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(4) specific causes of failure at intermediate altitudes near the tropopause; and (5)
great difference in stability between the stratosphere and troposphere observed with
large balloons (e.g., Explorer 1I). Much of the approach of the project toward
obtaining knowledge with respect to the project objectives is indicated by the
achievements in Section IT of this report. Although it will not be possible to discuss
the principal achievements of the project in detail, a briet outline will be given here
of the most important of these results.

At the very beginning of the project it w... realized that documentation of bal-
loon flight would be an extremely importa:it «o:l necessary adjunct to the under-
standing of failures of balloons and to the determiration of the flight characteristics
of balloons. For this recason verv complete records of every flight were obtained,
including general movies of the launching, still pictures of (o Taunching and com-
plete documentation with respect to all equipment flown. Jue of the very fruitful
tools throughout the work on balloons was the standard camera developed at the
beginning of the project. Cameras of this type were used routinely to photograph
the balloon (up piciures) in each flight, to photograph the ground (down pictures)
and thus determine the trajectory, and even on occasion to photograph the interior
of the balloon by means of cameras huny within the crown.

One of the most obvious problems to study immediately was the response of
the balloon to briovaney unbalance (free lift). In order to know the initial weigh-off
with high accuracy, which would be required in order to correlate rise 1ates with
initial free lift, it was necessary to develop launching techniques in which the bal-
loon could be preciscly weighed off and laimched under a variety of circumstances.
This led to the so-called Minnesota launching method in which the balloon is pack-
aged in such a way that it is launched with a restricted hubble and inflates itself in
the air. In order to package the balloons for flight in this way, it was necessary to
h:.ng the balloon up and re-fold it into the threefold arrangement. In carrying out
the operations required to do this, it was frequently found  that the adhesive tapes
which carried the Inad in the early designs stuck across the polyvethylene and pro-
duced damage. This onginal weakness of the pressure-sensitive tape balloon led us
to carry out many of the early flights with double-wall balloons in which the outer
laver of polvethyvlene could be torn by misplaced tape without causing damage to
the gas barrier. 1t was realized, however, that o eolution ather than the donhle-wall

balloon would have to be found.

Griginally, caleulations on the stresses in the balloons were nonexistent, as was
a balloon design m which the stresses were readily calculable. A step had been made
in this direction by General Mills, with the help of Ralph Upsou, in the attempt to
manufacture balloons with zero circumferential stress. The stress caleulation was
carried out to the best of our ability for the original cone-on-sphere balloon and for






With the introduction of the duct and the elimination of the complication of
air intaking, the characteristics of the balloon flight were immediately altered. For
example, sunset descent rates, instead of being 50 feet per minute as is frequently
observed in open appendix balloons, were very much higher —as much as 300 feet
per minute, and showec the qualitative behavior that one would expect to occur,
such as the increase in rate of descent or decrease in rate of rise in passing through
the tropopause, which had not been observed on open appendix balloons.

The introduction of the duct also brought into focus a number of other physical
eflects of great importance to balloon flights but previously not present or not
observed. Among these should be cited (1) thermal oscillations, oscillations of the
balloon about its equilibrium position at ceiling of amplitude of the order of 200
teet and with a period of 5 minutes to 7 minutes, which could be understood theo-
retically on the basis of the compressional heating and expansional cooling of the
gas as it approached an equilibrium altitude; {2) thermal bounces. The term “ther-
mal bounces” is used to apply to cases in which the balloon may instantaneously be
moving very rapidly although it will ultimately reach equilibrinm without valving
gas. The most strikin g example of the thermal bounce can be obtained by allowing
o ducted balloon to descend at sunset and then, after an appreciable loss of altitude
has occurred, ballasting by exuctly the amount required to level the balloon off. After
the ballast has been dropped, the balloon will rise at a very appreciable rate, for
adistance as great as a mile. and abruptly level off with oscillations but at an altitude
far below its theoretical ceiling. The physical phenomena that takes place is that
the balloon descending after sunset descends at such a rate that the gas inside main-
tains almost precisely that superheat above the outside air which it had during the
davtime. The superheat during the descent is produced by adiabatic compression of
the gas and, if ballast is dropped, the balloon must reach equilibrium by cooling this
gas, which it does by rising abruptly, expanding the gas to the nighttinie equilibrium
temperature at rest. In any system involving ballasting of balloons, the existence of
thermodynamic bounces is of great importance since it makes the control problem
casier, alwavs bounciag the halloon off the ballasting contact hefore adequate ballast
has been dropped in a properly designed system. The existence of thermodynamic
efiects. in other words, introduces into a simple control system an under comrpensa-
s of the Lind which is fraguently nub into servo systems artificiallv in order to make
them stable.

