aerodynamic influence.

(5) Incipient buckling due to aerodynamic forces which is re-
vealed as a decrease in the static strain cf inflation.

(6) Ths creep of the material as shown by increasing strain
(elongation) with time, accompanied by pressure drop.

(7) The partition of stress between panels and seams, and be-

tween circumferential and longitudinal seams.

23 Requirements of the Monitoring Instrument

2.3.1 GENERAL REQUIREMENTS

Measurement of fabric elongation on a flying balloon imposes
the obvious problems of remote measurement in an uncontrolled if not
hostile environment. The instrument must be impervious to all
effects of weather and sunlight and operate in a tecperature range of

- ab st Uaidedtiol & S



=50 to +150° F., 1Its longevity should be equal to the test period be-
cause of the inconvenience of reinstalling and recalibrating a re-

placement.

2.3.2 DETAILED REQUIREMENTS

The characteristics desired in any remote sensor apply in the
present case and will be merely mentioned here. They include sensi-
tivity, resolution, accuracy, good retrace (no hysteresis) electrical

ttability, durability and minimum effect on the measured phenomenon.

This last requirement means minimum "force to operate" in this case.

2.3.3 SPECIAL REQUIREMENTS

The foregoing desiderata are primarily applicable to the trans-
ducer itself. There are other characteriastics which must be maximized
in the design of the monitor. Because of the physical nature of an
inflated flexible envelope, two problems arise which are difficult to

deal with and which are centrally important.

First, since the fabric is uniform ir. its elongation along a
given direction, the attachment of a gauging structure creates an in-
elastic area which is, in effect, prohibited from elongating, Sec-
ondly, the somewhat indeterminate contour of the surface of a balloon,
and the elongation of the fabric in several directions requires care
in restricting the response of the elongation monitor to the single
direction intended for measurement. A third characteristic which is
rather universal but very significant in balloon instrumentation is
output voltage level. Signals from balloon instrumentation tran.ducers
are of necessity carried on long leads and are subject to induced
electrical noise of surprisingly high amplitude. An output level in
the order of 100 millivolts is satisfactory. Of marginal usefulness
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are 10 mV signals while those in the region of 1 mV and below are
virtually useless unless complex and cumbersome signal conditioning
amplifiers are used at the transducer site. Note that the voltage
levels mentioned above are those of the range of the varisble ‘analog,
regardless of the d-c pedestal, Thus a 5 volt half-bridge with + 2.0
mV delta is entirely unsatisfactory,

3. PRIOR EXPERIENCE

The art of fabric strain measurement is not extensive. Beside
"scratch gauges" and similar devices of the aerospace technology
which indicate maximum excursions, there were no useful instruments
available. Bonded strain gauges have greatly insufficient physical
range. An arrangement of multiplying levers (actually dividing
levers) is conceptually possible for use with bonded strain gauge
elements but their complexity and fragility as well as other objec-
tives are unattractive. A fluid-metal capillary resistance gauge
developed by Battelle Columbus Laboratories appears to have excellent
applicability in the controlled environment of the laboratory. How-
ever, stability, problems of secondary instrumentation, its low-level
output, and its strong temperature dependence prevent its use on

flying balloons.

3.1 The Mark ] Fabric Straia Monitor
Developed by TELTA in 1971, this gauge used & linear (push-pull)

potentiometer as the transducer, It was used more or less success-
fully for two years. Because of the relatively large physical ex=-
cursion and the limited resolution of the potentiometer, the gauge
required a span of 10 inches of fabric to provide acceptable results.
This gauge-length is inconvenient., The associated hardvire had an
undesirably large "footprint", and the impossibility of adequately
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sealing the potentiometer necessitated its periodic replacement, and

recalibration of the gauge. At one time, the gauge was critized be-
cause of the temperature coefficient of the 10 inch actuating rod.

It was pointed out however that the brass rod had a temperature co-
efficient of expansion which is minute when compared with that of the
polyester fiber under measurement which, in turn, is very small when

compared with its elongation which is being measured.

4. DESIGN OF THE TELTA FABRIC ELONGATION MONITOR

The Mark I fabric strain monitor was built in considerable !
numbers and used for about two years. The service life of this in-
strument was in the order of six months. FPFor this and the other
reasons given in paragraph 3.1, above, it was decided to design a new
instrument. The decision to do so was precipitated, in part, by the

"discovery" of a nearly ideal transducer.

41 Selection of the Transducer

Space does not permit a discussion of the selection process hut
it should be stated that the search was aggressive and many trans-
ducers were investigated, some of them in considerable detail. The
one selected is the linear variable differential transformer (LVDT)
as manufactured by Schaevitz Engineering; the particular model is
designated 125 HCD. As stated above, it was very well suited to this
application. It is hermetically sealed, has a high output level, in-
finite resolution, satisfactory physical excursion and a compact and

very convenient shape.

4.2 Electrical Characteristies of the Transducer
The detailed characteristics of the 125 HCD LVDT are given in




the manufacturer's literaturse, Reference 1, and will be synopsized
here since the interested prospective user will and should use the
prime information. A simplified schematic of the transducer is given
in Pigure 1. As shown the unit requires a + 15 V d-c supply. It in-
corporates intrinsic regulation so that i%¢s performance is unaffected
by + 2 volt variation in the external supply. It draws only 20 mA on
each leg so that line drop is no problem. The principle of the trans-
ducer is variation in reluctance of the iron circuit of a transformer.
The variation 1is provided by the depth of insertion of a ferromagnetic
cylindrical slug, hermetically external to the sealed unit., The a-c¢
for the transformer is provided by the oscillator and the transfor-
mer secondary signal is demodulated and amplified. The output sig-
nal is a single-ended d-c analog voltage and is impressed upon a
potentiometer at the input to the telemeter equipment. This potenti-
is used to set the signal level; as will be discussed later. The max-

imum linear input range, i.e., the maximum slug excursion for linear
output 1s +0.125 inch,

4.3 Moechmical Characteristics of the Traneducer

The LVDT is & stainless steel cylinder, 0.75 in diameter and
3.625 inches long, terminating in a shrouded male receptacle at one
end and having & cylindrical hole in the other. This cavity receives
the slug and is lined with an anti-friction polymer. The separate
slug is of non-corrosible alloy and is concentrically bored and
tapped.

44 Detail Dedign of the Gange

The entire assembly is shown in Figure 2, as it is attached to
the balloon. The LVDT is held to the saddle block by a stainless-
steel screw-type hose clamp. A neoprene buffer pad under the clamp
prevents crushing. The slug is driven by a wire assembled between

e




two screws. The screw on the slug-end is non-magnetic stainless-
steel. The wire is nickel alloy wire chosen for its temper. It is
Q0 02 inch diameter and non-corroding. The screw on the tail-block end
is brass and screws into the tail block.

Pigure 3 shows the components. The drive-wire assembly is fab-
; ricated by boring #48 drill holes in the screws, loop-heading the
wire, and Jjoining with epoxy cement. The screw in the slug is re-
tained on final assembly by a thread staking compound. On the tail
block, which is a slice of a 5052 aluminum alloy angle, is riveted an

-

aluminum/nylon elastic-stop anchor-nut. The installation crew added
a jam nut on this screw but it is not needed. The saddle block is a
weldment made of 6061 aluminum alloy parts. The base corners are
rounded so that the blocks may be removed by peeling them off the
balloon without damaging it. The saddle and tail blocks are finished

ey el
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1 with white epoxy varnish over gzinc chromate primer, except for their

base surfaces which are sanded bright.

43 Discussion of the Geometry l E
The small size of the transducer permits a reduction in the { jj

—

footprint of the gauge. Although any rigidly stiffened fabric is un-
desirable, some is unavoidable. The base area of the saddle block,
in this case, was considered small enough that for the elongation to

L“ be expected, the mounting cement would provide some compliance at the

edges. Compliance over the bonded area however is not desired since

it has vne effect of increasing the gauge length. None of the gauges !
g used during the Design Verification Test Program peeled, even at the |
¥
| edges. Pigure 4 is a sketoh of the gauge geometry. i
N 3 1
)' The drive wire permits various combinations of axial and

angular misalignment, but drives the core along the gauge axis. The
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height of the gauge axis above the fabric surface suggests the possi-
bility of tipping, particularly of the tail-block. This can only

occur, however, if there is an appreciable restraining force, such as
friction, applied to the slug. Of course there is some but it is
very small. To check it, the operating force of the Arive wire was
checked, with the tail-block screw axis misaligned 5 degrees from
that of the slug. The friction recuired to move the slug was less
than 0.1 ounce (0.006 1b)., Since the force responsible for the
elongation being measured is in the range of 10 to 150 lbs., we can
dismiss the matter. PFurthermore as the strain increases, and hence
the stress, not only does the slug resistance become less important,
but the firmness of the base greatly increases. And, finally, slug
friction would produce directional hysteresis unless it were neg-

ligible, and none has been recorded or observed.

4.6 Calibration; Basic Cosfficients

A full account of calibration philosophy and procedures is
given by E. T. Johnson in Reference 2., The summary below provides
the presently relevant data, With the telemetry-channel input po-
tentiometer set 30 that maximum slug excursion is 0.125" from null
and the gauge-length of 2.5" established by the separation of the
Juxtaposed edges of the saddle block and the tail block as mounted,
the following data, based on 204 hull fabric characteristics, are
exanples of fabric strain monitor performance:

output  frommuil  strain
Maximum Scale 2.5V 0.125" 50,000 us
Practical Null 0,005V 2.5x 10~ 100 u3
High Hull Pressure 0.9V 9.5 x 102" 3,800 us

( 50 1b/in hoop stress)

o ol el Gitnoicnit S i S

S R BN R s

ek e e L A Y S




é
{
:

T

T T e P S S T D NI W AR

= _ T Gadies atons | o o i mhakon i i b L & B viak . e Bd Al Cai_ gt a Al

4.7 Traneducer Accuracy and Linearity

The transducers (25 units) were measured for linearity by the
Physical Standards Laboratory of Cape Canaveral Air Force Station of
the Air Force Eastern Test Range. The procedure was to record the
departure from the expected output for each 0.025" increment of core
movement from null to 0.125" from null in each direction. The
measuring machine was & Pratt-whitney with a certified accuracy of
+10x 20 inch., The measured maximum departure of the units was
the specification limit of 0.25% of full scale or 1% of the indicated
value, whichever was least. Each slug was related to the LVDT with

which it was tested by serial numbering the same.

