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Abstract

This document is comprised of a series of papers presented at the Fourth
AFCRL Scientific Balloon Symposium in September 1966. The range of subject
matter was purposely selected to cover both the major branches of balloon tech-
nology and a limited number of topics having a common disciplinary background.
It was intended to provide, thereby, the exchange of information on capabilities
and requirements essential to the orderly advancement of this technology.
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I. Recent Developments in High-Altitude
Meteorological Balloons

Eric Nelson
Kaysom Corporation of Americe
Paterson, New Jersey

Two years ago I was accorded the privilege of speaking to you here about two
new types of special-purpose balloons which had recently been developed. It is
gratifying to be asked to talk to you again for two reasons. First, because I must
conclude that the previous address was of interest to at least a few of you. Second,
because it is good to know that the humble, rather shabby looking, dusty meteoro-
logical balloon still finds its place among its glamorous polyolefin sisters and its
noisy boisterous brothers, the rockets.

During this two-year interval we have been concentrating on providing balloons
capable of reaching ever higher altitudes with greater reliability. It is my purpose
to acquaint you with the vehicles which are now available for high-altitude soundings
and resear~h, At the same time, I want to describe a technique which resulted
from the development of the ML.-566 fast-rise balloon that simplifies the launching
of large balloons and further improves their reliability and performance.

The largest balloons which are suppli2d in high volume quantities are the
MIL.-537 balloons, which are purchased by the Armed Forces, and its counterpart
purchased by the U.S. Weather Bureau and identified as the 1200-g balloon. The
ML.-537 is required to reach an altitude of 110,000 ft by day and by night at an

(Received for publication 18 January 1967)
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ascensional rate of at least 1,000 ft/min. The altitude requirement for the Weather
Bureau is slightly lower, being 31,500 m or 103,500 ft. Considerable data is, of
course, available for this type of balloon, and in order to demonstrate the relia-
bility of this vehicle we are using the test data obtained by the U.S. Weather Bureau
during the course of the last production contract. These balloons were manufactured
by the Kaysam Corporation of America and the flight data presented as Table 1

were obtained with balloons selected at random from production lots by Weather
Bureau inspectors and flown by Weather Bureau personnel.

Table 1. Flight Performance of 1200-g Balloons

Percentage of Flights Reaching
105,000 ft | 110,000 ft | 115,000 ft | 120,000 ft
Total of 140 flights 89 81 56 30
October 1965 Day 86 57 50 21
Night 83 93 71 43
November Day 72 57 29 0
Night 100 100 80 40
January Day 100 100 75 50
Night 40 40 20 0
February Day 67 50 17 0
Night 67 50 17 0
March Day 100 100 63 25
Night 73 64 18 9
April Day 100 94 67 19
Night 89 89 67 45
July Day 93 93 62 54
Night 92 92 67 42

In all cases a nozzle lift of 2,800 g was employed and the flights were conducted
over a period of about eight months, including midwinter. Rather than list the
individual flights, we have grouped them in altitude ranges, showing the number of
flights which exceed a given altitude as a percentage of the total number of flights
conducted.




The reliability of this balloon is clearly demonstrated by these results; almost
90 percent of the flights reach the minimum altitude required by the specification
and 30 percent flew to altitudes of more than 120,000 ft. It is interesting to observe
that although the balloons perform almost equally well by day and by night, there is
a noticeable improvement in the altitudes reached during the summer months, We
will make further reference to this phenomenon.

The next largest balloon which carries an Armed Forces nomenclature is the
ML-564, This balloon has a day and nighttime altitude requirement of 120,000 ft
and a weight specification of 1,800 + 100 g. This balloon is purchased in relatively

small quantities and the data available are, therefore, much more limited than that ]
for the ML-537 balloon. However, it is possible to present sufficient data to illus- 1
trate this balloon's capabilities and the results of a series of carefully monitored i

flights is shown in Table 2,

h

Table 2, Flight Performance of 120G and 120GH Balloons
120 GH Ballons !

7= m——)

Altitudes Reached

Type

Day Flights Night Flights

120GH 140,597 136,808
126, 896 131,620
135,076 143, 205
129,902 131,903
129,665 131,502

120G 125,933 42, 146
140,092 135, 860
132,917 127,953
133,789 65, 282
135,984 123,432
131,542 124,292
137,005 127,618 1
134,938 123,050 1
124,016 133,927 |
131,220 118,438
139,879 133,730 {
127,195 130, 850
133,234 134,003 1
140, 308
127,159

These flights were conducted under the supervision of Air Force Cambridge
Research Laboratories and we would poi: t out that the data presented are for this
entire group of balloons and not a collection of carefully screened flights. Only if a flight
were terminated because of the inability of the tracking equipment to follow the
balloon were the resuits omitted from this tabulation,
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It is again clear from the data that a vehicle which is very reliable tc the
120,000-ft level is now available with equal performance and capabilities at night
and during the day. It should be noted that the first five balloons in each group
were substantially heavier than the remaining balloons and that these balloons
appear to be somewhat more consistent in performance, Although they were no
larger than the other balloons, it appears that the somewhat greater wall thickness
does result in a more reliable balloor. By increasing the length somewhat further,
however, a balloon capable of reaching an altitude of at least 130,000 ft can be ob-
tained. Less data are available for this balloon, but Table 3 gives an indication of
the performance obtainable from this type of balloon which weighs about 2, 500 g
and has a length of approximately 160 in.

The same compound was used for the manufacture of all the balloons described
so far. As in many other fields, however, making a balloon which will reach still
greater altitudes is not simply a question of increasing the size. Numerous other
factors, including the ability of the heavier balloon to carry its own greater weight
and the duration of the flight itself, necessitate building certain characteristics
into the balloon compound. In order to reach altitudes of 140,000 ft and higher, a
specially designed compound for use at such altitudes was developed in the labora-
tories of the Kaysam Corporation of America. Calculations showed that a balloon
made from this compound, weighing in the order of 4,000 g, and having a flaccid
length of about 240 in., should be capable of reaching an altitude of at least
150,000 ft. At the time of the original manufacture of these balloons the altitude
reached for an expanding meteorological balloon was 146,000 ft, which had been
attained by a balloon weighing about 6,000 g. Other balloons of this weight had
also exceeded altitudes of 140,000 ft, but their performance was generally very

erratic.

Table 3. Flight Performance of
130G Balloons

Day Flights Night Flights |
146, 283 136,778
123, 812 134, 360
130, 659 139, 180
135,636 113,707
147, 844 139, 340
137,470 136, 253
139, 314 138, 500
147,000 114, 300
127,953 135, 500
114,000 124, 500
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The size of these balloons is a basic cause of their erratic performance, A \ 7
balloon having a flaccid length of 240 in. has a surface area of over 500 sq ft. In , ¥
order to reach an altitude of 150,000 ft the balloon has to be capable of expanding - -_:‘ 4
uniformly until its surface area has increased to almost 8,000 sq ft. One small 1
defect, such as a minute pinhole or small thin spot which prevents that particular
area from expanding the required amount, can lead to premature rupture and more 4
or less considerable reduction in bursting altitude. Hence, not only the manufac- l 4
turing process itself must be conducted with meticulous care, but the inspection of '
the finished balloon must be carried out to the same exacting standards.

This balloon is for use in the daytime only and a limited number of flights were
conducted by U.S. Army Electronics Research and Development Laboratories at
Fort Monmouth, New Jersey. Five of six balloons were successfully tracked to burst
and the altitudes ranged from 127, 000 ft to 147, 800 ft. Two of these five balloons
reached altitudes in excess of 140, 000 ft; the remafnlng three reached altitudes of
127, 000, 135,000 and 139, 000 ft. However, a much larger series of tlights has 1
just been completed in West Germany with this type of balloon.

The flights covered a period of about eight months and the results obtained are
shown in Tables 4 and 5. The flights are given in chronolcgical order with the date
of the flight as well as the bursting altitude. Table 4 shows the performance of
balloons from September, 1965, through April, 1966. The performance during the
month of September was generally extremely good, and the balloon appears to be
almost as reliable as the 1200-g balloon flown by the U.S. Weather Bureau, the
performance of which was shown originally in Table 1, '

During the winter months, however, there was a sharp detgrioraﬁon in per-
formance and as a result the number of flights was sharply curtailed, being
restricted to a few evaluation flights, This situation persisted until April when L ]
there was a marked improvement in performance. Table 5 shows the results ob-
tained during the months of May and June. It is {inmediately obvious that at this
time of the year, and presumably from April through September, this balloon pro-
vides an extremely useful and reliable vehicle for high-altitude meteorological
observations and research. Actually, during the month of June 67 percent of the
balloons reached altitudes of over 150,000 ft, which surpasses the original perform-
ance in September of last year when 64 percent reached altitudes of more than
140,000 ft but only 27 percent reached the 150,000 ft level. ' 1 |

It has been noted that many of the problems associated with the manufacture of ‘
this balloon are due to its physical size. In a similar manner the size of the balloon
also produces difficulties in inflation and launching. Furthermore, the duration of
the flight can be a problem in itself. With a rate of ascent in the order of 1,000
ft/min, a flight to 150,000 ft takes 2-1/2 hr. This is uncomfortably close to the
life of the battery in a standard radiosonde and there is a danger that the flight may




Table 4. Flight Performance of 140D Balloons
Flown in West Germany from September 1265

to April 1966

Date Flown Altitude | Date Flown Altitude
9/1/65 152,000 1/20/66 26,000
9/3/65 155, 500 2/21/66 46,000
9/6/65 148, 500 3/29/66 23,000
9/8/65 152, 000 4/1/66 26,000
9/11/65 148, 500 4/5/66 144,000
9/13/66 111, 500 4/7/66 125,000
9/15/65 148, 500 4/19/66 111,000
9/16/65 121,500 4/22/66 147,000
9/17/65 135,000 4/25/66 157,000
9/20/65 148, 500 4/26/66 95,000
9/22/65 42,000 4/26/66 131,000
11/5/65 137, 500 4/217/66 141,000
12/22/65 135,000 4/28/66 75,500
12/28/65 142,000 4/28/66 137,500
1/6/66 30,000 4/30/66 154,000
1/7/66 132,000
1/17/66 23,000