The mtroduction ot the duct svstem also allowed complete cortrol of the balloon.
Ballast could be dropped ind the balloon would return to the thvoretical ceiling of
the svstem. In the case of the open appendix balloon, one is at the mercy ot the
intake in air which contaminates the balloon gas by a varying amount depending
on the distance and time spent below the ceiling at which the balloon was full. (n
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short, the duct made the balloon a navigable device in the vertical direction,
responding to valving and ballasting in a simple way.

In the attempt to understand the relative magnitudes of the aerodynamic drag
and the thermal change in temperature of the gas called thermodynamic drag, it
was desired to fly balloons up and down through the atmosphere and to determine
their response to certain gain or loss of lift at various altitudes. The first methods
attempted to study this problem involved radio control of valves, tow balloons, and
ballasting devices. Although a final system developed for this purpose was rela-
tively successful, it was found to be difficult to interpret the results in a satisfactory
way. The solution of the problem was found to be a techrnique called the step flight
technique in which a controlled balloon, called the lead balloon, (read as the mineral
lead — suggests the stability of the system) is used as a platform with respect to which
one could measure the absolute value of the lift of a balloon, called the tow balloon,
attached to it. The lead balloon time-altitude curve was programmed with a ballast
programmer, and the tension existing between the tow balloon and the lead balloon
was recorded and telemetered in a long series of flights which lead to the forinulation
of a satisfactory picture of the aerodynamics and thermodynamic drags.

In the course of this study, a number of interesting and only partially expected
results were obtained. To cite only one example of this, one step flight was made in
which the tow balloon was inflated with methane gas rather than helium. In the case
of the helium inflation, it had always been observed, as anticipated, that as soon as
the balloon began to rise, expanding the gas, the gas would cool and thereby cancel
out by its change in temperature a large portion of the initial buovancy of the
system. This change in buovancy or thermal drag increased as the velocity increased,
approximately as the first power of the vi locity. The dependence o this thermal drag
on the lapse rate of the atmosphere and the lapse rate of the helium gas was under-
stood, and i* was clear that if the lapse rate of the atmosphere and the lapse rate of
the inflation gas were the same, the thermal drag effect would not exist. In the
methane inflation the atmospheric conditions were such that the atmospheric lapse
rate actually exceeded the lapse rate of the lifting gas of the balloon, which meant
that as the systen: rose the atmosphere cooled more n the troposphere than the ba!-
Joon gas did as ihe aliiiude was incicased The fosult of thic wag that ingtead of
having thermal drag one had thermal lift, and the faster the system rose the moic
thermal lift it acquired. This produced a potentially unstable situation only stabil-
ized by the aerodynamic drag. This instability could occur frequently with low
gamma gases in the troposphere. It points up, for example, a definite control proo-
lem with troposphere balloons inflated with gases, such as hyvdrogen or methane or
amimonia.
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A striking result of the step flights, und one which turned out to be of great
significance, was the magnitude of the buovancy difference that the static balloon
system had at different positions ir the stmosphere. Once it wus apprzciated that
this effact existed, it was rather easy to understand and exaluate the mechanism on
the bais of the partial clamping of the polvethylene or Mylar balloon to the atmos-
pheric infrared radiation. and the resulting change in balloon gas tempe-ature at
rest from that of the swrounding air.