48 Pre-Instalistion Checkout of System

In order to operate the system before installation, a piece of
hull fabric was fastened to a test frame 80 equipped as to put var-
iable tension on the fabric. The maximum tension which can be applied
is approximately 800 1bs. For a yard of fabric this is about 22 lbs
per inch, a moderate strain. A fabric strain monitor was cemented to
the fabric and mechanically nulled. Using a #-place digital volt-
meter the gauge output was read for several tension increments. Ten-
sion was measured vwith a Dillon tension scale with an accuracy of
+ 2% of full scale of 2000 1lbs. This test setup, though crude, pro-
vided assurance that the gauge was functional, Of more importance,
we soon learned, it provided practice in setting the null on the
gauge, The sensitivity and response-width became apparent when the
voltmeter reading varied with shouting at the fabric,




5. PERFORMANCE AND RESULTS

3.1 Instalistion on the Balloon the Balloon

Twenty-one gauges were installed on the Balloon SN 204 for the
Design Verification Tes:s. PFigure 5 is & sketch illustrating their
location. The gauges were oriented longitudinal, circumferential or
shear. The LVDT's were positioned cavity-down or cavity-aft so as
not to £ill with water and be damped. (No pun is intended; the dash-
pot effect would be obviously undesirable.) Gauge sites were chosen
on the basis of structural significance as will be discussed in de-
tail by other speakers. Figure 6 is a photograph of a cluster of
gauges, set No. 4, A template was prepared which was used as a
stencil by the installer. The gauge outlines were stenciled on the
hull using a ball-point pen. The saddle block was cemented in place
and the tail block was then cemented into position using a 2.5 inaeh
spacer. The drive-wire was then screwed into the tail block half way.
Next, the LVDT was utﬁ to its connector and, introducing the slug
into the transformer cavity, it was clamped., Before final tighten-
ing, the LVDT was slid along the saddle block to that position at
which the core was at mid-position in the cavity, approximately. The
clamp was tightened.

3.2 Calibration

To calibrate the gauge, the technician substituted a test-box
cable for the balloon cable. This box supplies power and reads out-
put. The adjustment is made by carefully turning the tail bloock
screw until null is read. The very high sensitivity together with
the rather "rubbery"” nature of the gauge's foundation-makes this &
rather exacerbating exercise., After some thought, and with substan-
tial pressure from the crew, we agreed to accept + 5 mV a8 null

e ma e o e
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limits., To check the rest of the system, the technician supplies a
"par" voltage to the gauge cable before replacing it on the gauge.
This is a signal simulation and should drive the telemeter strip-chart
pen from zero to full scale as it is keyed "on" and "off". The full
t scale strip chart readout (i.e. the scale factor) may be selected in
; the T/M Ground Station for any channel. With these two cperations,
the calibration is complete. The procedure is performed with the
hull pressure at 1 IWG pressure. This is a compromise between ex-
cessive tension in the area of the maximum diameter (maximum hoop-
stress) and insufficient tension of the fabric to remove creases in
those areas of small inflation stress. In data reduction, the bias

is known and can be handled as desaired. The elongation at 1 IWG is

: small, in any case, and the bias is a small part of any significantly :
E large stress. :

Ev——

5.3 Inflation Test
The static pressure and hull growth test of Balloon SN 204 was
conducted in the Vehicle Assembly Building, Kennedy Space Center,

P T

NASA. This was an unusually complex operation and the large number
of measurements made produced very interesting information on the
effects of pressure on hull geometry. A detailed account of the test

is reported in Reference 3. The fabric strain monitors were installed
on the balloon as shown in Figure 5. Their calibration nad been
checked Jjust prior to the test and valid data were recorded for all,
The nulls at 1 IWG pressure were offset from "pen zero" on the charts :
80 as to provide for buckling.

Although none was expected in this static test, it was de- 1
sired to operate the instrumentation as was contemplated during the
then forthcoming flights tests. The_ reduction of the fabric strain
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monitor data is reported in Reference 4 along with a discussion of
the results. The stress levels computed from the strain data were
moderate and they varied from site to site in very good accordance
with expectations., Figure 7 1is a reproduced excerpt from one of the
reccyders -- the one on which hull and tail pressures appear., This
portion of the test includes "test sequence one" and, quite dramat-
ically shows the response of the gauges to rapid fluctuations in hull
pressure., This unscheduled event, immediately preceding the test,
was caused by failure to disconnect the hull pressure servo; and the
ballonet valve cycled to prevent the attainment of 3 IWG hull press-
ure, which was the intent at that step of the test.

5.4 Flight Test

In the Design Verification Test Program, the fabric strain
monitors were usea on all of the 50 flights. One gauge failed on the
last tow test rlight. The failure was caused by a catastrophic elee-
tronic circuit failure within an LVDT. The unit was promptly re-
placed by the manufacturer. The telemetered data were reduced by
the Range Measurements Laboratory computer and an analysis of the re-
sults has been prepared by Battelle Columbus Laboratories in Ref-
erence 4, The DV Program Final Report which will be shortly released

contains this information also, in Appendix "H". This report is
Reference 5,

These fabric monitors have been used on two other tests in
addition to the regular flight test series. A pair was attached to
the hull fabric as close as possible to a nose beam at the point of
its intersection by a spoke. The purpose of instrumenting the fabric
at this point was to ascertain wha* load was transmitted into this

region of the envelope by high transverse loads on the nose post.

iheiin, RS ek

e e e ek




e S

Interestingly, no load of significance above static could be de-
tected, Evidently the cross load on the nose structure is very
generally distributed,

The second special test consisted of instrumenting a gore seam
and a panel seam immediately adjacent to a pair of gauges already in
use on a panel. The purpose was to determine the magnitude of in-
flation stress on seams as compared with that of the panels. The
balloon was moored, The seams chosen were adjacent to gauge set 3
80 as to be removed from patch loading and be near maximum hoop ten-
sion. The information was obtained; the seams carry substantially
higher loads than the panels as would be expected tecause they are
3 times the thickness (in this balloon) than the panels. An unex-
pected result also eventuated, It was found that the tension on the
panel seams was roughly equal to that of the gore seams, notwith-
standing that circumferential hoop stress is twice that of longitudi-
nal, The explanation is obvious when the geometry is considered., In
this region of the balloon, as in most areas, the panel seams divide
the load because on an area basis there are more than twice as many

as there are of the gore seans,

6. CONCLUSIONS

The fabric strain monitor design project which vas addressed
was completed. Twenty-five have been fabricated. They have been
exposed to the environment continuously for several months and read

during many tests and flights. The gauge is reliable, highly sensi-
tive, and accurate.
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| Figure 2, Fabric Strain Monitor Assembly




Figure 3. Fabric Strain Monitor Components j
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Mobility Of Large Tethered Aerostats

H. O. Mesch
Chief, Operations Planning
RCA TELTA Project

Abstract

One of the more significant limitations of a large tethered aerostat system
operating at a permanent or s temporary site has been the inherent lack of quick
resction mobility. Quick reaction mobility is that system capebdility to relocate

both ground support and aerostat systems to newv operating locations vith minimum
effort snd time consistent with aerostat safety. This paper presents a synopsis of
TELTA Project methods and experiences in moving large tethered aerostats from one
operating location to another. The relocation tests used such prime movers as bull-
dozers, flight winch vehicles, and helicopters. The synopsis is folloved by a dis-
cussion of the impact on future serostat systems concepts resulting from TELTA Pro-
Ject demonstrated mobility of large tethered serostats. Typical of this future
impact on mobility is the pending mobility test with a large aerostat using a

sea-going vessel to move an in-flight aerostat seversl hundred miles by sea from one
site to another.
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1. INTRODUCTION

Before revieving current large serostat mobility methods and experiences it is
best that the scope of the terms large Asrostat, and Mobility be defined to estad-
1ish a common plane for reference.

(1) Although basic experience in aerostat mobility vas acquired by the TELTA
Project (Figure 1-1) through the movesent of small size aerostats (nominally 3,000
to 5,000 cubic feet ) (Redd, 1970) and medium sized aerostat (nominally 80,000
cubic feet) (EGYPTIAN GOOSE PROJECT), the mobility of large aerostats in this peper
refers to those of 200,000 cubic feet in six (Figure 1-2). Thus ,the range of a
large aerostat covered by this paper may be assumed to be those from 100,000 to
300,000 cubic feet in size.

(2) Mobility is & more complex term in that the distance to be moved, the
Teason necessitating the move, and the time aliwed in which t0 accomplish the move
are all inter-related. Distance to be moved may be in the order of 100 yards (i.e.
moving an aerost.t from a mooring location to a flight location); or the move may
be a fev to hundreds of miles (1.e.: relocation from one operational location to
anotner). The reasons necessitating the movement are in themselves complex; they
may be due to economicel constraints (i.e.: to avoid costly deflation snd reinfla-
tions); or to better fulfill a tactical or scientific mnission; or the move may be
necessitated by the approach of excessively severe veather (1i.e.: hurricane). The
distance to be moved i a direct function of mission objectives and requirements.

These vill be expanded upon in appropriate parts of this paper.

2 BACKGROUND

Interest in asrostat mobility is not of contemporary origin. It has been.
hovever, and continues to-be one of predominately military interest from time to
time thru the previous several centuries until today. There exist recorded examples
of attempted ssrostat mobility, vith varying degrees of success, Over land and vater
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during the American Civil War (Haydon, 1941). There are recorded examples of

| serostat mobility by the Germans (by land and sea) and the A.E.F. in France (Widmer,
1918; Myers, 1969). Without exception, eerostat mobi{lity in the above applications
vas for serisl observation missions. In more recent times, aerostat modbility was
exercised most fully by sea during the Normandy Invasion in World Wer II by the
i Allies (Myers, 1969). In this latter instance, the serostats were barrsge balloons
‘ transported by ships to hamper enemy aircraft attacks upon the D-Day Invasion Armada.

Even the mcvement of a small tethered aerostat (6,500 cubic foot) vas success-

fully accomplished by Goodyear Aerospace Corporation in 1966, utilizing a Bell Model

47G helicopter (GER-15317, 1971).
I From this background, it {8 clear that work in tethered aerostat mobility has

i been accomplished by our predecessors i{n tethered aerostat operations. The point of

O T T o o

departure herein covered is, hosever, that the feasibility and techniques related to

the mobility of the large tethered serostats has now been successfully accomplished 4

and demonstrated.

T

3. METHODS y

e S

Basically, all methods concerning tethered aerostat mobility are directly in- E

fluenced by two simple matters. First, consideration of the ground tether point

P -

(anchor) relative to a tethered serostat aloft. And second, consideration of the

nature and types of obstructions along the route of travel. Weather and winds are

et i e D

i o

an infiuence, but these are common considerations to all facets of tethered, aero-
stat operations. 1In effect, if the wveather and winds are compatidble to tethered { i
flight operations, then they are also compatible to an aerostat relocation operstion. .‘;{

(1) To create tethered aerostat mobility, one need only to provide mobility j

to the "ground” tether point. In essence, move the anchor point by some means

vhile an aerostat is sloft, and the standing tether and aerostat will follow the

moving anchor point. The "ground" tether point may be & flying sheave, or a
shackle assemble, as appropriate.
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TELTA Project mobility tests utilizing the tether winch truck (Pigure 1-3)
vere directly feasidble because the flying sheave was already truck mounted and
theref~re already mobile.

TELTA Project mobility tests with a bulldozer (Pigure 1-k) utilized a modified
shackle assgembly in lieu of a flying sheave.
The helicopter mobility fests utilized a flying ballast (Pigure 1-5) to simu~

late an anchor point wvith a modi{fied shackle assembly in lieu of a flying sheave.

In all of the tests,the anchor point wvas made mobile, or movable relative to
the ground.

Of the three methods cited, movement with bulldozer and movement with Heli-
copter/flying ballast each required an especially fabricated, fixed length tether

assembly. Movement with the winch truck vas done directly with the on-board flight

tether contained on the winch tether drum.

