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Abstract

This publication is comprised of a series of papers given at the Fifth AFCRL
AScientific Balloon Symposium held at Wentworth-By-The-Sea, Portsmouth, New
Hampshire 17, 18, and 19 June 1968, The subjects were selected to cover the
most recent developments in balloon technology and examples of the use of balloons
for research purposes, The symposium is intended to provide an exchange of in-
formation for the developers of balloon systems and provides an excellent oppor-
tunity for scientists to discuss potential balloon capabilities and applications for the
accomplishment of scientific programs, Balloon technology presentations included
recent material investigations, tandem balloon stress analysis, balloon instrumen-
tation, tethered balloons, cryoinflation feasibility studies and proposed launching

techniques for large balloon systems,
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PROCEEDINGS, FIFTH AFCRL SCIENTIFIC
BALLOON SYMPGSIUM

I. The Solar-Powered Balloon

Lelond Ashman and Robert Jolkovski
Arthur [, Little, Inc.
Combridge, Massachusetts

Abstract

An effect well known to balloonists is the heating of the gas within a balloon
by radiation from the sun or from the earth, This heating results in a lift in ex-
cess of the lift expected during isothermal conditions,

The authors have investigated the effects of solar heating in small air filled
balloons and have launched several such balloons that derived all of their lift
from solar heating, The ability to launch solar powered balloons depends upon a
number of factors, including heat up time, ambient air temperature and balloon
construction, as well as the optical properties of the atmosphere during the
launching period,

Although they are presently regarded as rather amusing and interesting curi-
osities, solar powered balloons may have applications in situations that require
suitable low cost substitutes for helium or hydrogen filled balloons or in situations
where their flight characteristics are desirable, Possible applications and proper-
ties of solar powered balloons are described in this report.

(Received for publication 18 October 1968)




L. INTRODUCTION

Balloons using heated air as a source of buoyancy are the oldest known prac-
tical man-made flying machines, Air-filled balloons carrying burners and a fuel
source are currently used for sport and for scientific exploration of the atmos-
phere. The authors have fabricated solar-heated air balloons and have carried
out investigations, including flight tests, to explore the possible usefulness of such
balloons. The present discussion, however, will deal primarily with basic prin-
ciples governing the behavior of solar-powered balloons,

A solar-powered balloon is defined here as a balloon that derives all of its
lift from incident radiant energy, specifically that delivered to it by the sun. We
shall consider it to consist of a rigid lightweight envelope or shell containing am-
bient air, For purposes of analysis, we consider a spherical shell that is perme-
able and of negligible thermal mass, so that the volume is constant and the pres-
sures inside and outside the balloon are the same.

2. TEMPERATURE RISE WITHIN A SURFACE-HEATED BALLOON

If we consider an air-filled spherical balloon whose surface uniformly absorbs
incident radiation, we may write a heat balance equation in the ‘ocrni

Q = h (T - Ta) + hy(T - Ti), (1)

where Q is the absorbed incident radiant power per unit of balloon surface. Be-
cause of Q, the surface of the balloon will rise to a temperature T, and heat will
be transferred to the interior of the balloon,

The first and second terms on the right side of Eq. (1) represent rate of heat
lost per unit area by convection to the surrounding air and to the interior of the

balloon respectively, where h, and h2 are heat transfer coefficients and Ti is the

1
air temperaturc within the balloon. Heat losses by radiation have been ignored
for the sake of simplicity.

To determine the temperature rise and heat-up time, we must also account

for the rate of increase of the internal energy of the air inside the balloon, thus:

2pcR & = hy(T - Ti), (2)

where p is the air density, C its heat capacity, and R the radius of the balloon.
A solution that satisfies Eqs, (1) and (2) and the boundary condition Ti = Ta at
t = 0 may be written as




Ti-Ta=T__(1-e™M, (3) i

where
Tmax : % (%)

and 1
s W 1
e =k (FT*TE)‘ (3b) |
Equation (3) indicates an exponential rise of temperature inside the balloon

with a ti e constant 1/ and a final tempereture T .
max

Figure 1. The Launching of a Solar-Powered Balloon
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3. TEMPERATURE RISE WITHIN AN INTERNALLY HEATED BALLOON

In this case we assume a rather hypothetical situation in which the incident
radiant power passes through the surface of the balloon and is uniformly absorbed
throughout the interior, For example, the balloon might be fabricated from a
transparent plastic film that would permit the transmission of radiation to the in-
terior, where it wouid be converted to heat and result in a corresponding tempera-
ture rise of the contained air. Again, for simplicity, we shall ignore radiation
losses and assume that heat escapes solely by conveztir: to the balloon envelope.

