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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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Symposium has been planned to maintain the high standards of its predecessors
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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.
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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
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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

52

T A




P T S

R

hsacn) o R e

e

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
Sheldehl, Inc.
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<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>