(2) Obstructions along the route of travel may be by-passed, or passed over;
dependent upon the mobility technique used and the surrounding terrain. Perhaps the
Bost troublesoms of obstructions to overcome are pover lines and dbridge overpasses
along the relative route of travel. EKowever, such obstructions are more challenging
than prohibitive. By-passing such obstructions should alvays be the first considera- 1
tion vhen feasidle. Movement by helicopter and flying ballast directly overcomes

all normally encountered obstructions save mountains and seas. *

4. EXPERIENCE

Before revieving TELTA Project serostat mobility experiences in greater de- 1
tail, let me cite the gross benefit the project gained through the effective r
application of asrostat mobility. This gain wms in time, costs, and material ex- ‘
penditures avoided during 1972 then 197k. During this period eleven major large
tethered serostat obility exercises vere accomplishéd vhlle FNITIIIIng primary
mission assignments.
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The following salient facts are essentially representative of project expen-
diture avoidance directly distributed to aerostat mobility.

-~ Eleven aerostst deflation and eleven inflation operations were

T

avoided. This most effectively reduced inherent handling wear

to the aerostats through packing and unpacking.

T

- The consumption of 1,760,000 cubic feet of helium was avoided.
1 This volume nominally represents 39 GHe tube-bank trailers, or $89,760

- in helium costs.

? = 112 manweeks of fl{ght crew effort were avoided.
]

3 = 33 wvork days were saved for direct application to primary

aerostat mission commitments.

In substance, effective use of tethered aerostat mobility saves mission time,
money, and material. In addition, such mobility allows that added necessary ele-
ment of quick reacticn to mission requirements.

(1) During the first years of TELTA Project operations fundamental experience

was gained in aerostat mobility through three assigned progr-ms. These programs |

were POCKET VETO, Phase I; PROJECT BALDY; and a follow-on Tow Test Project. All

were on a small scale with respect to aerostat mobility, but valuable experience { b
vas gained on a modest scale.
(a) In POCKET VETO, Phase I, e BJ+3 barrage balloon type aerostat of
84,000 cubic feet was utilized (Figure 1-6). The primary Balloon Facility at
Complex 1/2, Cape Canaveral, Fl., was set up such that the aerostat mooring loca-
tion was 300 yards from the aerostat launch locetion. To maintain aerostat safety
and control, it was necessary to move the BJ+3 Balloon from its mooring location to
1te launch location each morning; and back, each evening. Anchor point mobility

vas provided by using an aircraft tug. The balloon was tethered on a short cable

TR

to the tug and moved as needed. Thie was a direct application of the first rule

s S
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for mobility: render the ground tether point mobile.

(b) Project BALDY utilfzed a 5,300 cubic foot balloon (Pigure 1-7). To
avoid daily inflation and deflation, the dalloon was left inflated but moored in
Hangar C, Cape Canaveral. The hangar is one-helf mile from the lsunch location.
Mobility with the BALDY balloon wvas accomplished via two methods, each dependent
upon surface vind conditions. On relatively calm days, a small tether winch vas
mounted on the rear of a 1i ton truck, with the balloon secured vith minimum tether
length. Agdin, the "ground" tether was thus rendered mobile. However, there vere
obstacles along the route of travel: power lines. But due to the modest size of
this aerostat, ve were able to pass under these obstructions. On more windy days,
the small vinch vas secured on a flat bed trailer; and the ballcon was closehsuled
and snubdbed to the trailer. As before,the size still allowed for passage under the
pover line obstacles. _

(¢) The follow-on Tow Test mission vas vith the langley Research Center
balloon system (Redd, 1970) (Figure 1-7). This vas a small balloon of 25 feet in
length, tethered to the top of a panel truck. The entire system vas parked, vhen
not in use, in Hangar C. Tvo Test missions were conducted at the Skid Strip on
Cape Canaveral, Fl., about 1} miles by road from Hangar C. Although, power line
obstacles vere along the route, mobility vas unimpeded because the entire system
could pass under these cbstacles.

(2) In eerly 1972,delivery vas taken on the first large tethered aerostat, &
200,000 cubic foot Family II balloon (Pigure 1-2). To avoid vork interference by

veather, this first asrostat, SN 201, was given complete checkout, inflation anmd
assembly {n the NASA Vertical Assembly Building (VAB) at the Kennedy Space Cemter.

Upon completion of this activity the full value of mobility capability was recog-

nized The VAB is nominally 15 miles distance from the primery Balloon Pad Facility
on Cape Canaveral Air Force Station.

The immediate consideration was t0 evaluate the feasidility of moving the in- -
flated asrostat from the VAB to the flight fecility. Two methods vere evaluated
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initially: helicopter tow and tov over land. A survey revealed that neither a
helicopter nor a pickup zone vas readily availatle. Thus, the decision wvas lirited
t0 an attempt at tov over land.

Two tasks needed resoclution before true mobility and VAB-to-Pad transfer
could be achieved. First, develop a modile anchor point; and second, determine a
suitable route of travel. In this case, the rcute of travel wvas evaluated first be-
¢ suse the route would affect the mobility method chosen.

(a) An examination of the route of travel revealed that a run, with no
obstacles, existed from the VAB to the bdeach road, a distance of three miles. The
route down the beach road had some 1 pover line obstacles before reaching the
balloon pad. However, it was noted that the balloon ped could be made accessidle
from the beach if a patch were bulldozed through the palmettoes. It was obvious
that there were no overhead obstacles along the beach, but none-the-less, the full
route along the beach vas also examined to assure that no lov lying blocksdes
existed. The route evaluation revealed that a clear run existed from the VAB to
the Pad, at lov tide. We were, in essence, thus planning to by-pass the existing
overhead obstacles. The next task then vas to determine the means of acquiring the
nscessary mobility.

(b) The task of providing aerostat mobility between the VAB and the beach
vas resdily resolved by planning to use the wineh truck (Pigure 1-2). Based upon

¥ past experience of moving asrostats with an aireraft tug and a short, fixed
length tether, it was decided to borrow a vshicle heavy enough to control the
balloon in flight, yet capable of driving along the beach at low tide. Either of
tvo tracked vehicles were considered: an N-2 Tank or a bulldozer. The bulldozer
vas {mmedistely available and was thus chosen for this portion of the mobility

task. With the roate and the msans chosen, the next task was to develop a special
tether compatible to the winch and the bulldozer.

(c) Again, previous experience assisted in the development of this g

TR oG s
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special tether. One of the first balloon missions of the TELTA Project vas to
test and evaluate tendem bdalloon operations with BJ+3 balloons. The upper tether

assembly, comnecting the upper balloon to the lower bdalloon vas an 1deal design.

In the original design this special tether wvas 3,000 £t long. This length vas
shortened to 1,000 £t for this mobility exercise because at this height, the bdalloon
could be easily monitored visually and would dbe flying at an effective height above
any normal ground air turbulence. i

In the tandem application, the serostat vas ascended under winch control
until sn in-line eye splice vas readily accessible. At this time, a short section
of tether was connected to this in-line splice und to the top sttachment point on
the lower tandem balloon. Once connected, the upper balloon was ascended until it
vas supported by the lower balloon. At this time, the remainder of this special
tether vas removed from the winch drum and its lower end secured to the lower
balloon's tether point assembly.

In the mobility exercise, the bulldozer was used to simulate the lower bdalloon
and to serve as the mobile anchor point. A sling and shackle assembly was used to
secure the in-line tether eye to the bulldozer blade. The remaining length of
special tether vas removed from the winch, coiled, and suspended from the stending
tether at the shackle attachment location (Figure 1-4).

After egress from the VAB, with the balloon supported by the winch truck, the

balloon vas ascended to 500 ft. At the beach, the balloon vas attached to the bulle

dozer then proceeded along the besch to the flight ped complex where the balloon vas g
again transferred back to the winch truck and then moored. The total mobility
event, from egress at the VAB to Mooring st Complex 1/2 took about 8 hours to
accomplish.

(3) The next significant mobility exercise occurred in late 1972 with the
same serostat. In essence, the requirement for this particular balloon design was
to be capable of mistaining 65 knots in flight. However, because such wind speeds
had not been encountered during routine riight test missions, the mission require- "
ments were revised to include an inflight tow with s helicopter (Pigure 1-8).
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The primary mission wvas to achieve 65 knot relative wind speed on the belloon. The
secondary mission vas to determine mobility feasidbility using s helicopter.

In preparstion for this mission, the dalloon was relocated by routine means
(deflation and reinflation) to an open field site adjacent to Port Canaversl. This
particular location vas selected because it affords immediate sccess to over water
flight, east of Cape Canaversl Air Force Station.

Three tasks were involved in this mobility exercise: Acquisition of a heli-
copter to conduct the test; determination of the size mobile anchor required
(flying dallast) (Figure 1-k) for this mission; and the special tether assembly
needed.

(a) The helicopter scquired for this test was & CH-L7 Chinook (Figure 1-8)
provided by the U.S. Army.

(b) The mobile anchor, or flying ballast, vas fabricated to weigh 9,000
lbs. The objective of such high veight was to prevent excessive distance from
developing between the helicopter and balloon while in flight at 65 knots. A
secondary problem surfaced before the test was conducted. This problem concernea
the effect of emergency jettison by the helicopter vhile over vater. Analysis re-
vealed that should jettison occur, the free fall force fram the total flying ballast
veight would cause the dballoon to continue to dive and strike the water surface
vith sufficient impact to probably destroy the dalloon.

As a result, the final configuratioh of the flying ballast (Figure 1-5)
contained tvo sections. In essence, the lower section of 5,000 1lbs could be sepes-
raved on command in the event of emergency Jettison. Thus the free fall force of
the remaining flying ballast veight would bring the balloon down to a soft irpact
vithout striking the wvater surface.

(c) The special tether assemdbly developed vas made in two parts. The
portion for tethering the balloon to the flying ballast vas the same configuration
as vas used vith the tulldozer. It provided a fixed distance of 1,000 feet between
balloon and ballast. A tri-plate/svivel assembly on the ballast hesd (Figure 1-5)
sllowed for the connection of the other-portion of the specisl tether assembly,
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e single 1,500 foot lsngth of tether.
The basic design purpose here vas to ensure that the helicopter maintained

a 500 £t vertical separation between it and the balloon vhen the tethers were
under tension and the helicopter wvas in flight near the dalloom.

(4) The helicopter tow test wvas conducted in two parts on two comsecutive
days. On the first day, the balloon/ballast was picked up snd flown in an approxi-
mate 12 mile round trip at a maximum speed of kO knots. The belloon/ballast was
then landed at the take-off site and moored.

This test wvas not only an unqualified success, tut vas also a record maker
in that this was the largest known tethered serostat towed by helicopter to date.

On the second day, the balloon/ballast was picked up and flown in an
approximate 30 mile round trip at & maximum speed of 68 knots. With the primary
mission thus achieved, the helicopter then returned the belloon/vallast to the
primary Balloon Pad Facility, and landed the system just ocutside the designated
landing zone at the facility.

Berein the secondary odjective of testing serostat mobility vith a heli-
copter wvas totally achieved.

The balloon vas then moved from its landing point at the facility using the
truck mobility technique, and then moored for a subsequent major bdballoon inspection.

(4) In late 1973, the second large tethered serostat mobility exercise wvas
conducted vhen Balloon SN 20k vas moved from the VAB to the flight pad. This
transfer vas accomplished in the same manner as was the first exercise vith Balloon
SR 201.