Table 5. Flight Performance of 140D Balloons
Flown in West Germany from May to June 1966

Date Flown Altitude | Date Flown Aititude
5/1/66 43,000 5/30/66 147,000
5/2/66 134,000 5/31/66 164,000
5/3/66 151,000 6/1/66 138,000
5/4/66 151,000 6/3/66 151,000
5/7/66 29, 500 6/6/66 161,000
5/11/66 66,000 6/7/66 158,000
5/12/66 128,000 6/8/66 33,000
5/13/66 141,000 6/9/66 168,000
5/14/66 138, 000 6/10/66 72,000
5/16 /66 128,000 6/12/66 151,000
5]17/66 147,000 6/13/66 158,000 ‘1
5/18/66 62,000 6/14/66 158,000
5/24 /66 56,000 6/15/66 161,000
5/25/66 147,000 6/21/66 79,000
5/28/66 111,500 1

terminate because of battery failure rather than balloon burst. Furthermore, if
high winds are encountered aloft then the angle may become low enough to result
in the signal being lost through ground interference. I

It was felt that the carrier balloon technique which resulted from the develop-
ment of the ML-566 balloon could be adapted to the high-altitude balloon with




advantage. The ML.-566 balloon is designed to reach an altitude of 100,000 ft at
vver 1,700 ft/min. This balloon consists of a high-altitude balloon enclosed inside
a two-piece streamlined balloon, as illustrated in Figure 1. The inner balloon,
which is approximately twice the length of the outer balloon, is initially folded as
indicated. In the case of the ML.-566 the folds in the inner balloon have virtually
disappeared when the assembly has been inflated and is ready for launch (see
I'igure 2). As the assembly rises the streamlined outer halloon provides for rapid
ascent during the early stages of the flight, and this balloon is designed to burst

at about 50,000 ft,

Figure 3 illustrates the appearance of the assembly after the outer balloon has
ruptured and fallen away. The inner ballon, which during the early part of the
flight flies in a horizontal position, as it were, now turns through 90° and assumes
the normal position for a meteorological balloon with the neck at the lowest point.

Figure 1, Carrier Figure 2, Carrier Figure 3. Carrier Balloon
Balloon Assembly Balloon Assembly Assembly — Second Stage
at Release

Although the assembly was originally developed to provide faster rates of
ascent, there are other advantages when i. i used in conjunction with very high-
altitude balloons. As already mentioned, the Kaysam 140D balloon has a flaccid
length of about 20 ft. If inflated in the normal manner to a free lift of 2,000 g,
which is recommended for this balloon, the balloon has a vertical height of a little
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more than 20 ft. This is too great for most inflation shelters which usually have
doors not more than 12 ft high. Therefore it becomes necessary to tie off the
balloon near its equator during inflation and to take the balloon out of the shelter
in this condition. The tie is then removed and the gas allowed to rise into the
upper part of the balloon which is then released. The possibilities of damaging
the balloon film by this procedure are substantial, particularly if winds exceed
10 knots.

By enclosing the high-altitude balloon inside a carrier balloon, however, the
danger of damage to the inner balloon is eliminated. Furthermore, since the
carrier balloon is much smaller than the inner balloon, the problem of its excessive
length is also overcome and inflation and launching can be carried out in conventional
shelters or from an automatic launching device,

In addition to the increased ease of handling and launching which the carrier
technique provides, the outer balloon provides protection against atmospheric
attack during the early part of the flight, This is admittedly a somewhat tenuous
advantage in that there is little evidence that balloon flights do terminate as the
result of atmospheric attack., However, it had been observed in the past that there
appeared to be an upper limit of about 145,000 ft beyond which a meteorological
sounding balloon was incapable of flying. One thought is that this limit was set
by the duration of the flight or time of exposure of the balloon to the atmosphere.
Should this be the case, then the protection afforded by the outer balloon during the
early stages of the flight would permit the inner balloon to reach higher altitudes
by re: acing the length of time during which it was subject to atmospheric attack.

The fact that the carrier technique also increases the ascensional rate, thereby
still further reducing the total flight time, also minimizes the possibility of failure
by atmospheric deterioration of the balloon film. The reduction in overall flight
time also decreases the possibilities of the flight being lost due to battery failure,
and because the more rapid rate of rise provides higher angles from the ground
tracking equipment the chances of a flight becing lost due to interference from the
ground are also substantially reduced.

The use of a carrier balloon system has, therefore, humerous practical ad-
vantages and flights are now being conducted with this type of assembly. At the
present time the number of such flights is quite limited, and it is by no means
clear that this technique is enabling the balloons to reach higher altitudes. Table 6
shows the performance obtained with these balloons so far. Although the highest
altitude obtained in the United States by a meteorological balloon of the expanding
type was with this type of assembly, there have been higher altitudes reported
from West Germany with single balloons. However, the advantages in
ease of handling and more rapid rate of ascent still render the carrier balloon
system worthy of consideration, particularly where the inflation and launching




Table 6. Flight Performance of High-Altitude
Carrier Balloon Assemblies

Altitude Rate of Ascent
151,634 1309
145,000 F/A 1368
140,662 1240
133,244 F/A 1196
136,194 F/A 1345
143,842 1262
156, 390 1511
139,215 F/A 1290

area is restricted. They could, for instance, be used successfully on ships where
such conditions prevail. Furthermore, the reliability of the balloon appears to
have been greatly improved; the lowest altitude recorded is 133,244 ft and not
because of a balloon burst,

In conclusion, we may say that meteorological balloons of the expandable type
are now available which are capable of reaching altitudes ¢’ as higi: as 120,000
and 130,000 ft with a high degree of reliability, By enclosing these types of balloons
in carriers, the rate of ascent can be raised from as little as 1,000 ft/min to at
least 1, 300 ft/min with virtually no loss in altitude. In addition, there is also a
balloon capable of reaching altitudes of over 140,000 ft and frequently over 150,000 ft
with good consistency. Use of this balloon is limited at present to the hours of
daylight. Research aimed at providing a similar vehicle for use at night is being
conducted.
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ll. Balloon Development for the Planetary Entry
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Parachute Program

Jomes C. Payne

Bedford, Massachusetts

Air Force Combridge Research Laboretories l

Abstract

The Planetary Entry Parachute Program (PEPP) described by Mr. John McFall
of NASA Langley Research Center necessitated the development of a high-altitude |
balloon capable of carrying the NASA payload to an Earth atmosphere comparable
to that expected to exist about the planet Mars. The management of the balloon
phase of the program was assigned to AFCRL and is the subject of this paper.

The initial balloon-design consideration for the program involved a 1500-1b
payload that would float above 125,000 ft, with 130,000 ft the desired altitude.

This could have been accomplished by using GT-11 material with a balloon volume
of about 30 million cu ft, or by using GT-99-1 for a balloon of about 15 million cu ft.
As the discussions continued the payload underwent the normal growth to a

final weight of 1650 1b for the NASA aeroshell, an additional allowance of 600 1b

for the balloon control-and-safety equipment, plus 1200 Ib of ballast to permit
maneuvering the balloon over the White Sands Missile Range. We were then looking
at a balloon that could carry 3500 1b at liftoff and achieve a floating altitude near
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130,000 ft with a load of 2250 1b. Now, using GT-99-1, the balloon would be about
26 million cu ft in volume, but it would no longer have sufficient strength. A GT-11
balloon would be of the order of 65 million cu ft, and so would present launching
problems as well as very high cost. It was obvious that this design was greatly
over-reaching the state-of-the-art and that so ne other film would have to be devel-
oped that would reduce the balloon size without compromising the mission.

We had learned in another of our programs thal the weight of reinforced film
can be readily reduced by coating the threads with adhesive, rather than embedding
the fibers in a layer of adhesive over the surface of the Mylar. It was recognized
that there might be some benefit in having the layer of adhesive, but it did make up
about 1/3 of the weight of a film like GT-99 (or, more generally, a weight equiva-
lent to the basic film weight) and was not tolerable in this case.

The concept of coating the threads with adhesive was given maximum attention.
The PEPP balloon has roughly 32 million ft of thread in the longitudinal direction
alone. To coat the threads, dryy them, and then respool them appeared to be im-
possible using the two available thread-coating machines because the best produc-
tion rate was about 1000 ft/hr per coating machine. Schjeldahl Company then
recommended a coating process which had been considered under an earlier AFCRL
program: to coat each thread as it leaves the Flying Thread Loom and just prior
to entering the laminator. This approach was tried and found to work well except
that the longitudinal threads occasionally became slightly displaced and did not
present a nice symmetrical pattern as in the GT-11 scrim. This concerned us at
first but it appears to have no effect on the strength of the film.

Now that we were able to add reinforcing fibers to the Myiar without paying a
great weight penalty for the adhesive, the next problem was to select the thread
pattern. We worked with Schjeldahl on a paper study of 30 to 40 different patterns
giving particular attention to theoretical weight, strength-to-gross load, strength-
to-weight, and a safety factor. The main objective of this exercise was to select
a balloon material that would produce the most reliable balloon. The safety factor
(which was the most difficult to define) was computed by dividing the machine-
direction (MD) strength (assuming 10-in. gore end sections) by the gross load.
Cone angle was ignored for this initial comparison.

Table 1 shows a comparison of reinforced-scrim balloon designs that have been
flown in the past. It is interesting to note that the Stratoscope II main balloon has
the lowest value for the transverse-direction (TD) strength versus gross load.
Among the nonwoven reinforced materials, the lowest TD strength/gross load ratio
appears in the GT-50 balloon which was a 1.6 million cu ft balloon with 5600 b of
gross lift, This balloon also had the lowest strength-to-weight ratio.

Using the same comparative relationships, the following criteria were used for
selecting the patterns for the PEPP balloon:

A d it abals alfas = A e
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1. The Mylar film thickness was frozen at 1/3 mil, and the reinforcing fibers
at 220-denier high-tenacity (HT), or 440-denier HT, or a combination of both; the
suspended load at float altitude, at 2200 1b, and the balloon end sections at 10 in.