Thus we may write

dTi

1 o ) Bl
§pCR b Q hz(Tl ™. (4)

Furthermore, since we have assumed that the thermal mass of the bailoon film is

negligible,

hz(Ti - T) = hl(T - Ta). (5)
The solution of Eqs. (4) and (5) is similar to the previous case; thus,

Ti-Ta = 1-e 0t (6)

Tmax(

where

= a4 (6a)
T ax Q(hz N hl)
and
3h,h
172
o *5CR{h, +h)° (6b)
p 1t h

4. IMSCUSSION OF RESULTS

According to the preceding analysis, the temperature rise in solar-powered
balloons is proportional to the incident radiant power and inversely proportional
to the heat transfer coefiicients. The radiant power Q may be estimated from the




solar constant H, for which we have used a nominal value of 0, 02 cal/cmz-sec.
Since only a quarter of the balloon's surface is effective in absorbing this radia-
tion, Q = 0, 005 cal/cmz-sec, provided the emissivity of the surface is 1,

Obviously, to attain the highest possitle value for Q, the atmosphere must be
clear and the sun at altitudes above 30°, For the case of a surface-heated balloon,

the temperature rise does not depend upon h2 but only upon hl; thercfore, in
launching surface-heated balloons, great care must be taken to minimize air cur-
rents. With careful sheltering we have found it possible to get temperature rises
of about 30°C inside experimental balloons, Such balloons cannot be tethered be-
cause, if they are, they will cool and return to earth, However, balloons in free
flight will continue to heat because there is little air movement relative to their
surface, and they may achieve substantial altitudes, One 5-ft-diam balloon that
we launched reached an estimated height of over 5000 ft before it disappeared
from view, Obviously, the launching of such balloons may be simplified by filling
them with hot air, but this detracts somewhat from the sport,

The internally heated balloon appears to offer some advantages, since the
temperature rise is not limited by hl‘ (See Eq, (6a).) For example, even if h1
were very large we should expect temperatures in excess of those for surface-
heated balloons, Unfortunately, the fabrication of internally heated balloons is
more complex, and we have been unable to build one that would fly while tethered,
The problem appears to be that of stability of flight rather than temperature rise,
and with suitable design it should be possible to fly a tethered solar-powered bal-
loon, The simplest and perhaps the best method of providing internal absorption
of heat is to extend one or more very lightweight, blackened films across the in-
terior of the balloon. The films should be perforated to permit air flow, \We have
also flown balloons containing an internal blanket of black nylown netting, but the
weight of the netting is excessive, at least with materials presently available.

The time constant or heat-up time is the same for surface heated und for
internally heated balloons (Eqs. (3a) and (6a)) and depends upon the diameter of
the balloon and the heat transfer coefficients, For a 5-ft-diam balloon, assuming
h1 large compared with h2, we estimated a time constant of ahout one-half hour,
which indicates h2 T1074 cal/cmz-sec. This is a rather low value for a heat
transfer coefficient and indicates the quiescent state of the air inside the balloon,
It also suggests that the temperature rise in internally heated balloons may be
substantialiy greater than for surface-heated ones,

Although we have experimented with relatively small balloons (5 to 8 ft in
diameter), balloouns with diameters of 50 to 100 ft should be capable of lifting
payloads of several hundred pounds. Presently we can only speculate about the
launching problems and flight characteristics of such balloons.

e




5. POTENTIAL APPLICATIONS

Despite the need for larger sizes for comparable lift, the solar balloon has
some desirable characteristics compared with helium or hydrogen filled vehicles
and with burner-powered hot air balloons. It is basically safe from fire hazard,
simple, and can be less expensive to build and operate, It is less precise and con-
trollable than conventional devices, and its flight is obviously limited to relatively
haze-free daylight, with the sun at an altitude of 30° or more. Its load carrying
capacity is quite limited until large diameters are reached; for instance we esti-
mate that a 200 lb payload (man-carrying) model would require a diameter of ap-
proximately 40 feet. However, the cost penalty for larger sizes is not as great
as in other types, and flights of longer duration can be made than burner-operated
balloons permit, Current burner devices are also noisy, while the solar balloon
is not.