The only material change vas in the tether to bulldozer assembly. It had been
noted that during the dulldozer run along the beach a potential prodblem was occyr-
ring. Each time the tulldoter passed over tidal washouts, the blade would drop;
transmitting a severe pull down jerk to the balloon aloft. To provide a degree of
damping and cushioning, an old but pull tested truck tire wvas installed in the
sling and shackle, rigging sbove the bulidorer blade (Pigure 1-k). The insertion
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of this tire successfully damped out all observable down shocks to the balloon.

This method was crude, but effective.

With confidence gained through experience, this transfer vas accomplished
in a little over three and one-half hours.

Most significant in this mobility exercise was that the winds at 1,000 ft.
altitude and below were significantly higher than desirsble. During pesk periods,

the winds were 20 knots gusting to 30 knots, after having been a steady 30 knots

earlier in the move. :
] (5) Not long after a series of flight tests had been flown with SN 20k, at ;
the primary Belloon site, it became evident that a helium leak had developed. The
leak was determined to be in such a location that deflation and repair would be

required. In addition, it wvas also evident from air leekage in the new tail de- ‘

sign that intensive tail repairs vere needed. Thus, the VAB-to-Pad transfer was ]

T
alic

accomplished in reverse order.

The mobility exercise was another milestone event. This vas the first time 3

a large tethered aerostat had been relocated a significant distance and moved into

a large non-airship structure for maintenance and repair. A rare luxury to those

o

3 wvho work with large tethered aerostats.

(6) After the repairs were completed to Balloon SN 20k, a VAB-to-Pad trans-
[ fer wvas again conducted as a routine operation. The same methods as used with the
initial SN 204 transfer vere followed; that is, movement by the winch truck to the 1
[ beach, and movement along the beach to the pad by the bulldozer.

: (7) In the spring of 1974, additional helicopter tow tests were comducted.

The primary mission was to verify new balloon tail performence at vind speeds of

S e

65 knots. The secondary mission vas to test mobility. This time, the Cape Canaver-

al Air Force Station Skid Strip was selected as the test site. In sddition a

Sikorsky S-61A (CH-3B) Jolly Green Giant wvas used in lieu of the helicopter

originally used (Figure 1-9).

{
‘ A preliminary inspection of the route ¢of travel revealed that a clear path
-
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vas available around the end of power lines at Ligit House Point, east of the
balloon facility. This meant that the entire one and one-half mile could be tra-
versed by using a winch truck for mobility. Because part of the route vas unsta-
bilized fire lane and open sand dune, the Army M-55 wvinch truck wvas l;hctod to
conduct the transfer (Figure 1-10).

Inasmich as the route vas unobstructed and the distance relatively short, it
was decided to leave the mooring tower in place at the Balloon Facility. On each of
the two flight test days, transfer operations were initiated upon confirmation that
the helicopter was doing preflight checks at Patrick Air Forxe Station, some
tventy miles South of the Skid Strip.

Each morning, the ballnron was unlatched from the mooring tower, transferred
to the M-55 winch truck, and driven to the Skid Strip within one hour's time. At
the Skid Strip, the balloon was transferred to the Flying Ballast and made ready for
helicopter arrival. At the end of each day, the balloon was driven back to the
mooring site and secured for the night. Both helicopter tow tests, although with a
new crew inexperienced in balloon pickup and towing, vere routinely accomplished.
All mission objectives vere achieved.

(8) Preliminary vork vas accomplished in late 1972 i{n the Ship-to-Shore
Tests conducted in Oregon (TR-02i & TR-030). Although the mission st that time was
not one of mobility, the metheodology learned will be directly applicable to a
currently planned mobility test. In substance, the plan is to transfer an inflated,
large tethered aerostat from Cape Canaversl, Florida, to the mcuthern dalloon test
facility at Cudjoe Key, Florida, by sea. This will be a mobility test over a dis-
tance of about 400 miles. The ship presently identified for this mission {s the

U.S. Army LT/Col Paige, berthed at Norfolk, Va. All the plans and logistics have
not been completed, but this mability test is tentatively scheduled for late fall
or early vinter of 197h.
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5. SPECIAL PROBLEMS
No unresolvable or prohibitive problems have yet surfaced in any of the
TEITA large aerostat mobility tests. Only future challenges are anticipated.
Through the test missions already conducted, significant aerostat mobility
wvas achieved. Although not used in any mobility exercise, a mobile mooring
system was developed for the CEFAR YONDER Project. In that project, a mast erector
truck (Figure 1.11) snd a Mooring Gondola (Figure 1.12) were developed. These

units are presently in the equipment inventory.

6. FUTURE CONCEPTS

TELTA demonstrated balloon mobility has clearly revealed that operations
vith a large tethered aerostat need not be considered as & fixed location operation.
Future tethered aerostat system designs may freely incorporate any and all methods
of acnieving total mobility. The only true limit to tethered aerostat mobility
is the cesigners scope of innovation and skill. The swiftness of exercising modbi-
1ity for relocation will be directly proportional to the built-in mobility capabi-
lity or available mobility support. Let close on an example of one suggested
means of achieving rapid mobility. It was suggested that a small, properly
ballasted gondola containing mmall aircraft engines be developed. With such a
Zondola, the aerostat could become self-propelled. It could be flown via ground
radio control or an on-board pilot from one location to another. An ultimate in
mobility! Is this feasible for a tethered aerostat? I say most definitely, yes.
It's merely a simple, but temporary metamorphsis from a tethered aerostat to a
blimp to achieve the mobility mission.
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Figure 1. Telta Balloon
Test Facility, Cape
Canaveral

Figure 2, Large Tethered
Aerostat, Balloon SN 201,
200, 000 Cubic Feet

Figure 3. 45K LB Winch Vehicle
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Figure 4. Bulldoger for Beach Mobility
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Figure 5. Flying Ballast for Helicopter Tow
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Figure 6. BJ+3 Balloon

Figure 7, Baldy and LRC Balloons
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Figure 8. CH-47 Helicopter and Balloon SN 201

Figure 5. CH-3B Helicopter and Balloon SN 204
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Figure 10, M55 Winch Truck

Figure 11.

Mast Erector Truck
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Mooring Gondola
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Testing The Performance Of A Large Aerostat

Torrell Higdon Yon, Jr.
RCA TELTA Project
Cape Cansversl, Fiorida

Abstract

This paper provides a summary of the development of some of the sensors necessary to

the determination of the aerodynamic and dynamic stability performance of a large

aerostat.

1. INTRODUCTION

The aserodynamic flight testing of a full size IID-T7 200,000 cubic foot tether-
ed balloon necessitated the development of instrumentation capable of measuring the
pertinent forces, angles and velocities;within the scope of this paper wve will
cover some of the data requirements with the desired accuracies, the development

of the instrumentation, the problems encountered vwhile attempting to gather date
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vith this instrumentation and some of the altermte approaches substituted for the

initiel concepts applied in attempting to acquire the desired data to the desired

accuracies.

2. PARAMETERS OF INTEREST
A During the design verification test program on the IID-T7 balloon there were
' S4 parameters of balloon performance date measured. Of these, the following are
of interest within the context of this paper:

Belloon windspeed

Balloon pitch angle

Balloon angle of attack

Balloon yaw

Tether tension

Tether angle.

Flgure 1 graphically presents the relationship of these parameters.

The tether angle is measured from local vertical and the balloon pitch is the
angle between the balloon X axis and local horizontal. Throughout this program ve
attempted to reduce only data in which the wind velocity vector was horizontal -

- that is, vhere the pitch angle and angle of attack were coincident.

3. ACCURACY REQUIREMENTS

Early in the planning for the test program, goals were established for desired 1

accuracies in the measur ment of these parameters.

Windspeed +0.5 knots ;
Pitch Angle $0.25 degrees
Angle of attack +0.25 degrees
Yav 10,25 degrees ﬁ
Tether tension +0.1 percent
Tether Angle 20.5 degrees
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The windspeed 1s the most criticel in terms of accuracy becsuse of its

squared value in the dynsmic pressure definition, q = ¥ V2,

4. TYPES OF INSTRUMENTS
The acquisition of the foregoing six data values initially involved four types
of instruments, as listed delow, although test experieance bdrought about a number

of changes.

Parameter Instrument Manufacturer  Model Range

Fumber
Windspeed Anemometer Belfort 5688 0 to 60 knots
Pitch Angle Gyro Humphrey VG-24-0801-1 =20 to +4O degrees
Angle of Attack Potentiometer TELTA =20 to +40 degrees °
Tether Angle Gyro Humphrey VG2L-0801-1 =10 to +50 degrees
Tether Tension Load Cell BLH USGL 0 to 10,000 pounds

5. PLACEMENT OF INSTRUMENTS

Of prime importance {n the placement of instruments designed to measure the
speed and angle of the vind mass relative to the balloon is the elimination of the
balloon hull effect on the airstream in which the instrument is operating. It is
contemporary practice to assume that a distance of two body diameters between the
instrument and the hull vill sufficiently r-move the instrument from body effects.
The windspeed instrument vas therefore mounted 100 feet down the tether. The wind-
speed instrument vas also to be used as an indication of the balloon angle of attack.
It was fitted with a tailplane vhich gave excellent alignment with the airstream.
The actual instrument wvas thoroughly tested in the lov speed wind tunnel with
excellent results. Essential in the rationale supporting the use of the location
430 feet down the tether and in addition to the reasonable assurance of its re-
moval from the balloon hull dody effects, 1s the assumption of a homogenous air
mass, at least for the vertical sairspace occupied by both the balloon and the

instrument.
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3.1 Past Experience With Body Effects

An experimental note of interest, as regards body effect, occurred during the
tov tests of the NASA Langley Research Center 25 foot balloon. This balloon was
fitted with a "vindbird" instrument (shown in Figure 2) which was intended to
measure vindspeed, balloon yaw and balloon pitch. The positioning of the instru-
ment mount placed the "windbird" location very near the X-axis station of maximum
diameter and approximately one hull radius avay from the balloon hull. As can be
seen in Figure 2 this location places the hull X-axis, the tangent to the hull
surface at this station, and the windbird axis at zero deviation all mutually
parallel.

When tow testing with the "windbird" in this location the yaw measurement
obtained was quite satisfactory. The windspeed indication, although appearing to
be very linear and rational in its recorded value, never quite agreed with a second
anemometer which was mounted on a boom above and ahead of the tow truck. Both
were soon abandoned in favor of a distance and time method of calculating velocity
vhich vas extremely accurate. The discrepancies in the balloon windspced readings
were attributed to the body effects of the balloon hull on the airstream in the
area of the windbird.

Of particular relevance to this discussion is the pitch measurement. Keeping
in mind that on the lLangley balloon a full balloon h:ll radius separated the pitcﬁ
instrument from the hull, on2 may be tempted to discount hull effects on the pitch
readings; howvever, hull effects on the windbird were very clearly evident. The
balloon vas toved at a matrix of pitch angles from O {0 20 degrees and windapeeds
from 5 to 100 feet per second, but the pitch angle indication throughout remained
at O degrees, just as if the instrument was mechanically "frozem". On more than
one occasion the "bird"” was physically deflected by hand, just to make sure it vas
still functioning. This is undoubtedly one of the more dramatic illustrations in

balloon testing of body effects on the airstream and on instruments immersed in {t.
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6. WINDSPEED
6.1 Instrument Mounted on Tether

t The initiel effort to construct an instrument to measure both windspeed and
; the angle between the wind and the tether resulted in the instrument shown in

b Figure 3. As can be seen from the figure the instrument wvas quite ruggedly built.
! Figure 4 1is a picture of the fourth redesign of this sensor in an attempt to make

it both lighter and more resistant to vibrational loads imposed on it.
6.1.1 TETHER STRUMMING
Thru the years ve have been quite aware of the effect of wind on the tether
and the strumuing which occurs when spontaneous oxillation results under certain
combinations of tether tension, tether length and windspeed. When this {instrument
vas clamped to the tether, the forces imposed on the instrument shook it to des-
truction. This instrument went thru numerous redesigns but to no avail as on the
next flight the first occurence of tether strumming would destroy it.
6.2 The “It's” Windbird on Tether
After the failure of the tether instrument we reverted to an earlier wind-
speed measurerment instrument which had been successfully used on many "Interim
Test Sequence"# flights. This windbird, shown in Figure 5, successfully withstood
the ravages of tether strumming because it was loosely mounted to the tether rather
than hard mounted as the first instrument; however, it measured only windspeed and

was not capable of any engle measurement.