Table 2 shows the results of the PEPP material study. All of the patterns
considered would have exceeded the strength ratios of the Stratoscope Il main
balloon. (Machine-direction strength data are based on the center 10-in. band.)

In Table 2, the lowest volume balloon that exceeds the GT-11 strength-to-

weight ratio is shown as 6333 in the CNET column. The gore pattern consisted of
i 6 threads/ in. in the center 10 in. of the gore (machine direction), and 3 threads/in.
to the outer edges; then 3 threads/in. in the transverse direction. The theoretical
balloon volume would be about 21. 5 million cu ft.

2. The highest TD -strength-to-gross-load ratio appears in design 6334
which also has the highest TD -strength-to-weight relationship.

3. It requires an additional million cu ft balloon volume to lift the added
transverse direction fibers when the transverse density is changed from 3/in. to
4/in.

4. It also requires an additional one million cu ft to increase the number of
fibers in the center 10-in. band from € /in. to 8 /in,

5. In the final analysis, the best choice among the all 220-denjer-reinforced
patterns was the 8664 design because it offered good strength characteristics and
had a smooth transition in terms of strength from the center 10 in. to the remain-
! der of the gore. In other words, going from 8 threads/in. to 3 threads/in.

jo appeared to be too big a step!

{ 6. The pattern 4334 (440 denier, high tenacity fibers in the machine direction)
was then chosen over the 8664 (220 denier) pattern because it meant fewer fibers
to handle and also was considered’to offer better tear resistance.

7. The GT-99-1 pattern (6112) is shown only for comparative purposes.

The specifications of the final balloon system are shown in Table 3,

Knowing that we would prolably find it necessary to inflate and launch with
surface winds something less than ideal, we chose to allow the transfer of gas from
the top balloon to the main balloon to begin at 10,000 ft MSL. This would be about
6000 ft above the proposed launch site, This choice allowed us to work with a rela-
tively small balloon and maintain a tight bubble during the launch phase. Justin
Smalley, formerly of lLitton Industries, was engaged by Schjeldahl Co. to assist
in the design of the balloons. (Mr. Smalley had previously made a computer study
of tandem-system designs for AFCRL.) One of our greatest concerns was the

' effect of the weight of the launch balloon on the main balloon at ceiling. The launch
balloon would have little or no lift and would very likely 'lay over" on the main
balloon, It also appeared that the EV-13 valve in the top of the launch balloon would
probably be ineffective at the higher altitudes. However, this proved to be untrue
because we were able to valve the first test balloon while it was at floating altitude.
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At one time we considered separating the launch balloon from the system after
sufficient gas had been transferred. However, this involves a separable fitting be-
tween the two balloons and the development of a large valve for the top of the main
balloon. We had done this successfully on a smaller balloon system but considered
that there was not sufficient time to develop a reliable valve, and it added compli-
cations to the system. Our decision was to retain the top balloon.

Mr. James F. Dwyer of AFCRL examined the final balloon design in great
detail and recommended that three gores be added to the launch balloon and five
gores to the main balloon. It was his concern that unusually high circumferential
stresses would be built up in both balloons under certain flight conditions.

Normally when our laboratory undertakes a program of this magnitude a number
of test flights would be made without the experimenter's equipment in order to
ensure that our balloon design and launching concept will reliably do the job. How-
ever, when we are using balloons costing well over $100,000, some alternate means
of evaluating the balloon must be found. For this program, we had an extra launch
balloon built; then, to simulate the main balloon, a bag of GT-12 was made with
heavy chain suspended from the top end fitting to give it weight much like the real
balloon, This model permitted us to evaluate the launch method without the expen-
diture of u real main balloon,

To evaluate the chosen balloon material, we had a 3.2-million cu ft balloon
manufactured and, combining it with a full scale launch balloon, we actually flew it
in May from Holloman AFB. This flight went off very well, and because the lower
winds were westerly and the higher winds easterly, we were able to observe the
flight visually from launch to termination.

Since most of us are vitally concerned about getting balloons out of the air
when the mission is completed, we were able to prove that with this tandem system
the balloon would invert after the load was removed and descend immediately.
Since the 26-million cu ft balloon would have an even higher center of gravity, we
felt certain that this balloon would remove itself from the air without our adding
a destruct system.

The first 26~-million cu ft balloon was flown from Holloman AFB on the 18th
of July, 1966. The surface winds were ideal and launching proceeded without any
real difficulties. (I have a short movie of this launching.) Using 15 percent free
lift, the balloon ascended at an average rate of 1345 ft/min to the tropopause; from
the tropopause to the first float altitude, with 1200 1Ib of ballast aboard, the average
ascent rate was 775 ft/min. The overall rate was 920 ft/min. The first floating
altitude was about 122,000 ft measured by the on-board barocoder, and 124,900 ft,
corrected radar altitude. The balloon was allowed to float at this -altitude for about
one-half hour, then all the ballast was poured. The final altitude achieved by the
balloon was 128, 400 ft (corrected) on the barocoder and 127,700 ft, corrected radar
altitude.

. - Lol e . oaaae .
A . e g or e ol s allags St Y .

e §

GTNTORSSINR B




i€ - SIHOD 40 °ON ‘Ld $°0TT - HLONIT JHOD

17

(NOILOFUIA ISUAASNVHL) °NI/°S€T 02
(NOILOSHIA INTHOVR) °NI/ SET 0v - HLONAULS ONINVIHE

w
«.—h\.mmq:o.ogumsauz:ﬁn.au.inﬁhc.:
eld 00s ‘66T - INNTOA “
TSK "1 000°01 - FAALILTV YIISNVHL _
NOOTTVE HOHITYT

*sg1 00zZ€ - LHOIIM QILVNILSI ¢ {
JHOD ¥Id STHONI ¢ - NOLLod 40O M3d STHONI 01 - JOL ]

Z1 JO HOLOVA X1IJIVS INASSV - SNOILOAS and

zdd 00€‘9L¥ - VIMY JOVJAHNS TVOLLIHOTHL

$8Z - SIYOD JO °“ON *ld 89¢ - HLONI'T JHOD

£°0 S

(NOILOFHIA ISHIASNVHL) °NI/ ST €1
(NOILO3HIQ ANTHOVN) °NI/°SET €€ ~ HLONJULS ONINVIHE

,1/SET §600°0 LHOTAM LINQ  T-TIT-1D 'IVIMILYN !

¢ld g0TX8Z INNTOA

NOOTIVE NIVR

*NIN ¥id *Ld 0061 XLIDOTIA INIOSV

- . 102 1411 384

%02 1lsvTIve INIOSY
°Sd7 osee avoTAvd

suc1yed1roadg udisa(g uoojted Wapue], °g I1qel




The first "hot" flight was flown on 30 August 1966 from Walker, AFB. In
order to determine that the flight trajectory would pass over the target — the White

Sands Missile Range — we began launching 87-ft diameter polyethylene balloons

|

} that carried AMT-12 radiosondes, long-duration battery packs and a timer, These
I balloons were designed to float at 130,000 ft. By adding about 3 Ib of ballast it was
‘ ‘ possible to achieve a floating altitude nearer that expected of the big balloon.
Figure 1 shows the trajectories taken by these balloons. Track number 1 was for
a balloon launched at 1104 hr MST on 28 August. It floated at 129,000 ft and took

‘ a northerly path, The second balloon, launched approximately 24 hr before the

26 million cu ft balloon floated at 124,000 ft and followed a more southerly path.

Balloon number 3 was launched at 2150 hr MST on the evening before and, floating

at 126,000 ft, tracked more to the north, All three were within the assigned target
area (north of the 30-mile area to the top of the 90-mile area). These pathfinder
] balloons had an average ascent rate near 900 ft/min with 15 percent free lift.

PEPP BALLOON FLIGHTS

Figure 1. PEPP Balloon Flights

The path of the 26 million cu ft balloon is also shown in Figure 1. The 50-mile

.

area is the most heavily instrumented area on the range and was the primary tar-
get. When we released the NASA aeroshell the balloon was positioned at 3 miles
northwest of the center of the 50-mile area. The cooperation we received from
the weatherman could not have been better!
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. Creep Characteristics of Polyethylene Film* .

Harold Alexander

Deportment of Aeronautics and Astronautics
New York University

Abstract

In order to find the constitutive relations for polyethylene balloon film, an ex-
perimental investigation was conducted in which samples of polyethylene film were
loaded both uniaxially and biaxially. The results of this investigation are presented
as creep curves for strain versus time at constant true stress. The characteris-
tics of these graphs are then discussed.

1. INTRODUCTION

High-altitude polyethylene balloons are today a common tool of scientists
wishing to place a payload far into the upper reaches of the atmosphere. Their
development and growth to present day prominence has occurred over a relatively
short period of about fifteen years. In fact, polyethylene film was not available
commercially until after the conclusion of World War II (Kresser, 1957).