Permitting ourselves to speculate a bit with these peculiar properties of the
solar balloon, we think it might, for example, provide an ideal carrier for distri-
bution of propaganda leaflets, It might be used in situations requiring a large num-
ber of balloons for safe and broad distribution at low cost, such as large scale
marping of wind currents, and possibly sales promotion. Launched from off-shore,
the solar balloon may be able to float on the water after descending at sunset and to
heat up again when the sun rises, and continue its journey.

Exploration of other atmospheres than the earth's will require novel vehicles,
A primary requirement for space-transported equipment is, of course, low-mass;
and the solar balloon requires little more than a lightweight film, if it can be filled
with the planet's ambient atmosphere and if temperatures are not extreme. One
might envision a rocket-transported solar balloon carrying sensing and telemeter-
ing equipment released into the atmosphere of Mars or Venus, The balloon could
fill itself with the ambient atmosphere, heat up and float for many hours carrying
instruments to measure conditions at or near the surface of the planet,

Apart from purely speculative applications, the solar balloon makes a fas-
cinating outdoor toy. It is safe, cheap, easy to fill and launch, and works best
when it is most pleasurable to be out-of-doors. The authors have built and flown
a small skin heated version made with blackened 1/2 mil polyethylene film which
heated within 30 min, flew for miles; and eventually disappeared from sight at an
altitude in excess of 1 mile,

Finally, the possibility of using a ground-based radiation source of proper in-
tensity and wavelength may be considered. A source such as a searchlight could in
principle provide the required radiant flux to be captured by the skin or internal
heat absorber, Short flights in cloudy weather or at night would then become possi-
ble and some degree of control from the ground could be achieved.




Il. Balloon Strength in the Troposphere
as Affected by Creep at Launch

Amold D. Kerr
Department of Aeronautics and Astronautics
New York University

1. INTRODUCTION

At the Fourth AFCRL Scientific Balloon Symposium an experimental program
was outlined with the aim of detecting the causes of failure of high altitude plastic
balloons (Kerr, 1967), The purpose of the present paper is to present the results
obtained from a specific test, a special case of the test described in Section 4 of
Kerr (1967), and then to discuss their relevance to the strength of plastic balloons
and the MIL Specifications,

Because the plastic balloons that failed before reaching altitude were of
standard design, had routine handling at launch, and contained only films that had
successfully passed the tests prescribed in Military Specification MIL-P-4640A
(USAF), it was concluded that these prescribed tests do not check some material
characteristics important for successful balloon flights,

In view of this situation, it became necessary to give some thought to the gen-
eral idea of testing balloon films, With close relationship of a test result to the
actual response of the balloon as a guide for devising meaningful tests, it appeared

*This publication is the result of research sponsored by Air Force Cambridge
Research Laboratories under Contract No, F19(628)-67-C-0241,




logical to set up tests that simulate potentially critical situations a balloon ex-~
periences during launch and ascent,

Available records of numerous halloon flights conducted by AFCRL and NCAR
showed that the majority of failures occurred at altitudes between 40, 000 and
60, 000 ft (Dwyer, 1966; Bilhorn, 1966), A review of the temperatures through
which a balloon has to pass during ascent revealed that from launch up to an alti-
tude of 35, 000 ft the temperature may drop by more than 150°F. At 36, 000 ft
the temperature reaches about -65°F,

After the forces, temperatures, and time intervals to which a balloon is sub-
jected during launch and ascent had been studied, it was conjectured that creep at
launch may have a detrimental effect upon the strength of the balloon film at the
cold temperatures encountered at the failure altitudes. J. F. Dwyer, reviewing
balloon failure statistics, indeed found evidence that supported this hypothesis
(Bilhorn, 1966). In view of his finding a test was conceived to study this strength
aspect,

2. TESTS

The standard sample is a 3. 5-ft-long cylindrical membrane, The sample is
closed off at both ends by disk-like end fittings. The upper fitting has a hole in
its center which is used to introduce a pressurizing gas., The lower {itting is
equipped with a hook for the attachment of an axial load. The entire assembly is
mounted on a portable frame that can be easily rolled into the cold chamber with-
out disturbing a loaded sample (see Figure 1),

The testing procedure is, first, to preload the plastic cylinder at a tempera-
ture of 75°F, 92°F, or 110°F, by attaching a load P to the lower end fitting; then,
after a predetermined time interval, to roll the setup into the chamber and, after
cooling it for 15 minutes at a chamber temperature of -70°F, to pressurize the
cylinder until it fails,