6.3 Trailing Anemometer

Because of the accuracy requirements ne¢essary for windspeed, a second ane-
mometer was added early in the program. This anemometer was suspended by about
100 feet of its own coax signal line, the top end of which wvas attached to the tip
of the port horizontal fin. The Belfort anemometer on the end of the cable hung
* The "ITS" program vas a brief period of aerodynamic testing performed at Cudjoe

Key, Florida, prior to the design verification test, performed to gather,

principally, 1ift and drag data with some dynamic testing in the longitudinal
Plane.
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nearly vertical as the cable trsiled aft in the windstreem. Tovard the end of the
program the "ITS "wvindbird vas removed from the tether and trailed off the hori-
zontal stabilizer it the end of a hundred ‘feet of coax signal line as shown in
Pigure 6.
6.3.1 COMPARISOX ACCURACIES

For the short periods of time that the first tether mounted anemometer wvas
operational, its indication compared quite consistently within one knot or less
vith that from the trailing anemometer. When the ITS " anemometer vas installed
and its measurements were compared to the trailing anemomster, they agreed within
one knot or less. The same results were obtained with both anemometers trailed
from the horizontal stabilizers.
6.3.2 EXPERIMENTAL NOTES

One rather interesting observation of basic atmospheric charecteristics
occurred vhile testing with the "ITS' bird and the trailing snemometer. When a
wind gust would pess the tether anemometer, as indicated by a Spike in the wind-
speed recording, the velocity resding was compared with the distance detwveen the
tether snemometer and the trailing anemometer and rather accurstely corresponded to
the time delay before the spike appeared on the trailing anemometer vindspeed

recording.

7. ANGLE OF ATTACK AND YAW ANGLE

As noted earlier, the plan wvas to derive the angle of attack of the airstreem
by measuring its angle to the tether and then adding this to the tether angle gyro
indication from the confluence point.

A second and slternste method was also utilized in an attempt to measure the
angls of attack, by installing a vind direction instrument on the side of the hull
as shown in Figure 7. The location was chosen to reduce to a minimum the effect
of the flov around the side of the balloon hull vhich results from the pressure

gradient due to hull 1lift. This instrumnt was far too sensitive to yield useful
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angle of attack data. When the airflow in the area of this windbird vas either up
or down the windbird would give very large angle indications. It was suspected
that a minor change in the direction of the general overall airflow wvas amplified
by the body effect on the direction of local flow, this close to the hull. This
data channel was converted to a more useful assignment, and for the remainder of
the program the pitch angle, as read from the pitch gyro, was used in lieu of
angle of sitack.

The same approach used for the angle of attack instrument on the side of the
talloon hull, was epplied to the design of a yav instrument to measure the yav
angle of the balloon relative to the afrflow. This fastrument vas mounted on a
pPylon on the top centerline of the hull ss may be seen irn Figure 7. The resultant
yav signals were acceptable curing periods of steady winds but during variable
light to moderate winds the indications of yaw angle generated by the instrument
vere amplified much as were those of angle of ettack. Although testing was com-
pleted before the yaw measurement problem was completely resclved, a north
reference indication would have sufficiently defined balloon yev in all but gusty,

shifting winds.

8 TETHER TENSION

The tether tension vas measured by s ELH electronic loed cell of 10,000
pounds capecity. As sturdy as this instrument vas it wvas still affected by the
strumming of the tether cable. It never was damaged by these vibrations hovever,

and performed its function quite well through the test roriod.

9. TETHER ANGLE AND PITCH ANGLE

Humphrey gyroscopes were used to measure both the tether angle and the pitch
ang]_.e. The pitch and roll gyroscope may be seen attached to the centerpost strut
of the nose beam structure in Figure 7. The pitch gyro vas positioned and cali-
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brated to the dba)lioon X-axis while the dalloon vas held in a fixed position. The
pitch angle and roll angle vere recorded throughout the program with good
reliability.

The tether angle gyroscope vas mounted on & two foot link detween the
confluence point fan plates and the tether tension load cell. Throughout the pro-
grem there vere periods vhen the tether angle could not be read bdecause of the vipe

t rations caused by the tether strumming. An earlier configurstion placed the tether
€Yro and 1ink belov the load cell. In that position the gyro units had a very

k short life before they had to de reduilt; however, vhen the loed cell was moved de-
: l lov the gyro unit, the lifespan of the gyro was greatly increased and the percentage
of time that useful angle data vas scquired vas increased manyfold. The load cell
itself, vhich veighs about 30 pounds, obvicusly scted as & damper on the ceble end
to reduce the amplitude of the cadble strumming at the gyro instrument.

10. CONCLUDING REMARKS

In meesuring the relative motion of the balloon in the air mess, the initial
concern vas the effect of the hull on the quality of data intended to define the
general airflov characteristics. This concern vas well founded becsuse the bdody
effects caused many problems in acquiring these measurements; hovever, as the
methods of acquiring these data were modified, the test program moved forvard
4 vith excellent results. In planning a tethered balloon test progrem it is alvays
] an extrems temptation to use the tether cable as a mounting place for imstrumentation
This 1is true because it is necessary to get the instruments avay from the dalloon
and the tether "is there”". The tether cadle "strumming” is not an occasionally
occurring phencmenon, but is nearly alvays present socmsvhere om the tether to some
degree and vill frequently involve the entire length of the tether. When under-
taking a test progrem on a tethered balloon, it vauld be advisadble to not require

TS
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instrumentation to be attached to the tether cadle 1if at all possidle. i 4
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Vertical
Tether Tensiocn

Figure 1, Measured Parameters

Figure 2, LRC 25 Foot Balloon
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Figure 3. Tether Instrument
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Figure 4. Tether
Instrument After
Modification
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Figure 6.

Figure 5, "Its" Windbird on Tether

"Its'" Windbird on End of Coax Cable
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Figure 7, IID-7 Balloon Showing Angle-of-Attack,
Yaw and Pitch/Roll Sensors
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Tethered Balloon Power Plant
Gaseous Fuel Supply Via Tubular Tether

C. H. Duggine
RCA TELTA Project
Cape Cenaveral Air Force Station, Florida

Abstract

A study of various systems for providing electric power to a tethered dballoon
led to experiments with the concept of a tubular tether feeding gaseous fuel to an

on-board engine-generator set. The experiments are described and their results

discussed.,

1. INTRODUCTION

The on station time and’or operating eltitude cf tethered balloons using on
boart gasoline fueled engine-generator sets for electrical power is severely limit-
ed by the fuel load-lifting capability tradeoff. The Power and Tether Systems
(PATS) Program was inftiated to study methods of providing higher pover/weight
ratios for balloonborne power sources and/or slternative methods of supplying
pover to the balloon system. The emphasis of this program wvas on reliability,

operability, maintainability and on-station time in excess of 72 hours.

RLe Preceding page blank
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2 POWER SOURCES

The problem of pover scurces for tethered balloons was investigated and ana-
1 lyzed extensively by R, C. Hamilton, Institute for Defense Analysis, and his vork is
{ reported in "Performance, Analysis and Selection of Balloon Electrical Power Systems”
| dated December 1968. The systems investigated included:
A. Vindmills
] ! B. MNuclear Pover Systems
C. Thermoelectric and Thermionic Energy Converters
y D. Sdlar Cells
E. Thermodynamic Energy Converters
F. PMuel Cells
G. Microveve Pover Transmission

- H. Electric Power Transmission Through A conductive Tether

4 Another =eport desling with balloon power sources is "An Evaluation of Poten-
tial Balloon Electrical Power Supply Techniques” (Report No. A-3966-B) by R. F. ]
Badertscher et. al., Battelle Columbus Leboratories, dated May 1972. A considerabdle 3
amount of this study wvas devoted to methods of fuel supply and resupply for omn-board
electric pover generating system. Among the methods investigated vere:

A. Tether Crawler

B. Direct Pumping of liquid fuel from the ground 4

C. Direct Pumping of Gesecus Fuel from the Ground

D. Refueling by Auxiliary Balloon

E., On-board Unpressurized Gas Bag

These tvo reports wers revieved and the advances in the state of the art of ‘]
the various suggested systems wvas invest’gated. This led to the conclusion that two ;
systems shoved prom‘se of most nesrly meeting the criteris send time schedule set
forth in the PATS Program.
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The systems are:
A. Electric power transmission through a conductive tether

B. Internal combustion engine-generator set supplied with gaseous fuel
through a tubular tether

The use of a conductive, wire rope tether or even a nonconductive strength
member containing conductors presents a potential lightning hazard. This potential
hazard, the extent of which is unknown, precluded further investigation of a con-
ductive tether system. The Atmospheric Sciences Program, a corpanion program to
PATS, was currently {n progress and was expected to provide the answers to the ques-
tions concerning personnel hazard and tether servivability. Thus it was decided to

concentrate on development of the tubular tether concept.
3. TUBULAR TETHER

An Onan generator set modif‘ed to operate on methane gas would have a fuel
consumption of 126 £t3/hr at an output of 6.5 KW or about 2 f£t3/min. From "Fluid

Power” by Dangherty & Ingersoll.

2 2  Ww2RT (£ L+21nPy)
Py =Py = T I 5 (1)
A = .0376 1n® (.225 I.D. Tube)
D = ,0187 £t
L = 10,000 £t
f L 002
Rs= A
T = 528°R
W= 1.b x 1073 1b/sec (2 £¢3/ain)
Po= 65 psi

2 2 _ (.0014)2 x 96.k 5 528 (.02 x 10* + 2 1n Py)
Py - (65) R o i o B

Pl- 159 psi

The pressure (159 psi) required to supply 2 tt3/m1n of methane through 10,000
feet of 0.225 I.D. tube is well within thscapability of commercially available Nylon

tubing vhich has an operating pressure rating of 625 psi and a short-time burst
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rating of 2,500 psi. A safety factor of & to 1, applied from the short-time
I burst rating is considered good engineering practice for most applications.

Long-time burst strength of Nylon tubing somewhat lower than short-time wvalues.
However, if Nylom tubing is pressurized at 50% of its short-time bturst strength, it
should last wore than 10 years. KNylon tudbing has excellent resistance to flex and
vibration fatigue. S0 long as fiber stress stresses do not exceed 4,000 psi, Nylon
tuding is virtually imsune to fatigue. One company reported that £" and 5/16" 0.D.

nylon tubing, internally pressurized at between TOO and 1,000 psi flexed ovir 1k ]

P N T P T T r—y——

n{llion times without failure. The tubing had a bend radius of & 3/4" and ome end ;
was reciprocated 3" at 2} Hertz. Useful temperature range of soms types of Nylon i
tubing is from -65°F to +225°F. Cold brittleness tests demonstrate that the tubing

T T T

wvill function at temperatures as lov as -65°F.