*This paper is the result of research performed under Contract No. AF19(628)-
[ 4990 with the Air Force Cambridge Research Laboratories, Bedford, Mass. It

constitutes part of a dissertation to be submitted in partial fulfillment of the require-
ments for the Degree of Doctor of Philosophy at New York University.
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However, the demands put upon this relatively fragile "engineering material"
are becoming greater with increased balloon size and payload, as is evidenced by
the recent rash of costly balloon failures (Dwyer, 1965; Bilhorn, 1965). This
report presents the results of an investigation into the basic properties of poly-
ethylene film which should clarify the causes of some balloon failures as well as
yield a deeper insight into the mechanical behavior of balloon films in general,

In the past there have been many experimental investigations into the uniaxial
(Hahn, Macht, and Fletcher, 1945; Kolsky, 1949; Cary, Schulz, and Dienes, 1950;
Anderson and Morfitt, 1958) and biaxia! (Hopkins, Baker, and Howard, 1950;
Anderson, Gear, and Morf{itt, 1956; Hopkins and Wentz, 1960; McFedries, Brown,
and McGarry, 1962) time-independent properties of polyethylene, as well as the
uniaxial time-dependent properties of crystalline polymers, of which polyethylene
is an example (Anderson, Gear, and Morfitt, 1956; Gohn and Cummings, 1960;
Catsiff, Offenbach, and Tobolsky, 1956; Landzberg, 1966). However, results of
biaxial time-dependent experiments, which do not seem to be available in the liter-
ature, are needed for the formulation of the problems in question. Also, the uni-
axial time-dependent experiments listed above are not suitable for the contemplated
analysis. It was therefore decided to undertake a complete experimental program
that will yield the uniaxial and biaxial time-dependent properties of polyethylene
film, and at the same time be used to study general failure patterns.,

For a better understanding of the mechanical response to stresses it was found
necessary to study the physical properties of the material (its microscopic as well
as macroscopic structure), The first section of this paper is a presentation on the
relevant structural characteristics of polyethylene film, This is followed by a
description of the experimental program. In the last section the resulting creep
characteristics are discussed with the aim of finding a model for the material

response,

2. STRUCTURAL CHARACTERISTICS

Polyethylene is a polymer composed of long chains of methylene groups num-
bering 600 to 4000 per molecule. It is prepared directly from ethylene gas through
a high-temperature, high-pressure polymerization process in the presence of a
trace of oxygen. It is a thermoplastic (that is, it can be melted and hardened
without change in molecular structure), and when formed into film has a "leathery"
consistency at room temperatures (Kresser, 1957; Cary, Schulz, and Dienes, 1950),
In the unstressed state most of the molecules in a sample of polyethyleae can
be considered to be in partially curled configurations, neither tightly curled up
nor rigidly extended to maximum length. There is a diffusion process occurring
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at all times that is a motion of chain segments. The result of many such elementary
processes is that the polymer molecule changes its shape (micro-Brownian move- I
ment). There is, however, no net discernible motion as these processes are !
entirely random (Alfrey, 1948, Chap. B). Upon the application of moderate stresses,
this process becomes stress-biased in that the net motion of the molecules will now
result in an orientation in the direction of stress. When the loading is removed,
the diffusion process is again random. Eventually the molecules return to their |
random state of orientation. A permanent change of molecular configuration re- s
quires higher stress levels, causing a breaking up of complete chain entanglements. ,
Polyethylene is a partially amorphous, partially crystalline material at room
temperatures. It has been found through X-ray diffraction studies (Bunn and Alcock,
1945; Treloar, 1958, Chap. [-9) that, in the unstressed state, single molecules
can be partially in the amorphous state and partially in the crystalline state since

: the molecules are often larger than the crystals. This makes for a rather compli- ]
cated composite. Upon straining, a first-order phase transition (increased crys-
| tallization) occurs. The crystallized areas formed during this process are mostly
elongated, cylindrical, or flat bundles of parallelized chain molecules, This
| phenomenon is a result of increased molecular attraction caused by the orientation

of the molecules.
A lowering of the temperature will also cause increased crystallization similar

to that caused by straining. The crystals are randomly oriented and are formed as
a result of decreased molecular motions. However, regardless of its origins the
crystalline phase of polyethylene is characterized by a lower density (greater
volume) and a greatly increased rigidity. The crystallization process is time

dependent, its rate being proportional to the strain magnitude.
Decreasing the temperature to a point below about -80°C will result in what is |

| referred to in the literature as a second-order phase transition. This transition |
is characterized by a sudden change of the intensive properties such as heat capacity
and thermal expansion. The individual segments of the chain molecules no longer i
1 carry out rotational and vibrational movement as a whole, causing the material to |
become extremely brittle. It is much more fragile than the crystallized material
due to the absence of "softer" amorphous regions (see Treloar, 1958, Chap. I-8).
The information presented above on the microscopic structure of polyethylene
is used in the following to describe the reaction of tension sample. There
are essentially four types of deformation that will occur. These are:
(1) An instantaneous shift of chain segments from their local potential energy
minima (initial elastic response).
i (2) A diffusion of the chain segments by the mechanism of micro-Brownian
' : movement in the stress direction (retarded elastic response).
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(3) A breaking down of the chain entanglements under stress (irreversible '
creep).

(4) An increased crystallization caused by increased molecular attractions
due to (2).

The phenomenological results of these processes vary with the temperature.

Below about -80°C the material is in a brittle state. All segmental motions are
very slow 80 that (2) and (3), and therefore (4), may be disregarded and only the
instantaneous shift (1) need be considered. This results in a purely elastic reaction
to stress with a high modulus of elasticity. However, the material is extremely
fragile, as it lacks the mechanisms for absorbing sudden shocks.

Above about 100°C the material is viscous. The breakdown of entanglements (3)
compares in rate with the diffusional movements (2) so that the chains progress as
a whole in the stress direction, preventing crystallization (4). The deformation
due to the instantaneous shift (1) is negligible compared to that of (2) and (3).
Therefore, in this state, the reaction to stress is a flowing of the material like a
highly viscous fluid (Meares, 1965).

For balloon considerations, the most interesting temperature range is that
between -80°C and +60°C, the range encountered in balloon flights. At these tem-
peratures polyethylene is in a ''leathery’ or '"rubbery' state. In this state, the
diffusion of chain segments (2) is slow compared to the instantaneous shift (1). In
actual experimentation, however, it is difficult to establish which part of the defor-
mation is caused by (1) and which part by (2). '"Instantaneous'' measurements are
impossible and the time rate of (2) becomes very high at high stress and tempera-
ture levels. As the diffusion of free segments continues, crystallization (4) occurs
causing a hardening of the material and a resultant decrease in the time rate of
deformation. The breaking down of chain entanglements (3) occurs very slowly
and has little effect on the deforination at moderate stress and temperature levels.
However, at high stress or temperature this mechanism may account for a large
part of the deformation response. ,J

The above description of the response of polyethylene to an applied stress is
unfortunately limited to one dimension,

It is not known whether or not increased orientation and crystallization will
occur under biaxial loadi’ng and if there will be a resultant retarded elastic response
and hardening. A study of uniaxial and equibiaxial tests performed at different
strain rates reported by Anderson and Morf{itt (1958) seem to indicate that the time-
dependent response will be greatly decreased. However, Hopkins, Baker, and
Howard (1950) have stated that high average molecular weight polyethylene sheets
will "orient under complex stresses'', resulting in large creep deformation in
direct contradiction to the results of Anderson and Morfitt, The degree of orienta-
tion may also affect the brittleness prcperties of the film, possibly providing a clue
as to the causes of many balloon failures (see Nielsen, 1962, p. 252).
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The amount of irreversible time-dependent response is also not known for
biaxial stressing. This will be determined by the present experimental program.

In view of the complications mentioned above, it might seem that the task of
finding a realistic mathematical model for polyethylene is indeed a formidable one.
However, in recent years, many advances have been mace in the fields of visco-
elasticity and creep (Kachanov, 1960; Lockett, 1965; Eringen and Grot, 1965;
Halpin, 1965; Schapery, 1966), deformational anisotropy (Berg, 1958), and the
mechanics of high polymers (Alfrey, 1948; Treloar, 1958; Meares, 1965; Ferry,
1961; Tobolsky, 1960). Even though the internal processes occurring during stressing
of polyethylene are fairly complex, within the range of stress and temperature
encountered in balloon technology it seems possible to represent the mechanical
properties with reasonable accuracy with an appropriate mathemctical model. A
model of this type would have wide application in the analysis of some of the present
problens of balloon design.

3. EXPERIMENTAL PROCEDURE AND RESULTS

The object of this experimental program is to obtain the uniaxial and biaxial,
time-dependent as well as time-independent, properties of polyethylene balloon
film. To satisfy this objective it was found necessary to obtain creep curves of
strain in terms of A, versus time t, at various values of true stress ¢, and biaxial
stress ratio n.* It was found that the most satisfactory procedure for the experi-
mental investigation was to perform the experiments with long cylindrical tubes
loaded by internal pressurization and axial loads for all ratios greater than zero
(biaxial tension) and with thin rectuangular strips for n = 0 (uniaxial tension).

Fcr the purposes of this and future experimental investigations specially
prepared polyethylene cylinders were obtained from Raven Industries. These cyl-
inders were formed by cutting 15-in. -wide strips from 54-in. layflat tubing, laying
2 identical strips on top of each other and heat-sealing both sides. They were
prepared from various sections of the original tubes of various polyethylene films.
The results presented here were obtained with 2 mil, new DFD-5500 film.

Uniaxial experimentation (n = 0) was performed on strips cut from the above-
mentioned samples. These strips were 1/2-in. wide by 6-in. long and were cut in
both the machine and transverse directions. Their thicknesses were measured
with micrometer calipers. Bench marks, 2-in. apart, were drawn on the central
region of each sample. This test area was made sufficiently small to eliminate
end condition effects without loss of experimental accuracy. Each of 5 strips for
each test series was clamped to a rigid upper support with a dead load weight hung

*Note: all symbols defined at the end of this chapter,

.
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from the lower clamp (Figure 1). At various times between zero and a maximum
of 32 hr, the distance between the bench marks was measured with calipers. The
loads ranged from 1/2-1b to 1-5/8 1b causing an engineering or nominal stress
range of approximately 500 psi to 1625 psi. The temperature in the test area was
kept at approximately 75°F by the laboratory air conditioning system.

It has been indicated in the literature that polyethylene deforms as an incom-
pressible material through most of its range of deformation. Carey, Schulz and
Dienes (1950), treating polyethylene as a linearly elastic material, showed that the
value of Poisson's ratio, v, is very close to 1/2, the value obtained if the material
is incompressible. However, polyethylene is by no means linearly elastic and,
therefore, this method of proving incompressibility may not be valid.