The purpose of the axial preloading at a high temperature is to simulate the
launch, The additional pressurization in the cold chamber is to simulate the ef-
fect of deployment and pressure inside the balloon at the failure altitudes, The
cooling time of 15 min was chosen on the assumption that the ascent velocity is
about 1000 ft/min, The used axial load P = 60 lb corresponds to a nominal stress
of 845 psi and the load P = 51. 5 1b corresponds to a nominal axial stress of 725
psi, meridional stress levels often encountered in actual situations at launch,

All test samples, except those made of DFD-5500 54-in. layflat tubing, were
fc;rmed by cutting, along the machine direction, 16.5-in, -wide strips, laying two
strips on top of each other, adding along both sides of each strip edge narrow
1. 5-mil film strips and then heat sealing each strip edge using a band type sealer,

ansaamaiiheaniing




INNER EDGE INNER EDGE
S| OF SEAL:

VA"

~08* kid-~0.0°
15.3°
16.5"
Figure 1. Sample Assembly Figure 2, Formation of Seal

Mounted on Portable Frame

The arrangement is shown in Figure 2, According to J. F. Dwyer, such film
seals are now being used in a large number of actual balloons (Dwyer, Private
Communication), The samples made of ®DFD-5500 54-in, layflat tubing were
heat sealed without the additional strips, using a hot jet sealer. It should be
noted that the produced samples contain both the balloon film and the seals, so
that the response of both is tested, to determine which of the two is weaker for
the described test.

In order to prevent icing due to the very low temperature in the chamber, dry
nitrogen was used to pressurize the sample. The test setup is shown in Figure 3
and additional details are presented in Kerr and Alexander (1968),

Tests of the type described were conducted with samples made from the final
production lot of 2-mil DFD-5500 54-in, and 33-in, layflat tubing and from 2-mil
StratoFilm® 54-in, layflat tubing for a variety of preload times in the Arctic
Wind Tunnel of the U.S. Army's Natick Laboratories.

The first sequence of tests was conducted on samples made of 2-mil
’ StratoFilm 54-in, layflat tubing and of 2-mil DFD-5500 54-in, layflat tubing. The

axial force at preloading was 60 lb and the preloading temperature was +75°F,
The results are shown in Figure 4,

The highest pressure at which a DFD-5500 sample burst, 2, 09 psi, was found

to occur for zero preload time. After as little as 20 min of preloading, the burst

® Registered trademark
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pressure dropped to approximately 1, 25 psi, a decrease of 40%. The pressures
quoted are those of the upper envelope of the corresponding test data. It is as-
sumed that the lower values were caused by material imperfections, damage
during mounting and handling, and the thermal effect of end fittings as discussed
later,

For StratoFilm the upper envelope of burst pressures seems to be a straight
line at approximately 2.50 psi. Thus the bursting strength of the StratoFilm sam-
ples subjected to an axial force of 60 1b at +75°F is not affected by the preloading
time,

It is of interest to note that the failure patterns of the samples made of the
two films are very different, Whereas the DFD-5500 54-in. samples exhibit very
brittle failures, during which the samples disintegrate into small shreds, the
failures of the StratoFilm samples are ductile, and are characterized by the for-
mation in the film of a tear line parallel to the sample axis, Typical failure pat-
terns are shown in Figure 5.

Supplementary tests with temperatures measured throughout the sample re-
vealed that several of the low points shown in Figure 4 were caused by insufficient
cooling of some of the end fittings, This suggests that end fittings should be rather
thin, in order to assure their cooling by 140°F or more during the cooling period
of only 15 minutes,

The burst tests were repeated, keeping the sample temperature of +75°F con-
stant throughout the entire test, The results are also shown in Figure 4, It may
be secen that at +75°F the failure pressures for both materials are about the same,
that they are not affected by an axial preloading of P = 60 1b, and that the values
are much lower than the corresponding values obtained previously for -70°F,

It should be noted that in the graph of Figure 4 burst pressures and nominal
stresses are used and not true stresses, which are more difficult to determine,
This is done intentionally, since the deformations are relatively small and the
prime purpose of this investigation is to determine the main cause of balloon fail-
ures, and not the exact failure stresses,