A point of concern in the use of a tubular tether is the possibility that the
l ! gus flow will be shut off by flattening of the internal tube as the tether passes
over the fairlead and traction sheaves or as it is compressed by the overlaying
coils of the tether on the reel. '

Two tests were canducted in an attempt to evaluate this problem. A short ]
length of tubular tether was fabricated by removing some of the strands from the b
centor of a plece of .625" diameter Nolaro tether and inserting a piece of nylom :
;' tubing. The tubing vas .250" O0.D. x .062" wall thickness, type 6/6 Wylon. The
tubular tether wvas passed through a pulley with a 20" dismeter sheav: and a 4,000 3
] 1b. load applied as in Pigure 1 to produce a tether temsien of 2,000 1bs. Using ]
one standard lung powver as a pressure standard the air flow rate through the tube
L vas determined before and after the losd was applied. The load vas maintained for

E 2k hours. There vas no detectable change of air flow rate vhich indicated that the
tube wvas not flattened.

In this test the tube vas centered within the tether and the strands ran b
parallel to it and therefore only the strands above the tudbe exerted pressure on it.

4 A most severe case wvould exist if the tube was off center of the tether and the {
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tether wvas twisted. In this case all of the tether strands would cross the tube
at some bias angle and xert the full tether load on the tube. This situation vas
similated by helically winding a bundle of tether strands around the tube and
applying a tether temsion of 2,000 1bs. (See FPigure 2). The air flow -ate at the
standard pressure was reduced by 40% within one half hour. After four hours of
constant load the flos rate was dovn by 50% and at the 24 hour mark it was still
50%. When the loed was released the springback of the tube allowed the original
100% flow rate to be regained although visual inspection showed that the tube was
still slightly flattened.

A 3 KW Continental engine-generator set was converted to use either propane or
methane gas. 5,000 feet of Nylon tubing {.375 O.D. x .0T5 wall) vas procured %o
use with the converted generator set to determine fuel consumption, flow rate,
pressure drop and other operating parameters. Several tubing and rope manufacturers
vere contacted about the possibility of producing long, continmuous lengths of
tubing and fabricating it into a tether. A manufacturer of Nylon tubing stated
that fabrication of long (10,000 ft) 1lengths of tubing 1s within the state of the
art. They have mamufactured some 3,000 ft lengths.

A 700 ft length of experimental tubular tether was procured from the Columbian

Rope Company. It was manufactured to the following specifications:

Diameter 0.625 1n.

Jacket 0.055 in. thick Polyethylene

Fiver Polyester

Fider lay No lay (Parallel Strands)

Tube 3/8" 0.D. x 0.075" Wall Thickness, T-pe 6/6 Nylon
Breaking Strength 8,000 1bs

The manufacturer wvas initially concerned with tube centering vithin the tether.
W“ith no lay construction there is no positive centering action and with an extruded
Jacket the rope making machine cannot be stopped in mid-run to adjust the infeed of

the tube and strands. As it turned out inspection of the finished tether showed
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that the centering of the tube vas almost as good at the end as at the beginning
and it does not appear that there would be any great difficulty in fabricating e
tether 10,000 ft or 12,000 ft. long.

4. FLIGHT TEST OF PROPANE FUELED GENERATOR

A BJ+3 84,000 £t3 balloon vas used to flight test the 3 KW engine-generator
set vhich had been modified to use gaseous propane or methane fuel. Approximately
4,500 ft. of Nylon tubing {.375" 0.D. x .OT5" Wall thickness) vas vound on the
drum of one of the BJ+3 tether winches. The winch drum wvas modified and a rotary
union was i{nstalled to permit an uninterrupted flow of propane gas from the tank
as the tubing was reeled out or back in. (See Figure 3). The second BJ+3 winch
was used to provide the tether for the balloon. As the tubing and tether vere paid
out from their respective winches they vere secured together with Rylon plastic
Ty-wraps at intervals of approximately 50 ft. A standard confluence point swivel
vas modified in-house to have the added capability of a rotary union (See Pigure 4).
The engine-generator set was installed on the balloon at the normal location for
the balloon's power source and provided all the power required for normal balloon
operation. An altitude of 3,700 ft was attained and the generator and all other
components of the system operated satisfactorily. Propane gas was used and the
vapor pressure of the propene in the tank vas 150 psi vhich was quite sufficient
to push the gas through the 4,500 £t of tuding.

Propane was used for these tests of the tubular tether concept because of its
ready svailability although methane (natural gas) is the fuel intended for an
operstional system. Propane has a boiling point of -ULUC at stmospheric pressure
and st +30°P the vapor pressure is only about 60 psi which would he insufficient to

push the gas through a 10,000 ft tube at the required flow rate. Msthane has a

boiling point -259°F and the vapor pressure is over 2,000 psi at any temperature
encountered in balloon operations. In order to provide methane to an operational "4

system it wvas proposed that the gas be compressed and stored under pressure (2,200 1
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psi) in the type of tank trailer used for helium. These trailers have a capacity
of 40,000 3. At a generator consumption rate of 2 ft3/mtn one trailer would pro-
vide fuel for 13.8 days.

'l’he' tubular tether could also be used for helium make-up supply to the bdelloon.
It i{s proposed to use three solonoid valves mounted to the power unit freme which
wvould be actuated by ground command to provide three functions; fuel supply, purge
or helium supply. The fuel valve would be normally open and the other two normally
closed types. The methane g;u would be fed to an airborne storage tenk with a
volume of 1.21 ft.3, pressure rating of 400 psi and weight of approximstely 20 1lbs.
At 350 psi this tank would hold approximately 30 ft3 of gas vhich would supply the
generator for about 15 minutes. A tubular tether 10,000 feet long with an inside
diameter of .225" would have & volume of about 2.76 £t3. A head pressure of SO0
psi would produce a helium flow of about k. £t3/min which would doudble flush the
tube 1in 1.25 min.

Alloving two (2) minutes for each purge and a one (1) minute reserve in the
fuel tank, ten (10) minutes would be aveilable for s helium make-up of about bk £t3
in each 15 minute cycle. The generator engine would be equippped with a ground

ccmmend restart capability in case of 'uman error in using this systenm.

5. TESTS OF TUBULAR TETHER SAMPLES

It was believed that the use of a nonconducting Nylon tube within a tether
would not chenge 1ts characteristics relative to lightning as would the inclusion
of conductors in a conductive tether. There was some reservations hovever that if
lightning struck the tether, as has occurred once during a TELTA Project flight,
the tube might be punctured and release gas which would burn the tether through
causing bresk-away of the balloon. In order to test this possibility, samples of
tubular tether containing ges under pressure were subjected to simulated lightning
strikec in the Lightning Transients Laboratory in Miami, Fl. Though the tether

Jacket and fibers vere damaged there was no puncture of the tube. In order to make
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the test more severe vires were inserted into the tether fibers from both ends of
the sample so0 that the simulated lishtning arc would occur inside the tether
adjacent to the tube., The fibers and jacket were exploded awvay from the tube but
the tube wvas not punctured.

Samples of the experimental tubular tether purchased from Columbian Rope Co.
vere tested on an in-house designed tension fatigue testing machine vhich cycles
the tether over a 10 in. diameter sheave at tension values from 10% to 70% of its
breaking strength. These tests showved that the tube did not cause any loss of
strength or fatigue life of the tether. A flow of air at constant pressure vas
maintained during these tests and measured with a flov meter. No change of flow

rate vas observed thus indicating no appreciadle flattening of the tubdbe.

6. CONCLUSIONS

The development of the tubular tether wvas not pursued further due to lack of
e fim requirement for long on-station operation of tethered balloons. It is de-
l{eved that if such a requirement should exist, at some time in the future, the
tubular tether would be a prime candidate to fulfill the need.
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Figure 2, Crossed Strand Tube Cruvsh Test
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Free Balloon Capabilities: A Critical Perspective

James F. Dwyer
Air Force Cambridge Resserch Laboratories
Bedford, Massachusetts

Abstract

Free bslloon systems, classified as zero-pressure, superpressure and air-
ballast systemc, are reviewed with respect to both achievable flight profiles (in
terms of possible flight stages) and the payload subsystems necessitated thereby.
Air-ballast systems, with noted exceptions, are treated as having merely theo-
retical capabilities, sufficiently documented elsewhere. The capabilities and
potential of the superpressure balloon are briefly considered and recommended as
warranting a thorough independent anslysis (some capability trend data are
appended). For zero-pressure balloons, a capability in-the-large is numerically
defined and this macroparameter is proposed as suitable for assessing and planning
capability growth, Implications aré stated with respect to the historical trend
of this parameter and, based thereon, suggestions are offered concerning future
research and development of zero-pressure Lalloons. Historical data are appended
and references are given.
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Gore Panel Stress Analysis of High Altitude Bailoons

Dr. H. Alexander an P. Agrawel
Stavens Institute of Technology
Hoboken, New Jersey

Abstract

A method for determining the stress state of a balloon gore
panel was presented at the 7th AFCRL Scientific Balloon Symposium.
In this method it is assumed that the load tapes take the design
shape and the gores bow out between the tapes. Using experimentally
determined constitutive relations for the film and the load tapes
both the circumferential andmeridional stresses in the gore panel
have been determined at all altitudes from launch to ceiling.

This analysis has been improved to include the subpressure re-
gion noted in a partially inflated balloon and the weight of the fit-
tings and the tapes. 1In the partially inflated state, the uninflated
material is assumed to be partially suspended from the top end fit-
ting with the remainder added to the payload at the bottom. Gore
panel stresses have been determined for a number of tailored taped
balloons varying in volume from five to forty-seven million cubic
feet. The effect of number and strength of load tapes and changes in
payload are assessed.

1. INTRODUCTION

As a result of the requirements placed on the balloon designer
by the user to carry heavier payloads to even higher altitudes, the
demands placed on the balloon structure have increased to the point
where the usual assumptions of zero circumferential stress and no
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material deformation in the design of natural shape balloons are no
longer valid approximations of the actual stress and deformation
states. The need for a realistic analysis of the stresses actually
developed in a balloon was recognized a number of years ago by the
authors. Such an analysis must account for the effect of material
deformation and should be an adjunct to any balloon design program.
It could be an important aid in modifying balloon design procedures
to better utilize material strength and prevent regions of high
stress concentration.

A stress analysis procedure that assumes that the load tapes
take the design shape and the gores bow out between the tapes was
presented at the Seventh AFCRL Scientific Balloon Symposium (Alexan-
der, Agrawal, 1972). Using experimentally determined constitutive
relations for the film and the load tapes both the circumferential
and meridional stresses in the gore panel were determined at all al-
titudes from launch to ceiling for a sample 5x10% cubic foot balloon.
However, the shape analysis used in this work ignored the subpressure
region at the base of the balloon and did not properly account for
the weight of the fittings and the uninflated material. A subpres-
sure region exists in all balloons at altitudes below the ceiling
altitude. This paper deals with the necessary modifications to the
shape analysis and demonstrates the combined shape-stress analysis
procedure by examining the stress fields developed in three popular
balloon systems in a number of different design configurations carry-
ing various payloads.