Figure 1. Uniaxial Test Stand

Consequently, uniaxial, constant-load creep tests were performed on strips of
polyethylene film during which all dimensions of the strips were measured at each
reading. Referring to Figure 2, it can be seen that the assumption of incompres-
sibility implies that

twh = lowo ho = const (1)

where the ( )o quantities are those before loading. Assuming a state of constant
stress and strain, the true stress o is defined as the force divided by the in-

stantaneous cross-sectional area:

- FE o E
%1 " A T wh (2)
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Figure 2, Undeformed and Deformed Shapes
for the Uniaxial Sample

and, utilizing Eq. (1) to eliminate wh ,

oy = A (3)
1 Z: 1

where Ao is the original unstrained cross-sectional area and
2
Ay = (4)
1 2 n

If the material is indeed incompressible under straining, then by Eq. (3) the exten-
sion ratio is linearly proportional to the true stress with the constant of propor-
tionality being the engineering stress:

oy -Al ) (5)

In Figure 3, Eq. (3) (solid line) is graphed on the same set of axes with the experi-
mental values of o, vs A, , obtained using Eqs. (2) and (4), for five different
constant-load creep tests., These results seem to indicate rather conclusively that
incompressibility is a valid assumption,
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l. It is extremely difficult to perform creep experiments at a constant true stress
| due to the continuously changing cross-sectional area, although for uniaxial testing
there have been some rather ingeneous methods proposed (Tomashevskii and
Slutsker, 1963). In order to obtain the creep curves for n = 0 (uniaxial tension),
constant -load creep tests were performed at various values of the dead load, F.
These tests yielded curves of A, vst for constant F, as shown in Figure 4a. At
' various values of t = ti' i=1m, curves of Al versus o, (Figure 4b) were

obtained using Eq. (3) to compute ¢;. The intersections of the lines o) = const
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Figure 4. Procedure for Obtaining Constant Stress Curves
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with the curves of Figure 4b yielded the creep curves in the desired form, as
showr. in Figure 4c. A computer program was written to perform the necessary
calculations for the above procedure. The data from the tests were inputed into
the program and the results for the machine and transverse directions are pre-
sented in Figures 5 and 6.
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Figure 5. Extension Ratio va Time (Uniaxial Creep,
n=0; Temperature =75°F; Machine Direction)

Figure 6. Extension Ratio vs Time (Uniaxial Creep
n=0; Temperature =75°F; Transverse Direction)
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For the biaxial tests (n > 0), 5~1/2-ft long tubes were cut from the master
roll described above. Bench marks in the longitudinal and circumferential direc-
tions, 4 in. apart were drawn on the center of one side of each sample and the
average thickness of this test region was measured. Five of these tubes were hung
on a specially prepared stand (I"igure 7) by clamping one end of each to the upper
fittings using hose clamps to insure an airtight seal. The lower end of each cylin-
der was sealed with a disk-like lower end fitting equipped with a hook for attach-
ment of the dead load weights.

Compreased air was pumped into each sample through the upper fittings. The
pressure in each tube was maintained at a different constant pressure (p +0.001 psi)
using a Model 40-2 Moore Nullmatic regulator. The pressures were monitored on
a bank of straight-tube manometers filled with gauge oil (specific gravity = 0.826)
dyed red for easy readability (Figure 8). The variable dead-load weights were
provided by using pails filled with gravel. The temperature control was the same
as mentioned above for the uniaxial tests.

Figure 7. Biaxial Test Stand Figure 8. Pressure Regulating and
Measuring System

The distances between the bench marks x and £ were measured with vernier
calipers and the diameter of the cylinder D was measured with a specially prepared
caliper-like machine at various times during the 32-hr testing period. The pres-
sures in the samples ranged from 8 to 15 in. of oil, causing nominal stresses
calculated on the basis of the original diameter ranging from 600 psi to 1100 psi.

The experimental procedure for the biaxial experiments is more complicated
than that for the uniaxial investigations due to the existence of a multiaxial stress
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state and the continuously changing radius of the cylinder. It was assumed that the
central portion of the tube deformed as an infinite cylinder retaining a circular
cross section. Due to the rather marked variations in film thickness, however,
homogeneity of circumferential strain was not assumed around the whole tube, but
only in a small region of arc length s and axial length £ .

Force equilibrium in the radial and axial directions (Figure 9) yields the two

equilibrium eqtiations for a cylinder:

pD
01h=N0 ‘-'—2 {6)
% i
D F ‘
h =N, = fF+3p i *

where h is the average film thickness ih the small region under consideration.
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Figure 9. Test Cylinder Figure 10. Cross-Sectional View

of Cylinder

It can be seen (see'Figures 9 and 10) that for this configuration the incompres-

sibility condition of the region under consideration is:

_1heD
‘O hO 9O DO

(8)
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where, by geometry (Figure 10),

-1{x
8 = 2s8in (-l-)—) . (9)

Therefore,

thsml(

52)
)

h = (10)
£ D sin” (
and Eq. (6) can be written
p2D%sin"! (%)
o, = % 5 (11)
. =170
2h°!°Dosm (D )
o
The extension in the 1 direction is defined:
Dsin | X
s _ De _ (D)
M s, "D g " %, (12)
D sin (l-)—)
‘The biaxial stress ratio is defined:
o
2
n = £ . (13)
%

Using the equilibrium equations, Eqs, (6) and (7), the dead load F necessary to
maintain a given value of n is found to be

F = (2n-1%pD? . (14)

Experimentally, it is extremely difficult without the use of rather elaborate
control equipment to maintain a constant true stress and biaxial stress ratio through-
out the period of one creep test. It was therefore d~cided to perform many tests at
constant pressures and to adjust the value of the dead load at each reading in order
to maintain an approximately constant biaxial stress ratio. To obtain the desired
curves of extension in the ! direction versus time at a constant value of n, a
procedure exactly analogous to that used for the uniaxial test results was utilized.

A computer prcgram was also written for this procedure so that in all of the experi-
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ments the experimenter only had to card-punch his data for machine processing inorder
to obtainthe data inthe desiredform. Experimentaldatafor n=1/2(F=0)andn=1 were
inputed into the computer program and the results are presented in Figures 11 and 12
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As was indicated above, the time-dependent part of the material response to
stress is due to three factors. One of these factors is of an irreversible nature.
The other two are characterized by a retarded elastic or reversible response. A
measurement of the test samples a long time after unloading (t = «) indicates what
part of the total deformation is reversible. This information is presented in Table 1,

where Minitial , Alfinal , and Ag were measured immediately after loading was

rec
applied, at the time of unloading, and many days later, respectively.

Table 1

n 1, Alinitial A final }‘lrec

0 (machine) 500 1,047 1,064 1.016
. 0 " 1000 1,125 1,516 1.102
0 " 1250 1,221 1.823 1.267
0 " 1333 1.250 2.282 1.525
0 " 1500 1.550 2.888 1.930
0 (transverse) 500 1.023 1,063 1,008
0 " 666 1.050 1.109 1.023
0 " 750 1.055 1,242 1.031
0 1000 1.094 1.840 1.197
1/2 597 1.008 1,037 1.009
1/2 709 1,026 1,050 1.009
1/2 820 1.042 1,071 1.009
1/2 932 1.049 1,111 1.011
1/2 970 1.050 1.120 1.012
1 597 1.011 1,018 1,003
1 746 1.016 1,031 1.003
1 895 1,021 1,039 1.007
1 1045 1.028 1.051 1.010

4. DISCUSSION OF RESULTS

Upon examination of the curves of principal extension versus time at a constant
true stress and biaxial stress ratio (Figures 5, 6, 11, and 12), it can readily be
seen that all of the curves have the same basic characteristics, There is an initial
time-independent elastic response followed by a time-dependent response with a
relatively high creep rate., A rapid decrease in creep rate is evidenced during the
first few hours of loading, followed by a region with an almost constant but quite
small creep rate.
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The instantaneous elastic response is similar to that of a neo-Hookean elastic
material as described by Treloar (1958) and Rivlin and Saunders (1950). Indeed,
an examination of the curves for t = 0 (Figure 13) seems to indicate a great
resemblance to the stress-strain response suggested by Treloar and by Rivlin,
even though their work was done for vulcanized rubber, a high polymer with
prominent elastic response characteristics
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Figure 13. Comparison of Stress-Strain Characteristics for n=0, 1/2, 1

One part of the creep deformation may be considered as a retarded elastic
response since it is recoverable after the load is removed. The remaining part
is irrecoverable because of the breaking down of chain entanglements. This type
of viscoelastic response is often represented by a model consisting of a linear
spring, a linear dashpot, and a spring-dashpot parallel arrangement, all in series
(Figure 14). Unfortunately, this combined Kelvin-Maxwell model yields a very
poor quantitative representation of the response of this material. One of the funda-
mental assumptions of linear viscoelasticity is the linearity of the stress-strain
relationship for all values of the time, t. An examination of Figure 13 indicates
that this assumption is definitely not valid for polyethylene. The mathematical
expression that would accurately represent this response would have to contain
some type of non-linearity.

It was noted during the equi-biaxial experiments (Figure 12) that little creep
occurred at stress levels up to approximately 800 psi. This phenomenon was
unexpected since at stress ratios of n<l there was appreciable creep at comparable
stress levels. This seems to indicate that the creep response might be expressed

. by relating two-dimensional type deviators of strains, strain rates and stresses.
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Figure 14. Combined Kelvin-Maxwell Model
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When the equi-biaxial stress was increased to approximately 1000 psi, the
material failed by a localized yielding. The yielded film thickness was found to
have decreased to 1/20 of its original value. Connecting the yielded and unyielded
regions, there was a sharp boundary that was always initiated along a line parallel
: to the machine direction.

The experimental results presented above yield a necessary guide for the
{ determination of the constituitive relations for polyethylene film. W
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Symbols

A‘ Principal extension in i direction

% Principal true stress in i direction

F Dead load force

A Instantaneous cross-sectional area of strip

w Instantaneous width of strip

h Instantaneous thickness of strip or cylinder test region

2 Instantaneous length of strip or cylinder test region

n Biaxial siress ratio, 02/01
! Ni Principal force per unit length of film in the i direction
5 I p Uniform, constant internal pressure in balloon samples ‘
l“ D Instantaneous diameter of cylinder

;] Instantaneous angle subtended by circumferential bench marks on cylinder 3

8 Instantaneous arc length subtended by circumferential bench marks on cylinder

X Instantaneous straight-line distance between circumferential bench marks

on cylinder
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IV . Experimental Study of Balloon Material Failures”

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

Abstract

Results of neoprene and polyethylene film tests conducted in the past year are
presented with an emphasis on findings related to balloon failures. Planned tests
to study fatigue failures of balloon materials at low temperatures are also described.