In view of the finding that in some cases creep at +75°F does have a detri-
mental effect upon the strength of the sample, a second sequence of tests was con-
ducted for preloading temperatures of -70°F, +75°F, +92°F, and +110°F, The
end fittings were machined out in order to eliminate the temperature problem
mertioned previously, The samples were made of 2-mil thick StratoFilm 54-in,
layflat tubing and 2-mil thick DFD-5500 33-in, layflat tubing in the same way as
for the first sequence of tests. An axial preloading force of 69 1lb was used at
first,

The results of the Stratol'ilm tests are shown in Figure 6, The lack of any

scatter in the data suggests that the scatter shown in Figure 4 was mainly due to
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DFD-5500 (54 in, )(Preloaded for

StratoFilm (54 {n,)(Preloaded for
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Figure 5,

Typical Failure Patterns for P = 60 b
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the temperature effect of the end fit-
The test results indicate that
for preloading temperatures up to
+75°F the preloading by P = 60 1b has
no effect upon the burst pressures at

tings.

-70°F, whereas for preloading tem-
peratures of +92°F and +110°F the ef-
fect is very significant, the bursting
pressures decreasing with increasing
preloading temperatures,

Samples preloaded at tempera-
tures of -70°F or +75°F failed by the
formation in the film of a tear line
parallel to the sample axis, whereas
samples preloaded at +92°F or +110°F
failed consistently at the seal. A typ-
ical seal failure is shown in Figure 7,

In order to check the effect of the magnitude of P upon the burst pressures a
number of StratoFilm samples wcre preloaded with P = 51,5 1b at a temperature

of +92°F,

Figure 7, Typical Failure Pattern
of StratoFilm Sample for P = 60
Lb and Preloading Temperatures
+92°F and +110°F (Shown Sample
Preloaded for 107 Min)

The results are shown in Figure 8.
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of P from 60 1b to 51.3 1b raises the burst pressure to the extent that, at +92°F,
the preloading force P = 51,5 1b has a very small effect upon the burst pressures
at -70°F, !
The test results for the DFD-5500 33-in, samples with a preloading force
P = 60 1b are shown in Figure 9. A rather important finding is that the response
of the samples made out uf 2-mil DFD-5500 33-in. layflat tubing is very different
from the response of the samples
made of 2-mil DFD-5500 54-in. lay-

flat tubing, as may be seen from a

B!
a SE A0 , comparison of Figure 4 and Figure 9.
z N7 FLM AND SEAL FALURES |/|z '?" B i .
2 *-‘Q"—“—‘*‘-=--;:3—:: ————— ] The comparison reveals that the burst
§ e o™ = rs:u. nfu;e?‘:\’"J'- pressures at -70°F of the samples
\\“
f | T J_’E.AL{_‘L_ufi_"” made of the 33-in. layflat tubing are
[+
e ! 151 much less affected by preloading than
g those made of the 54-in, layflat tub-
0 EE— 1 1 1 ing. In this connection it may be of
o « 00 120 0 200
PRELOADING TIME IN MINUTES interest to note that the DFD-5500
@z odorolarle rs el (BLshiioaoen AT rastr 33-in, samples are also less affected
A PACLOADED AT +110"F P -SEAL FAILURE by preloading than the StratoFilm

samples, as may be seen b =
Figure 9. Burst Pressures of DFD-5500 s’ | y compar

(33 in.) Samples With P = 1b ing Figure 9 and Figure 6. Since the
DFD-5500 54-in, layflat tubing and

the DFD-5500 33-in. layflat tubing
were made of the same resin and were produced by the same technique with only

small deviations in the details of the manufacturing process, such as different
blowup ratios, and so on (Dwyer, Private Communication), it appears that the de-
tails of the manufacturing process are very important variables,

The DFD-5500 33-in. samples preloaded at +75°F failed by the formation in
the film of a tear line parallel to the sample axis, or by a seal failure as indi-
cated in Figure 9, whereas the samples preloaded at +92°F or at +110°F {ailed
consistently at the seals,

During the testing it became apparent that the samples that failed at lower

burst pressures exhibited larger axial creep deformations caused by the axial
| preloading force P, This suggested a study of the axial creep characteristics
' during preloading of all materials tested in order to establish the magnitudes of
axial creep at burst,
The test consisted of loading a sample by an axial force P as shown in
Figure 1 and then recording the axial elongations. This was achieved by marking
a line of length Lo (for example L0 = 10 in,) parallel to the sample axis and,
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after certain time intervals, measuring its deformed length L. The results for
P = 60 1b are shown in Figure 10 and for P = 51,5 1b in Figure 11,