2 SHAPE ANALYSIS

In the determination of gore panel stresses, it is assumed that
the load tapes, which are fairly rigid in comparison to the film,
follow the design shape at ceiling and a computed bubble shape at all
other altitudes. The film is then assumed to deform into a circular
cross-section shape between adjacent tapcs. The computed bubble
shape is determined using classical membrane theory assuming zero
circumferential stress (Smalley, 1963, 1964). The procedure starts
with a computer program that calculates the shape and the ratio of
payload at the bottom of the balloon to the total payload at a given
subpressure value. The computation is repeated until the opening
angle at the base of the balloon, 6, has been found which allows the
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satisfaction of the equation
F/P + L/P = 1 (1)

to + 0.1% accuracy; where F is the payload at the top plus the excess
top material, P is the payload and all excess material and L is the
payload at the bottom plus the excess bottom material. It is assumed
that all the excesas material weight from the bottom to the maximum
radius is acting as a payload from the bottom of the balloon and all
of the excess material from the maximum radius to the top is acting
as a payload from the top of the balloon. This procedures was repeat-
ed for a range of subpressure ratios, a, from -1 to -5, a range of
L/P ratios from 1.00 to .55 and various values of the shape parameter,
L. {(a=a/), where a is the pressure head at the bottom of the balloon
and J\=-(P/b)1/3 with b being thn difference in weight densities of air
and the inflation gaé. £=(2n)1/3(w/bx), where w is the unit weight
of balloon material.) The results of the calculations were curve
fitted by functions of the form,

2 3
12 + C22 + C3£ (2)

0= CO + C
for all combinations of values of a and L/P.

A second program is utilized to determine the shape of the bal-
loon at a desired altitude. First a subpressure value is chosen that
is well below that expected at the computation altitude. The sub-
pressure ratio is chosen so that in the shape computation, the gore
length does not exceed the designed gore length of the balloon. 1If
this should inadvertently occur, a higher subpressure ratio is chosen
and the calculation is repeated. The computed gore length being less
than the designed gcre length does not cause any difficulty since the
volume of gas in the lower portion of the partially inflated balloon
is negligible.

The opening angle is calculated from Eq. 2 for various values
of L/P. A value of total payload is then assumed. For a given value
of L/P, the shape of the balloon is then computed. The computed bal-
loon volume is then compared with the volume of the lifting gas in
the design balloon at that altitude. If the volumes are not within +
0.5%, the value of the payload is changed and the shape calculations
are repeated until the volumes are matched. This procedure is re-
peated for a range of values of L/P.

N




: To determine the correct value of L/P, the following procedure

has been adopted. First, the balloon material acting as a payload,
3 Wp,il computed as

Wp - W - (Wl + Wz) (3)

v

vhere W is the nominal weight of balloon material, Wl is the weight
i of inflated balloon material up to the maximum radius and W, is the
weight of inflated balloon material from the maximum radius to the

top. The total payload, P, is then given by

p-ph+wp (4)

P T T

where Ph is the actual hanging payload.
The total gore length up to the maximum radius, t Y is deter-

] mined to be i

i L, = (e=tg) + 1y (5) :
)

H vhere 2 is the fully inflated balloon gore lengtl, L, is the gore

1 ; length determined in the shape calculation and L, is the determined
; ! gore length up to the maximum radius. The weight of this lower sec-
tion of the balloon is calculated from the design configuration as

! L/ Then L, the payload at the bottom plus the excess bottom materi-
al, is found to be

L'Ph+W°-W1 (6)

The ratio of L/P is then calculated and the shape determination

at the value of L/P closest to that obtained in Eq. 6 is then stored j

by the computer program for use in the gore stress analysis. The A
: determined shapes of a 5.025 x 106 cubic foot cappxd 1.0 mil balloon
F with a 488 1b. payload are shown at launch, 40,000 ft., 60,000 ft. j‘
8

and 90,000 ft. in Figure 1 and at ceiling (119,000 ft.) in Figure 2.
A comparison with photographs taken at launch and during flight ap-
1 pears to indicate that the computed shapes are fairly realistic de-
k- terminants of the load tape configurations.
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Figure 1., Shape (Load Tape Configura- Figure 2, Shape (Load Tape Configura-
tion) of a 5.025 x 106 cu. ft. Balloon at tion) of a 5.025 x 106 cu. ft. Balloon at
Launch, 40,000 ft,, 60,000 ft, and Ceiling (119,000 ft. Altitude) 1
90,000 ft. Altitude ]

-

3. GORE PANEL STRESS ANALYSIS |

The stress analysis procedure was presented in detail at the
Seventh AFCRL Scientific Balloon Symposium (Alexander, Agrawal, 1972)
It is assumed that the film deforms into a circular cross-section
perpendicular to the principal curvature of the load tape configura-
tion determined in 2, above (see Figure 3). All excess material
sustains no pressure load and all loaded gores are assumed to be sim-
ilarly loaded. Using previously determined film and load tape con- f
stitutive theories the analytical procedures of the earlier paper
(Alexander, Agrawal, 1972) have been utilized to obtain the circum-
ferential and meridional stresses developed in the gores of four ]
tailored taped balloons; a 5.025 x 106 cubic foot 1.0 mil capped bal- |
loon, a 5.025 x 106 cubic foot 1.5 mil uncapped balloon, a 20.8 x 106
cubic foot 0.8 mil capped balloon and a 47.8 x 106 cubic foot .35 mil

i
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capped balloon. For each balloon the effect of number and strength
of load tapes and changes in payload have been assessed.

— FILM DEFORMS INTO
A CIRCULAR CROSS-SECTION

PERPENDICULAR TO THE
PAWICIPAL CURVATURE

LOAD TAPES FOLLOW DRBIGN SNAPE

MOTEALL EXCESS MATERAL

SOL3 NTO SAIL AND
SUSTAINS NO LOADING.

ALL LOADED #ORLS
ARE ASIINMED TOBR
NUILABLY LOADED

Figure 3, Scheme of Analysis for a
Taped, Natural Shape Balloon

4. APPLICATION TO FOUR BALLOONS

41 5.025x 10 Cubic Foot Capped Balloon

This balloon, a quite successful design that was flown many
times constructed of DFD-5500 film is described in the following
table: .

Gore Pattern: Tapered Tangent Base, Fully Tailored Apex

Maximum Volume: 5.025 x 105 cu. fe.

Diameter: 238.9 ft.

Tape Type: Polyester, 500 1b.

Number of Gores: 120

Gore Material: 1.0 mil Polyethylene

Gore Length: 324 ft.

Cap Length: 110 f¢t.

Cap Material: 1.0 mil Polyethylene
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Design Minimum Payload: 488 lbs. floats at 119,000 ft.
Maximum Payload: 4500 ibs. floats at 92,100 ft.

Gore panel stress analysis results for a 488 1lb. payload at
launch, 60,000 ft. and ceiling (119,000 ft.) are shown in Figures 4,
5 and 6 for the design configuration, 120 gores with 500 lb. load
tapes, and a test configuration, 240 gores with 250 1lb. load tapes.
All results are shown for the top portion of the balloon only; from
the top to the maximum radius. At launch, both the circumferential
and the meridional stresses are found to be of similar magnitude in
the range from 100 to 200 psi for the 120 gore balloon with the maxi-
mum stresses developing near the maximum radius. Increasing the
number of gores lowers the stresses appreciably. The ratio of maxi-
mum circumferential stress with 240 gores to maximum circumferential
stress with 120 gores is 0.66; approximately a 35% stress advantage
by increasing the number of gores. A stress advantage continues to
exist through most of the ascent. However, it diminishes with alti-
tude, until at ceiling, increasing the number of gores causes a
slight stress disadvantage near the maximum radius.

20 LAUNCH 60,000 FT.
— -—— 120 GORES, SO0 LA LOAD TAPES 340 — —— 12060RES, 500 LB. LOAD TAPES
— — 240 GONES, 250 LD.LOAD TAPES — — 24000RES, 230 LA LOAD TAPES
200 [— 300 —~
= = =
£ £
E 180 |— » 20—
¢ g
[ =4 —
w "
i 160 [— -!‘ 220 |—
- [
z x
I&l [
1 1L
140 — 190 —
3 &
N J L
H H
g tof— g 40 |—
100 |— 100 |—
o0 1 - o) | SR S N T T N O I |
0 5 0 18 20 2 [ [ 0 2 30 T 0 0
GORE LENGTH (FT} GORE LENSTH (FT)

Figure 4. Gore Panel Stress Analysis of Figure 5. Gore Panel Stress Analysis
a 5,025 x 108 cu. ft. Balloon with a 438 of a 5,025 x 106 cu, ft. Balloon with a
lb, Payload at Launch 488 b, Payload at 60, 000 ft. Altitude
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It should also be noted that
the shape of the stress curves
changes with ascent from having a
maximum near the maximum radius at
launch to having a maximum at the
apex at ceiling. This is due to
the balloon's approaching the flat
top design configuration as it in-
flates. The stresses tend to in-
crease with increasing altitude.
However, they are always far be-
low a yield or failure value at
the associated temperature of
the flight. The 1.0 mil cap on
this balloon has certainly been
effective in keeping the film
stresses quite low. This balloon
design has had an excellent flight
record except in situations where

11,000 FT ALTITUGE

o 2 0 © [ ] 100
GORE LENSTHIFT)

Figure 6. Gorg Panel Stress Analysis
of a 5.025 x 10° cu, ft. Balloon with a
488 1b, Payload at Ceiling (119,000 ft.
Altitude) r

a high launch temperature and a cold tropopause were encountered
(Dwyer, 1966), This combination has been shown to cause brittle bal-

loon film failures (Kerr, 1968).

42 5025 x 105 Cubic Foot Uncapped

Balloon

This balloon is essentially
the same as the balloon described
in section 4.1 above except for
the absence of the cap and the con-
sequent construction with a 1.5
mil film instead of the 1.0 mil
film of balloon 4.1. This balloon
has successfully carried a 3000
1b. payload to 101,500 feet.
The stress analysis during such
a flight is shown in Figures 7,
8 and 9 for the design configura-
tion, a balloon with 240 gores
with 250 1b. load tapes and a
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— —— 120 6ONES, S00LE. LOAD TAPES
%00 ——24060ME3, 250LA LOAD TAPES
—-— 120 GORESI000LA LOAD TAPES

MERDIONAL CIRCUNPERENTIAL STRESS (PSI1)

] L] 20 0 L %0 %0
GORE LENGTN (FT)

Figure 7. Gorg Panel Stress Analysis
of a 5.025 x 10° cu, ft. Balloon with a
3000 I1b. Payload at Launch
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balloon with 120 gores and 1000 1b. load tapes. The stresses are
higher than those predicted for the capped balloon. However, the
trends appear to all be similar to those of balloon 4,1 with a 35%
stress advantage gained at launch by the doubling of tne ruamber of
gores. At launch, there does not appear to be much advantage to us-
ing the 1000 lb. load tapes. However, at ceiling, the stressc: near
the top are appreciably lowered through the use of high strength

tapes.