1. INTRODUCTION

In the search for possible causes of failure in balloons produced from neoprene
or polyethylene films, it was found necessary to initiate an experimental program
in addition to an analytical study of related phenomena. In this chapter the experi-
mental program is described and some of the findings are presented.

*This publication is the result of research sponsored by the Air Force Cam-
bridge Research Laboratories under Contract No. AF19(628)-4990.
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2. ELASTICS AND VISCOELASTIC RUPTURE OF NEOPRENE BALLOONS

In a lecture presented at the past balloon workshop (Kerr, 1966) the author dis-
cussed the phenomenon of tensile instability of a spherical balloon which undergoes
elastic as well as viscoelastic deformations. The presented analysis was based on
the arsumption that the balloon material is incompressible and that the deviatoric
response obeys Maxwell's law for true stresses and logarithmic strains. In the
meantime, tests were conducted on spherical neoprene balloons. It was found that,
at room temperature, neoprene day balloons deform elastically for a large range
of strains; whereas the night balloone, which contain plasticizers, do creep. Al-
though it was established that the tested balloon materials obey more complicated
constitutive equations than those assumed in Kerr (1966), it was found that the
curves reproduced in Figure 1 do, in essence, represent the real behavior of the
balloon except for very large strains where strain hardening plays a dominant role.
In order to demonstrate the magnitude of the time-dependent deformations in ques-
tion, a spherical plasticized neoprene balloon was subjected to a constant internal
pressure and then photographed at eight progressing time intervals by a camera 1
which was fixed with respect to the balloon center. The result is shown in Figure 2.

Using the test results as a guide, a new theory was developed for large elastic
deformations that predicts the behavior of neoprene day balloons quite accurately. d
The experimental data, the corresponding analytical treatment, as well as a dis-
cussion of related published results, will be presented in a forthcoming paper.

Presently, tests are being conducted on neoprene balloons which contain plas-
ticizers and which exhibit large creep deformations.
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Figure 1. Plots of €,, R*, t* for a Spherical Balloon
(x, n are material parameters)
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a. T = 0+ Minutes c. T =60 Minutes

b, T = 30 Minutes d. T = 90 Minutes

Figure 2. Creep of a Spherical Neoprene Balloon Under Constant Pressure
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e. T = 120 Minutes

f. T = 180 Minutes

g. T = 300 Minutes

h. T = 420 Minutes

Figure 2. (Continued)
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3. TESTS OF POLYETHYLENE BALLOON MATERIALS AT ROOM TEMPERATURE

This study focuses on deformation and failure patterns of polyethylene film sub-
| jected to uniaxial and biaxial states of stress, as well as behavior of seals, die
lines, and creases.

In order to test polyethylene films and seals biaxially, it was found convenient
to use polyethylene cylinders subjected to an internal pressure and an additional
axial force. The experimental setup is shown in Figure 3. In this setup, com- f
pressed air is fed into five pressure regulators, which in turn are connected to ﬁ
five polyethylene cylinders. The pressures in the cylinders are measured by means
of manometer tubes that connect directly to the regulators. The additional axial
loand consists of weights attached to the lower fitting. This arrangement makes it
possible to test several cylinders simultaneously, each with a different internal

-,
bR

e

prensure and axial load.

In order to establish the viscoelastic characteristics of polyethylene films which
should serve as basis for the formulation of constitutive equations, a number of
tests were conducted using the setup described above. These results and related
comments are presented by Alexander (1966),

During these tests it was noticed that in all tested Startex cylinders (ten speci-
mens) which were formed by heat-sealing two long strips, 20-in. wide (see Figure 3),
one of the two seals consistently broke at a relatively low pressure. Uniaxial tests
were then performed on l-in. wide strips cut from these cylinders which contained
the seal normal to the long axis of the strip. The tested samples did not fail at the
seals, thus making the peel strength tests of seals using uniaxially stressed strips
as described in ''Standard Test Methods for Balloon Materials''(Hauser Research
and Engineering Co., 1964, Sec. 2.1.5.1) rather questionable. It is also ques-
tionable if the uniaxial strength test as described by that report in Sec. 2.1.1.1 is
| a valid strength indicator for biaxially stressed polyethylene films because of the
large deformations and the accompanying deformational anisotropy occurring in
the uniaxial test.

In view of the above it is suggested to consider a new test for balloon films
which uses, as specimen, the pressurized cylinder described previously. This
test should integrate a number of tests such as the strength test, the peel test, and
the gas permeabiﬁty test, and additionally should check the behavior of die lines,
creases, and other possible imperfections.
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Figure 3.

Testing Facility for Balloon Films

1. STRENGTH OF BALLOON FILMS AT LOW TEMPERATURES

The available data on balloon failures see for example Dwyer (1966) and
Bilhorn (1966) indicate that a high percentage of balloons fail at altitudes between

35,000 and 60,000 ft,

Considering the temperatures through which the balloon has to pass during as-
cent (a schematic temperature profile is shown in Figure 4), it can be seen that
from the launch altitude on the ground up to an altitude of 36,000 ft the temperature
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Figure 4. Atmospheric
Height-Temperature Profile

drops by more than 100°F. At 36,000 ft the tem-
perature reaches about -65°F.

This temperature distribution in conjunction
with the observed failure altitudes suggests that a
possible cause of balloon failures may be the ef-
fect of the low temperatures on the balloon film
and seals,

To clarify this aspect, a systematic experi-
mental study was initiated. Since during ascent
the balloon material continuously deforms because
of deployment and relative air motions, it was
decided to use a test set up in which an axially
loaded pressurized polyethylene cylinder is sub-
jected to torsional oscillations. A schematic

~
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drawing of such afatigue tester is presented in Figure 5. The recently constructed
testing machine is shown in Figure 6. Fatigue tests are presently being conducted
at room temperature. It is planned to conduct similar tests in a cold chamber in
the near future,

.

A .

Figure 5. Torsional Fatigue Tester
(T - device which induces torsional
oscillations)

Reviewing balloon failure statistics, J. F. Dwyer (1966) found evidence that
creep deformations caused during launch may have a detrimental effect upon the
strength of a balloon wien it passes through lower temperatures. To study this
aspect, it is planned to preload the test cylinder at room temperature after a time
to lower the surrounding temperature, and then to determine the fatigue strength.
A comparison of the obtained data with results of tests at which the specimen was
not preloaded, should indicate the effect of creep deformations at launch.

Going out from the assumption that the low temperature level is a major cause
of balloon failures, it was conceived that the raising of the temperature of the en-
closed gas during the passage of the balloon through the critical altitude zone, may
diminish balloon failures. To test this hypothesis, fatigue tests are planned during
which the enclosed air is kept at a higher temperature than the cold air outside,
and then the obtained results will be compared with results of corresponding tests
at which the air inside and outside is kept at the same low temperature.

It is expected that the described tests will contribute to the clarification of the
causes of a number of balloon failures.
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(b)

Figure 6. Torsional Fatigue Tester (a - Front view,
test sample mounted; b - Rear view):
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V. Instrumentation for Balloon-Borne Infrared
Spectral Measurements

David G. Murcray, Frank H. Murcray, and Walter J. Williams
Physics Department, University of Denver
Denver, Colorado
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Abstract

Instrumentation has been developed for obtaining high-resolution infrared i
spectra from a balloon platform as it ascends through the atmosphere. These b
measurements have been made possible by the development of low noise, low fre~ !
quency, time and temperature stable electronics, optically stable spectrometers
and spectral radiometers, accurate solar pointing, and on-board digital magnetic
tape recording. i

Using this instrumentation high-resolution spectra have been obtained at a
multitude of altitudes on ten balloon flights made from three geographic locations. |t

The instrumentation is described, with particular emphasis on problems as-
4 sociated with the balloon environment and the performance of the individual com- L
ponents evaluated. & ]

Over the past decade the University of Denver Physics Department has con-
ducted.numerous infrared balloon experiments, gathering data pertinent to the study
of atmosp\heric and solar physics. These experiments include the measurement of

atmospheric transmittance, atmospheric bickgrounds. atmospheric thermal flux,
)
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solar radiance (and irradiance), terrestrial emission, and lunar emission. The
study of atmospheric transmittance has continued throughout this period, and the
experiments and data associated with it are perhaps the most complex part of the
entire program. Much of the balloon-borne system has, as a consequence, been
initially developed for this study and subsequently adapted to the others.,

It is the purpose of this paper to desciibe the balloon instrumentation used in
measuring atmospheric transmittance, with an emphasis on those aspects unique to
the remote nature of the experiment.

In the course of the study, the transmittance of the atmosphere at various
altitudes up to 31 km and throughout the spectral region from 1 to 154 has been
measured. A prism spectrometer used in the earlier part of the study has been
replaced on the last ten flights by a grat‘ling spectromeater with a significant gain
in resolution. Data collected from moreé than 30 flights over New Mexico, Cali-
fornia, and Alaska have been and are being published as scientific reports and
journal articles.

There are several intervals in this spectral region which are strongly absorbed
by the earth's atmo'sphere. In many cases balloon experiments have been designed
to obtain data at high altitudes where these absorptions are not present. However,
the variation of the absorption in these intervals with altitude is also of considerable
importance and interest. The instrumentation described was therefore designed to
obtain data pertinent to absorption at all altitudes from ground level to the balloon
float altitude, rather than just at float altitude.