The graphs show that the axial creep deformations of the saniples made of
DFD-5500 33-in, layflat tubing are the emallest, whereas those o) the samples

4] *0 L] 120 B0 200 240 280
TIME | miN]

4 DFD 3500 (54"} A STRATOFILM (547) O DFD 3500 (33")

Figure 10, Axial Creep Deformations
of Sample at P = 60 1b

TIME | i}

+ DFD 5500 (547) O STRATOFILM 1547) O DFD 5200 133")

Figure 11, Axial Deformation of Sample at P = 51.5 1b

made of DFD-5500 54-in, layflat tubing are the largest for tests with the same
load P and the same temperature, A comparison of this finding with the burst
pressure graphs suggests a possible correlation between the axial creep deforma-
tions of a sample and its bursting pressure. This becomes even more apparent
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conce the corresponding A values are introduced in Figures 4, 6, 8, and 9. Al-
though more tests, and a material study of the films at the seals, are needed to
clarify the strength deterioration of the tested samples, the test data obtained to
date seem to indicate that excessive creep deformations at preloading weaken the
seals at -70°F. It is expected that this found phenomenon will be particularly
critical for theose tapeless balloons which are subjected during launch to a high
axial stress and a high temperature.

It is of interest to note that the test results described agree with the records
of past balloon flights, which show that balloons made of DFD-5500 54-in. tubing
(final produciion) performed poorly, whereas balloons made of StratoFilm 54-in,
tubing performed very well (Dwyer, Private Communication), Because of the
poor performance of the balloons made of DFD-5500 54-in, tubing (final produc-
tion), no balloons made of DFD-5500 33-in, tubing were flown, and hence no
balloon data are available for this film,

It should also be pointed out that preliminary cold chamber tests on samples
made from the "old" AMC production lots of 2-mil DFD-5500 54-in, tubing, using
the seal shown in Figure 2 and preloaded at +75°F, did not indicate a substantial
strength decrease; the obtained burst pressures were comparable to those of the
StratoFilm 54-in, samples; and this film, according to J. F. Dwyer (Private
Communication), had a very good flight record. Thus there seems to be a definite
correlation between the results of the devised test and the flight performance of
actual balloons,

3. CONCLUSIONS

From the findings discussed above it may be concluded that the testing pro-
gram revealed two impaortant phenomena not accounted for previously. The first

is the weakening of some balloon film samples at -70°F when preloaded by axial
forces at temperatures encountered during iaunch, The second is the effect of the
details of the film manufacturing process, such as blowup ratio and so forth, upon
the mechanical response of the film throughout the entire temperature range of
interest,

In connection with the first finding, it should be noted that the used test is only
a special case of the fatigue test recommended in Section 4 of Kerr (1967), Until
test results of this entire program are available, it is suggested that before a plas-
tic film and a particular seal are accepted for balloon use, they should also be
subjected to tests of the type described in the present paper,

The second finding suggests that for each film resin in use, one should deter-
mine those details of the manufacturing process which will produce a film with
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mechanical properties most desirable for a balloon material, It also suggests that
once a specific film and sealing method pass the acceptance tests for balloon ma-
terials, no changes in the manufacturing details should be made without a thorough
investigation of its effect upon the mechanical response of the produced film and
seals,

The findings presented above, the deficiency of the seal test reported on page
43 of Kerr (1967}, as well as the results of cold brittleness tests reported in
Hauser (1967), suggest that the MIL Specifications are due for a revision with the
aim of eliminating tests which in the past proved to be of little or no relevance for
balloon films and seals and the inclusion of meaningful tests which will contribute
to the assurance of successful balloon flights.
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lil. Flight Analysis of a Constant Level
Expandable-Type Balloon*

Harold Alexandert
Department of Aeronoutics and Astronautics
New York University

Abstract

The development of a constant level expandable-type balloon has been ne-
glected in the past mainly because of the lack of an accurate method of analysis and
of proper balloon film materials, In recent years, the availability of new ma-
terials has made this type of balloon technologically feasible, This paper gives an
analysis of the ascent of an expandable-type balloon produced from neoprene film,
using a new stress-strain relationship developed by the author, It is shown that
with the proper choice of balloon material, balloon size, payload and amount of
inflation gas, it is possible to cause the balloon to float 2t a prescribed altitude,

It is hoped that this demonstration of the feasibility of such a balloon, with its ob-
vious advantages over super-pressure balloons produced from relatively inextensi-
ble plastic films, will spur its development as a standard scientific tool.