The step flights, together with calculations based on the Elsasser summertime
atmospheric radiation, led to the general conclusion that the balloon ran cold with
respect to the air in the troposphere, warm in the low stratosphere, and cold agein
at very high altitude where the air temperature rises. The step flight measurements,
however. could only be conveniently carried ont at altitudes of the order of 50,000
feet, and for this r=ason another method to study this atmospheric temperature field
was sought. The successful solution to this problem was the invention of the Mylar
or polyethylene shielded black ball radiation detector. It was found experimentally
that the equilibriun temperature of a black spherical surface surrounded by a My-
lar shield very closely approached that of the balloon system. Because these hght-
weight detectors could be flown on Rawin Hights, the series of radiation measure-
ments were carried out with them through a period of a year with flights almost
every might. It became clear from the study of these black ball soundings that the
temperature of a black object n radiation equilibrium decreased steadily in the at-
mosphere, reaching an equlibrinm value somewhere above the tropopause. Since it
is well known that the air at very high altitudes begins to warm agair with increas-
ing altitude due to the absorption of ultra vinlet light by the ozone, it was clear
that a great stability eflect should occur at altitudes near and above 100,000 feet.
This mesosphere stability was predicted 1o be as great as 20 or 30% of the gross lift
of the svstemn at altitudes of the order of 130,000 teet (yue of the most recent results
of the project was a demonstration by Mylar balloon High: 10 130,000 feet and sub-
sequently to 145,000 feet, that this mesosphere stubility doe indeed exist, that it is
necessary above 100,000 feet to ballast the blloon in order to tave it to its full ceil-
ing, either day or night, and that the magnitude ot the eber, suid be as high as 23%.
Since the measured sunset effect on Myvlaz bullonrs s less than 8%, itis clear that
descer.t in the temperature field can uch more than compensate for the magnitude
of the sunset on the halloon. This was alsu directly demonstrated by flights which
leveled at a night-time altitude and climbed to a daylight altitude, or flew at an alti-
tude during the dav and descended tu a stable aititude at night. This result is of ~ome
importance since it means that aside from leakage, balloon flight should be pos-
sible durationwise until the material from which the balloon is made becomes de-
g-aded and thereby leaky. Following this serics of flights, a quarter mil Mylar bal-
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ordec of 25% of the ambient pressure at ceilinzg altitude could be reahizea with a
foriv-foot tetroon. It can be ~een, therefore, that in addition to .- mesosphere sta-
Fality, super-pressute stability can be obtained wth tetroons and super-pressure can
be used as a cushion in bringiag the balloen te ceiling. Yhe tetroon appears to be
a better super-piessure vehicle than the super-pressure cylinders flown in rather
large numbers carlier in the project for ecnstant-level meteerelogical tragectories,

Because of the very pronounced effects of air mtake in halloons, an appreci-
able effort wus expended by the project to determine ways in which air could be
utilized to produce stability without introducing contamination to the lifting gas.
This effort led to two successful designs of stable balloou systems utilizing air. These
were called respectively the gaboon and the shroud. The gaboon has a large open-
hottom bag which hangs below the primary balloon system and which can in-take
and warm air provided it is in a position in the atmosphere in which the equilibrium
temperature is warmer than that of the surrounding air. The gaboon also allows
warming of intaken air through adiabatic compression of the air during descent.
The shroud is basically the same except that it hangs » _+ the balloon and is some-
what simpler to use operationally. It was shown that both the gaboon and the shroud
were snccessful means of utilizing air without contaminating the helium and that
they provide at certain times of the year, balloon systems which can stabilize out
sunset or leakage loss of lift without requirement of ballast expendiiure.

It should be stated that thronghout the project, in order to obtam the type and
quality of information desired, a great deal of instrumeantation development was re-
quired. Examples of this development are the high-altitude, precise Olland cycle,
the potentiometers used to telemeter tension between the lead and tow balloon or
hetween the bulloon and gaboon svstems, and the radio control equipment used
to ballast and valve balloon devices.

In short, it 15 believed that the HABR program has fead to the following: (1)
basic understanding of the design fuctors, structurally, for plastic balloons; (2) a
number of new balloon design configurations, i.e.. the eylinder, semi-cylinder, natuo-
ral-shaped familv. tetroon: (3) a basic understanding of the statics of balloons in the
temperature field in which the balloon flics. leading to the possibility of mesosphere
stability: (4) by the introduction of the duct a balloon svstein which beromes navi-
gable in the vertical direction without the perturbing eftect of intake in air, (5) three
ways for producing extremely long duration flight, i.e., the temperature field, the
gaboon and the shroud; (6) the constant level super-pressure plastic balloons; {7} an
anderstanding of the dynamics of the baloon system, including the thermal and
aero drag, and the quantitative contributions of thermal and aero drag to moving
balloons; (8) balloon systems capable of going to a region in the atmosphere pre-
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