Several solar atlases have been published containing high resolution spectra
observed from ground stations. One such atlas by Migeotte, Niven, and Swensson
(1957) contains an infrared solar spectrum observed from the ground at the
Jungfraujoch International Scientific Station, Switzerland. As mentioned above,
many spectral intervals reported in this atlas are totally absorbed by minor atmos-
pheric constituents such as C02, H20, 03, and N20. Figure 1 shows a portion of
their speqtrum at the edge of the 2,7 CO2 band. Similar data, measured with
the balloon-borne grating instrument at about one-half the spectral resolution, are
shown in Figure 2. Five spectra are plotted here, one above the other., Each
covers the same spectral region, which is compar =ble to the region of Figure 1.
Each succeeding record is at a higher altitude, ranging from 3.1 km to 16.8 km.
The record at 5.8 km most closely matches the Jungfraujoch spectrum. The tr%ms-
mittance increases rapidly with altitude, and the N20 band can be clearly discerned
as the balloon rises above most of the tropospheric water vapor.

Figures 3 and 4 show, respectively, the spectrometer and coelostat used at
the Jungfraujoch. The balloon-borne instrument (Figure 5) is fundamentally the
same, although assembled for flight (Figure 6) it appears considerably different due
to the spectral constructional details required for balloon application. Since the
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a Balloon Flight on 9 December 1964
sotope band and the v1+v3 NoO band.

The records were observed at altitudes of 3.1, 5.8, 8.1, 10.5, 13,2,
and 16.8 km, respectively

REPE T

o

o g b,



,’g}‘qﬁw PRI

Figure 3. Photograph of the Grating Spectrometer Used !
at the Jungfraujoch to Obtain Data in Figure 1 (from s
Migeotte et al., 1957)

Figure 4. Photograph of the Coelostat Used at the Jungfraujoch
in Connection With the Grating Spectrometer (Migeotte et al., 1957)

B o e




54

Figure 5. Photograph of the Balloon Grating Spectrometer
Assembled in Its Gondola. Note the spring suspension

i Figure 6. Photograna of the Balloon Grating Spectrometer
Payload in Flight Configuration




S

55

W

balloon is not a stationary platform, a servo system instead of a coelostat is re-
quired to track the sun, and can be seen in Figure 5 above the gondola framewcrk.

Successful adaptation for balloon work of equipment similar to that used at the
Jungfraujoch requires experience in balloon instrumentation, and often involves a
compromising of the optimum conditions desired for ground performance. The
necessary experience was gained in building earlier equipment; the nature of the
compromises will become apparent.

The equipment is composed of three functional units: the spectrometer, the
biaxial pointing control (Sun-Seeker), and the data recording system. Solar radia-
tion is maintained on the spectrometer slit by the Sun-Seeker, and the output of the
spectrometer is recorded both on board and via TM to a backup recorder. Auxil-
iary units include a battery power supply, a thin-walled tubing gondola, and asso-
ciated hardware. The total instrumentation weight is 700 1b. During flight the
assembled spectrometer and pointer are suspended inside the gondola by springs
which provide nearly complete isolation from the gondola yet retain its protection.

The grating spectrometer is a 1/2-m Czerny-Turner type instrument which
double-passes the incident radiation. The double-passing of the radiation within
the instrument permits the use of an instrument half the length that would otherwise
be required, and results also in a great reduction in the scattered light. The orders
of the grating are separated by {irst passing the radiation through a small prism
predisperser spectrometer mounted just above the grating Instrument. To scan the
spectrai wavelength the grating is repeatedly rotated through 15° by a precision
cam, producing a linear wavelength as a function of time. A second cam couples
the motion of the grating to the rotation of the prism predisperser. Both cams are
polished, and their diniensions are critical to better than 0.001 in. The mirrors
are rigidly mounted with slight shock cushioning and a minimum amount of adjust-
ment is available. Both spectrometers are contained in a rigid light-weight frame
which is insulated and thermostatically maintained at 27 + 1.5°C during the balloon
ascent.

Both thermocouples and uncooled PbS cells have been used as detectors (leav-
ing the added complication of cooled detectors for a future flight). The solid-state
detector electronics have been designed for stable operation over a wide tempera-
ture range with low power consumption. They are free of microphonics for
moderate-level vibrations, and are capable of measuring the Johnson noise of a
15-ohm thermocouple.

The signal from the spectrometer is rectified and fed both to an on-board
digital tape recorder and to an FM-FM telemetry system as backup. The digital
recorder was specifically designed for airborne use and has a 6~-hr recording
capacity of 200 samples per sec. The recording format is directly compatible with
IBM computers, thus simplifying data reduction. The inputs consist of 8 channels
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with 25 samples per sec each. Two of these channels are subcommutated with 16
pos;ltionl each for sampling low-rate data such as thermistors. In practice several
of the remaining channels are paralleled to increase the information rate of the
prime spectral data.

As previously mentioned, it is necessary to make some compromises in a
balloon experiment, as contrasted to a ground measurement. As an illustration,
one can consider the basic problem. An attempt is being made to scan as large a
wavelength interval as possible with as high a resolution as possible in a time suf-
ficiently short that the balloon has not appreciably changed altitude. As the resolu-
tion is increased, the energy available at the detector is decreased. The system
is usually operating, however, in the vicinity of the detector noise level, and it is
desirable to maintain a signal-to-noise ratio of about 100:1, The only way to re-
duce the noise level is to increase the electronic integration, thereby increasing
the required apectral scanning time. In practice, upwards of 2000 resolution
elements are scanned in each spectral cycle. It is desirable to sample each element
from 3 to 10 times with the digital recorder. If the interval is scanned in 3 min,
recording at 100 samples per sec, each resolution element is sampled 9 times, and
there are 18,000 prime data points per spectral scan. A 3-min scan rate will
yield about 50 scans during a moderate ascent. On occasion, when the signal-to-
noise ratio has not been adequate, the scan time has been increased to 6-min.

The following example illustrates the effect of changing the scan time. The
spectral region scanned in 3 min by the balloon spectrometer was scanned by the
Jungfraujoch spectrometer in a composite time of about 7 hours. The ratio of
these two times is 1:140. The noise can be reduced by an amount proportional to
the square root of this ratio, or 11,9, If the signal-to-noise ratio is already
adequate, the resolution can be increased to maintain the signal-to-noise at a
constant level. The energy at the detector is approximately proportional to the
square of the resolution element. Therefore, by changing the scan time from
3 min to 7 hr and maintaining a constant signal-to-noise ratio, the resolution can
be increased by a factor of 3.4.

These are only a few of the factors which must be considered when designing
a balloon-borne experiment. One other parameter that enters is the accuracy of
the biaxial pointing control. Since the sun is the source of infrared energy for
these experiments, the solar image must be held on the spectrometer slit at all
times. (This is especially true when long scan times are used since the number of
spectral scans possible at any one altitude is limited.) Some compromise may
again be required, depending on the attainable pointing accuracy. The pointer has
reliably pointed within +6 min of arc during ascent on 17 of 18 flights, and within
+ 2 min of arc at float altitude. The pointer used is a biaxial system built by the
Hi-Altitude Instrument Company of Denver and modified in accordance with technology
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and experience. The clutch system, in puarticular, was changed by the manufacturer
from powdered iron clutches to hysteresis clutches. University personnel have
modified the electronics and pointing sensors to accommodate automatic gain com-
pensation for the variation in solar intensity at the sensors.

The pointing accuracy of 6 min of arc permits the use of a spectrometer slit
height corresponding to just over 1/2 the diameter of the solar image. A slit height
of about 1/3 the‘solar image diameter is used in practice to avoid fluctuations due
to limb dax'kenixig of the solar disk.,

There are ﬁmny critical parameters for a successful balloon experiment. The
major experimental ones have been discussed. Also of importance is the care
given this equipment by University of Denver staff and personnel at the AFCRL
launch facilities. The authors wish to express thanks to these persons for their
active participation and interest.

Reference
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VL. Electronics for Around-the-World GHOST
Balloon Flights

Ermest W. Lichfield ond Robert W. Frykmen

National Center for Atmospheric Research
Boulder, Colorade

1. INTRODUCTION

On April 10, 1966, a superpressure balloon 7 ft in diam and made of Mylar
plastic completed the first around-the-world flight ever made by a balloon.

The GHOST (Global HOrizontal Sounding Technique) balloon had been launched
ten days earlier from Christchurch, New Zealand in an experiment being conducted
by the National Center for Atmospheric Research (NCAR), the Environmental
Science Services Administration (ESSA), and the New Zealand Weather Service.

After it was launched, the balloon rose to an altitude of about 40,000 ft and
floated across the South Pacific, propelled by air currents which exist at that
altitude. Its progress around the Southern Hemisphere was monitored by a network
of five tracking stations located in New Zealand, South America, Mauritius Island,
Australia, and Africa. The balloon passed over South America, Australia, and
vast expanses of empty ocean, and completed its circuit of the globe as it passed
north of New Zealand over the Fiji Islands.

The first globe-circling GHOST balloon continued to travel around the Southern
Hemisphere, and at the end of July, 1966, it had been up for 74 days and had made
8ix complete circuits of the globe, Other GHOST balloons launched from Christ-
church nave also circled the globe several times and have had flight durations up to
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97 days. Thus the Southern Hemisphere experiment is meeting with success in its
primary purpose, which was to prove the feasibility in terms of life expectancy of
GHOST balloons as platforms for meleorological sensing instruments to obtain data
from previously inaccessible parts of the earth.

An operational GHOST system, which lies many years in the future, will utilize
several thousand free-floating balloons as part of a global observing system which
will also include conventional weather stations, buoy-mounted remote stations in
the oceans, remote ground stations, and meteorological satellites.

The feasibility of an operational GHOST system will depend on the ability of
superpressure balloons to stay aloft, at a constant density level for long periods
of time. Superpressure balloons, such as those used in the GHOST experiment,
are spherical in shape and must be made of a very strong, inelastic, impermeable
niaterial such as Mylar. The GHOST balloons use a double tamination of Mylar to
minimize permeation of helium through microscopic pin holes.