*Taken in part from a dissertation _ubmitted by the author to New York
University in partial fulfiilment of the requirements for the degree of Doctor of
Philosophy.

tPresent affiliation: Department of Mechanical Engineering, Stevens Institute
of Technology, Hoboken, New Jersey.
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L. INTRODUCTION

To most of the members of the scientific balloon community the title of this
paper will be a bit puzzling, since they are not aware of any recent flights of con-
stant level expandable-type balloons. This paper is not an analysis of a balloon
that has been flown. Rather, it contains an analysis that suggests the develop-
ment of a balloon that will be filled with a quantity of inflation gas at launch and ex-
pand as it rises in the atmosphere, very much the way a sounding balloon does.
However, unlike a standard sounding balloon, which bursts before reaching a state
of float equilibrium, this balloon will reach some float altitude and stay there for
some period of time,

Although it is by no means a novel concept (New York University, 1951), the
development of a constant level expandable-type balloon has been neglected in the
past because of the iack of an accurate method of analysis and of proper balloon
film materials. In recent years, the availability of new materials has made this
type of balloon technologically feasible. In the following, the ascent of such a
balloon is analyzed and the desired properties for an appropriate balloon film
material are outlined.

2. THE STRESS-STRAIN RESPONSE OF EXPANDABLE-TYPE BALLOON MATERIALS

2.1 FElastic Response

As part of a study on stress and deformation analysis of extensible balloons a
new elastic stress-strain relationship for neoprene balloon film was developed by
the author (Alexander, 1967b; Alexander, to be published)., This new stress-strain

law can be written in the form

2
w2 a2 .2 \w LD
si-%](ni Ay M) T e

(]
2.2 ) AR 2 =\
+ (AAie1 * AT 2’*1-1"1+1)((12 T3y ey T Cs)s' (1)

where the indices are cyclic in the form 1, 2,3, 1, 2,3, and so on, s; are the devi-
atoric true stresses, Ai are the principal extensions, Cl' C2, C3. vy and k are
material constants (functions of temperature only), upis an effective shear modulus
determined from the other five material constants, and I1 and 12 are the first two

strain invariants of the extensions defined as
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It has been shown by the author that Eq. (1), in addition to representing the re-
sponse of neoprene film, accvrately represents the response of many rubber-like
materials through their entire range of deformations (Alexander, 1967a; Alexander,
to be published).

In Alexander (1967a), p. 76, the inflation of a spherical balloon is analyzed
using Eq. (1) and the appropriate equilibrium and kinematical relationships. The
pressure versus radius characteristic that results from that analysis is

p = (R—l* - ;l,ga,); T, exp [k(zn*z + R - 3)2]

T

% —

+ R 2( — 5 + c3)' (4)
R "+ 2R -3 +y

« PRg xR -
where p = ?‘Hho , R = Wo-, the ( )0 are quantities for the undeformed balloon,
p is the pressure difference across the skin, R is the balloon radius, and h is the
skin thickness,

Inflation experiments were performed at 75°F, -12°F and -40°F with neo-
prene day balloons, A matching with the thcoretical results yielded the following
values of the material constants at 75°F; '('3'1 = 0,378, 62 = 0,441, 63 = 0, 0222,
vy = 0,735, k = 0,00015, and u = 90 psi, As can be seen from Figure 1, the the-
oretically predicted response corresponds very well with the experimental results
at 75°F. It is found that the low temperature response can be represented quite
accurately by assuming that only k and the shear modulus, y (which is formed
as a combination of all of the remaining constants), are a function of temperature,
The temperature dependence of u has the effect of raising the effective modulus
in the region of moderate extensions and the temperature dependence of k corrects
the large extension response,

For the analysis of a balloon flight, the temperature range from 80°F to -70°F
is of major interest, In this range, neoprene is in the rubbery plateau and transi-
tion regions of its temperature response. Inthe rubbery plateau region, the elas-
tic modulus is known to increase slightly with decreasing temperature. However,
as the temperature is decreased into the transition region, the modulus starts to
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Figure 1. Pressure vs Radius Characteristics
for a Neoprene Balloon

increase rapidly with increasing temperature until at the glass transition temper-
ature, it has reached a value many orders of magnitude greater than that of the
rubbery plateau region. This 