4Q.000F T

& = 120 GORES, S00LD. LOAD TAPES
~ = 24000RES, 2350 LA LOAD TAPES
—==120 QORES, 0,000 LO.LOAD TAPES

-

.-"'w.-: T".'.':.‘::--

04 |- ’1‘_,_.-’ ‘_'.

g &
I P
MENDIONAL CMCUMPERENTIAL STRESS (PSI)

MERODIONAL CIRCUMFCRENTIAL STRESS (PS1)

o 20 «© 0 [
il ontiommen
108 [~ Figure 9. Gore¢ Panel Stress Analysis
- of & 5,025 x 10° cu. ft, Balloon with a
P 1N A T T O 3000 1b, Payload at Ceiling (101, 500 ft.
o © 2 » & ®w ® Altitude)

GORE LENGTH (FT)

Figure 8, Gore Panel Siress
Analysis of a 5.025 x 10° cu, ft.
Balloon with a 3000 1b Payload at
40, 000 ft, Altitude

In any event, the stresses are always within allowable limits
of strength accounting for the excellent success record of this con-
figuration.

43 20.8x 10 Cubic Foot Capped Balloon

This is a heavy load balloon with 2 caps described in the fol-
lowing table:
Design: Natural Shaped, Taped
Maximum Volume: 20.8 x 10° cu. ft. |
Diameter: 375.08 ft. q

5 e o
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MERDIONAL CMCUMFERENTIAL STRESS (PSI1)

LAUNOY

Tape Type: Polyester, 400 1lb.

Number of Gores: 140

Gore Matecial: 0.8 mil Polyethylene

Gore Length: 529.7 ft.

Cap Lengths: 172 ft., 168 ft.

Cap Material: 0.9 mil Pclyethylene

Design Minimum Payload: 2700 lb. Floats at 126,000 ft.
Maximum Payload: 5250 1lb. Floats at 117,000 ft.

60,000 FY

1200 — —— 140 GORES, 400 L& LOAD TAPES
—— 140 GORES, 400LE LOAD TAPES — — 200 00RES, 20018, LOAD TAPES
—— 200 GOMES, 200 LB LOAD TAPY'S —-— 140 GORES, 800 LB. LOAD TAPES
—-— 140 GORES, SOOLE LOAD TAPES oo |-
s,
et S 1000 |
g5l -
-q—-'-?"h_‘_‘-' £
e e = 900 |-
‘H.?‘-": - h‘\_q g
o 5
4 800 |-
<
3
H o0 1
T N ) S T U U G A §
0 20 30 e W e b i [
GORE LENGTH (FT) g
g o~
Figure 10, Gore Panel Stress s

Analysis of a 20,8 x 106 cu. ft.

Balloon with a 2700 !b, Payload o f-
at Launch
300 b
=
RS [ T T N N WO DOl S O S
] 20 0 [ ] [ ) 100 20

GORE LENSTH(FT)

Figure 11, (Gore Panel Stress
Analysis of a 20,8 x 108 cu. ft.
Balloon with a 2700 ib, Payload
at 60,000 ft. Altitude

Gore panel stress analysis results for launch, 60,000 ft. and

ceiling with both the.minimum and maximum payloads are shown in Fig-
ures 10-15. At launch, with both payloads there appears to be an ad-
vantage to increasing the number of gores and an even greater advan-
tage in doubling the load tape strength. However, with increasing

altitude, the stress advantage diminishes and is eventually elimina-
ted.

The stresses in this balloon are much higher than in the 5 x 108
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cu. ft. balloon.

bly only nominally safe.

§

— 10 GORES, 400 LA MYLOAD
= == 200 GORELS, 200L8 PAVLOAD
=== 140 GORES, G00LA PAYLOAD

NOTE: 140 AND 200 SORE CURVES
OVERLAP

[maoon

EDOE OF THE CAP

8

MERMDIONAL CIRCUNFERENTIAL STRESS (P51}

g

0 L] 0 20 60 200 260
1 GORE LENGTN (FT)
1 Figure 12, Gore Panel Stress

Analysis of a 20,8 x 108 cu. ft.
Balloon with a 2700 1b. Payload
at Ceiling (126, 000 ft. Altitude)
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=<= 140 GORES, 00010 LOAD TAPELS

f

f '

r woo |-
|

F |

T

MEMOWONAL CIRCUMFERENTIAL STRESS (PS1)
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Figure 14, Gsre Panel Stress Analysis

of a 20,8 x 10° cu, ft. Balloon with a
5250 b, Payload at 60, 000 ft. Altitude

ol

At the maximum payload, the stresses are approach-
| ing yield or failure at almost all altitudes.

This design is proba-

LAUNCH

= O O0RES, 40018 LOAD TAPES
—— 20000NES, 200LA LOAD TAPES
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GORE LEMNETH (FT)

Figure 13. Gore Panel Stress

Analysis of a 20,8 x 106 cu, ft,
Balloon with a 5250 Ib, Payload
at Launch
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Figure 15. Gore Panel Stress

Analysis of a 20,8 x 108 cu, ft.
Balloon with a 5250 1b, Payload
at Ceiling (117,000 ft. Altitude)
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4.4 47.8x 105 Cubic Foot Capped Balloon

of a very thin (.35 mil) film.

This is a very large, extremely hi;h altitude balloon produced

table below:
Design: Natural Shaped, Taped

MERIDIONAL CIRCUMFERENTIAL STRESS (PSI)

Maximum Volume: 47.8 x ].06 cu.

Diameter: 521.43 ft,

Tape Type: Fortisan, 60 1lb.

Number of Gores: 197

ft.

Its specifications are given in the

Gore Material: 0.35 mil Polyethylene
Gore Length: 682.71 ft.
Cap Length: 128 ft., 121 ft.
Cap Material: 0.35 mil Polyethylene, 0.5 mil Polyethylene
100 1b. Floats at 172,000 ft.

Design Minimum Payload:
Maximum Payload: 500 1b.

L AUNCH

1000 — —— I97GORES, SOLR LOAD TAPES

- — — JS4Q0RES, JOLB LOAD TAPES
—-=— |9TGORES, 120LE LOAD TAPES

o 10 20 0
GORE LENGTH (FY)

Figure 16, Gore Panel Stress
Analysis of a 47,8 x 108 cu, ft,
Balloon with a 100 b, Payload
at Launch

340

MERIDIONAL .CIRCUMFERE NTIAL STRESS (PS1)

Floats at 166,500 ft.

40,000 FT

2000 — =—— I97GORES, 6O LA. LOAD TAPES
== FBG0RES, 30LE LOAD TAPES
—-=—I¥TEORES, 120L8.LOAD TAPES

o w0 20 30 0 30 0

QORE LENGTH(FT)

Figure 17, Gore Panel Stress
Analysis of a 47.8 x 106 cu, ft.
Balloon with a 100 b, Payload
at 40,000 ft, Altitude




0,000 FT.
Gore panel stress analysis

L results for launch, 40,000 ft.,
[ 90,000 ft. and ceiling at both
minimum and maximum payloads
are presented in Figures 16-
1 23. In the launch configura-
tion, this balloon was found to
Lave a very flat upper region
yielding the stress curves shown
in Figures 16 and 20. Con- GORE LENSTH (FT)

3 sequently, there appeared to Figure 18. Ggre Panel Stress Analysis

1000 — —— 197 GORES, GOLD. LOAD TAPES
- —— 3540003, JOLA LOAD TAPES
——— 197 GORES,130LE. LOAD TASES

MERDIONAL CIRCUMFERENTIAL STRESS (PS1)
8§ 8
LR

be little advantage to in- of a 47,8 x 10° cu. ft. Balloon with a
creasing the number of gores. 100 Ib, Payload at 90,000 ft, Altitude
However, approximately a 40% A
stress advantage was realized
by doubling the louid tape ;
1 strength., Here is a situation 4
E @ where it appears that stronger load tapes should be used to secure a E
E | safe launch. With both payloads, the launch stresses are dangerous- ;‘{
i ly close to yield stresses. In fact, launching in high temperature k
' conditions would probably result in a launch failure if not for the ]
E, : high orientation and an absence of a low yield stress in this thin ;
[ ! polyethylene film. ‘ ]
J >
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Figure 19, Gore Panel Stress Analysis of a 47,8 x 106 cu, ft, i
Balloon with a 100 1b, Payload at Ceiling (172,000 ft, Altitude)
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1
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Figure 20, Gore Panel Stress
Analysis of a 47,8 x 108 cu. ft.
Balloon with a 500 th, Payload
at Launch

The advantage in increas-
ing load tape strength continues
with ascent for both payloads.
However, the advantage is dimin-
ished as ceiling is approached.
This balloon has probably been
successful to date only because
of the use of a highly equi-
biaxially oriented film that
has better ultimate strength
behavior than heavier gauge
films. The balloon should
probably be produced with
stronger load tapes than the
designed 60 lb. tapes.
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Figure 21, Gore Panel Stress
Analysis of a 47.8 x 108 cu, ft.
Balloon with a 500 Ib, Payload
at 40, 000 ft. Altitude
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Figure 22, Gore Panel Stress
Analysis of a 47.8 x 10~ cu. ft.
Balloon with a 500 1b, Payload
at Ceiling (166, 500 ft. Altitude)
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Figure 23. Gore Panel Stress Analysis of a 47,8 x 108 cu, ft.
Balloon with a 500 1b. Payload at Ceiling (166,500 ft. Altitude)

T

3. CONCLUSIONS

yoe

The procedure presented in this paper and the earlier work of

two years ago (Alexander, Agrawal, 1972) provides a simple calcula-

r‘ tion of the stress field in a high altitude balloon throughout its
P entire flight history. Using four popular balloon designs the ef- 1

fect of payload and number and strength of load tapes has been de-

monstrated. With the availability of the proper material properties j
data, the procedure can be incorporated into the balloon design pro-
cedure. The designer will then have a rational basis on which to
decide such design parameters as number of gores, film thickness,
cap size and thickness, and load tape strength.
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Thermal Analysis of Long Duration Flight Packages

Leland A. Carison® end Penny M. Brandeberry**
Texas A&M Univensity, Coliege Station, Texas

Abstract

With the development of super pressure balloon technology long dura-
tion balloon flights, measured in days and weeks, will become common. Be-
cause of restrictions on package size, weight, and internal power dissipa-
tion, the package thermal protection system will have to be passive. This
paper presents a model suitable for predicting the transient thermal beba-
vior of such packages. To verify the model, comparisons with actual flight
measurementy are presented for several twelve and twenty-four hour flights.
In addition, the configuration and environmental factors that affect the
package thermal behavior are discussed. Emphasis {s placed upon those
factors that are particularly important in long duration flights. Finally,
predictions for a typical around the world package are presented. It is
shown that several days are required before a steady state thermal beha-
vior is established and that wide temperature variations are encountered.
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Balloon Design
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Abstract

"he design of high altitude scientific balloons has evolved over the
years strongly influenced by material quality and manufacturing techniques.
However, demands by scientists for heavier payloads and higher altitudes
have resulted in dramatic failures since the design of these balloons must
be without the advantage of prior experience. Therefore, a need exists to
review existing design procedures as well as the history of balloon fail-
ures in order to determine if and how these designs might be improved.

All design procedure. require some knowledge of the balloon shape at
float. Therefore, the classic works of Upson and the detailed description
of the "natural" shape by Small¢y are reviewed. Designers then incorpo-
rate the effects of material strength, flight temperature, and experience
to iteratively obtain the necessa:y envelope and cap thicknesses. These
designs are revivied along with tie success and failure histories of these
designs. Both experimental and tlieoretical stress a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>