In operation, the balloon is partially inflated with helium and is then released.
As it rises, and as the atmospheric pressure decreases with altitude, the helium
in the balloon expands until the Mylar skin is fully distended. The balloon will con~
tinue to rise until it reaches an atmospheric density level which is equal to the
density of the balloon and its payload. The balloon will then drift horizontally at
that constant density level. Unlike a zero-pressure balloon which must release gas
or jeitison ballast to compensate for expansion and contraction of the helium caused
by daytime heating and nighttime cooling, the superpressure balloon maintains a
constant density and floats at a nearly constant atmospheric density level day and
night.

2. INSTRUMENTATION

Theoretically, it should be possible for a superpressure balloon to stay aloft
for months. The Southern Hemisphers GHOST experiment was designed to test
this theory by actually flying the GHOST balloons with adequate instrumentation
to locate the balloons and to telemeter performance data during the flight.

The instrumentation requirements for the Southern Hemisphere experiment
presented an almost impossible set of design criteria. The instrument package
had to be capable of locating and reporting the balloon's position over a range of
4,000 miles with an accuracy of +100 miles. The total weight of the package, in-
cluding the power source, had to be 6 oz. or less, its operating lifetime had to be
about 1 yr, and it had to be capable of operating at temperatures down to -55°C.
Four channels of telemetry were required, and each unit had to provide a unique
identification code, as the same transmission channel would be used by up to 20
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balloons. In spite of these stringent performance requirements, each package had
to cost less than $300 and operate with simple tracking stations. Figure 1 shows
the electronics package which was developed to meet these criteria. )

2.1 Power Supply

The electronics package is powered by a solar-c °1l panel consisting of 26 solar
cells, each measuring 2cm X 2 cm. Power is supplied directly from the solar-
cell panel. Since no battery is included, the electronics package operates only
during daylight hours.

2.2 Position Locating Device

A small sun-angle sensor is mounted in the center of the solar-cell panel
pointing upward. The sun-angle sensor measures the elevation angle of the sun
and converts this angle into an electrical resistance, which decreases as the sun
angle increases. The sun-angle sensor is the rate-determining resistance in a
unijunction pulse generator circuit. Therefore, the pulse rate from the circuit is
proportional to the sun's elevation angle. An exploded view of the sun-angle sensor
is shown in Figure 2,

2.3 Coding Circuit

A 16 counter and a group of gates are wired together to produce a Morse-code
waveform, A different Morse code letter can be wired into each electronics package
by rearranging the wiring of the gates. The coding circuit is driven by the pulses
from the unijunction circuit. Since the timing is provided by the unijunction circuit,
the rate at which the Morse code letters are generated is proportional to the sun's
elevation angle. The electricul configuration of the GHOST balloon electronics
package is shown schematically in Figure 3.

2.4 Radio Transmitter

The Morse code signal is used to key a transmitter operating in the CW mode
on a frequency in the 15 MHz band. This frequency was chosen because of its con-
sistent long-distance propagation characteristics. Using the CW mode at low bit
rates allows signals to be separated with as low as 100 Hz differences. Power is
provided by a panel of solar cells having an output of approximately 12 V and 150 ma
at noon on the balloon. Since transmission on the 15 MHz band is most efficient
during daylight hours, batteries were not included. This resulted in the transmis-
sion power varying between a maximum of 1 W at noon to as low as 50 mW just
before sunset. At first glance these power levels, varying from ''flea to gnat",
seem to be too low to transmit beyond the horizon. In actual practice, however,
the balloons have been monitored consistently over a 4000~-mile range.
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Figure 1. Photograph of GHOST Electronics Package
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2.3 Antenna

The electronics package is suspended beneath the balloon by a quarter-
wavelength section of antenna wire. An additional quarter-wave section is suspended
from the bottom of the package to provide a center-fed dipole floating free in space.

3. CONSTRUCTION

The electronics package is assembled on a 0,005-inch-thick glass epoxy
printed-circuit board. Miniature electronic components are used, but integrated
circuits are not. The assembled circuit board weighs only 24 grams.

Solar cells are assemblec on a 0,01-in, -thick glass epoxy printed-circuit
board. The solar-cell panel weighs 45 grams. A plastic cover fits over the bot-
tom of the package. The purpose of the cover is to provide a warm thermal en-
vironment for the electronics. Since the balloon and its package fioat with the
wind, there is no relative wind blowing across the package to cool it. The tempera-
ture of the electronics is therefore determined primarily by solar radiation. A
black plastic cover is used to maintain the temperature of the electronics package
at about 15°C at an altitude of 40,000 ft. At 40,000 ft the average air temperature
is -59°C.

1. TRACKING BALLOONS

The code-generating circuit produces a Morse code letter used to identify the
balloon from which the signal is being received. Each balloon transmits a different
code letter at a rate which is proportional to the elevation angle of the sun.

Tracking equipment for the sun-angle telemetry consists of a stop watch and a
communications receiver. The operator tunes to the transmitted signal, using the
CW reception mode on the receiver, and uses the stop watch to time the period of
ten code letters. The operator then records the period and the time of observation.
A calibration chart showing code rate as a function of sun angle is used to obtain
the sun angle. Many such readings are taken each day for each balloon that is aloft.

Figure 4 shows an example of a three-day test flight launched from Boulder,
Colorado, on April 24, 1965. The chart in the upper left of Figure 4 shows the sun
elevation angle as a function of time of day. The curve labeled April 24 shows the
sun angle for the day of launch. The divided line from 7: 00 to 10:00 shows the

_ envelope of sun-angle oscillations due to swinging of the package during ascent.

Once the balloon is at altitude, the swinging stops and the balloon provicdes a very
stable platform. On the first day the maximum sun angle recorded was 63° at
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11:48 MST. The maximum sun angle determines the latitude and the time of maxi-
mum sun angle determines the longitude. At 11:48 MST on April 24 the balloon
was 100 miles east of Denver. On April 25 the maximum sun angle was 70° at
10:24 MST, irdicating a balloon position over Charleston, South Carolina. On the
third day, April 26, only five data points were obtained so a different technique
was used to ubtain the balloon location., At 6:30 MST the sun's elevation angle at
the balloon was 51°. Thus, it was known that the balloon was located somewhere
on a line coinecting all points with solar elevation angles of 51°. A segment of

this line was drawn on the map. One and a half hours later, at 8:00 MST, the new
sun angle was 63° and a new line segment was drawn. The intersection of the two
lines gave the location of the balloon. A third line, drawn two hours later, gave
additional confirmation of the location. This technique neglects the effect of
balloon motion between readings, but this effect was negligible in the example given,

5. FOUR-CHANNEL TELEMETRY

On the majority of the balloon flights a single-channel telemetry system is
used to telemeter sun angle, only. Additional channels of telemetry can be obtained
! by attaching an additional circuit board to the system, The add-on board provides
4-channels of telemetry. In operation, a 4-channel system transmits a given Morse
| code letter 16 times and then switches to a new letter for 16 transmissions. After
] the completion of the 4 code letters it starts over again at the first letter. The
letter being transmitted identifies the data channel., The data is obtained by timing
10 code periods and referring to a calibration chart. A block diagram of this
telemetry system is given in Figure 5.

6. CONCEPTS FOR THE FUTURE

o ——

| The concept for a future GHOST system calls for thousands of balloons floating

i around the world-gathering meteorological information over remote portions of the
globe. A satellite in orbit would be used to gather the data from the balloons and
relay the information to ground stations. This will require a more advanced elec-
tronic system than the one presently being used. One consideration will be to
devise an electronics package that will be nonhazardous to aircrafl. The final
electronics for this application may take the form of thin film circuits distributed

| over the skin of the balloon itself.
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VIl. Planetary Entry Parachute Testing Using a
Balloon as a Launch Platform

| J.C. WcFall, Jr.
NASA Longley Research Center
Hompton, Virginia

i Abstract

A 26 million cu ft balloon has been designed, constructed and tested for use as
a launch platform in testing of planetary entry parachutes, The fabric weight of
the balloon is less than 0.00551b/sq ft allowing a payload of 2, 250 1b to be carried
to an altitude of approximately 130,000 ft. The parachute tests to be conducted
with this balloon system are a part of the NASA Planetary Entry Parachute Project
in support of Project Voyager. In these tests, a 15-ft-diam simulated Voyager
landing capsule with parachute system (84-ft constructed diameter parachute) will
be launched with a tandem balloon system and carried to 130,000 ft. Following
release from the balloon, rockets in the capsule will accelerate it to the required
test conditions of Mach No. 1.2 and dynamic pressure of 5 1b/sq ft. The test
parachute will be ejected from a mortar, and an aeroshell will be released from
the instrumented internal body. On-board and ground-based instrumentation will
record the system performance.

The purpose of the Planetary Entry Parachute Program is to furnish a tech-
nological background for selection of a parachute system for NASA Voyager Pro-

gram missions, a program of planetary exploration to be conducted by means of
unmanned spacecraft, The program includes flights to the planet Mars in the
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1970-1980 time period to investigate the characteristics of the Martian atmosphere
and the planet surface. Such missions will involve instrumented entry capsules,
which will be detached from an orbiting spacecraft, descend through the atmosphere,
and perform a survivable landing on the surface.

In one mission mode, deceleration of the lander capsule from the initial entry
velocity to a subsonic or low supersonic velocity will be accomplished by the basic
ballistic characteristics of the entry capsule. A parachute system will then be
activated for deceleration of the instrumented payload to a low subsonic velocity to
permit a dwell time in the atmosphere for atmospheric measurements, and to pro-
vide a low impact velocity for landing.

The purpose of the present flight program is to explore the characteristics of
several types of parachutes under the expected conditions, and to provide informa-
tion to enable selection of a parachute configuration and mode of operation for future
development as part of the initial Voyager mission.

There will be two test techniques used in the PEPP flight program. One using
conventional solid rocket boosters to test parachutes with diameters of about 30 ft
and payloads of 200 1b. The other test téchnique is to use a balloon as a launch
platform for parachutes having diameters of about 80 ft.

The reason for selecting the balloon method of getting the spacecraft to altitude
is that, for these tests, the test parachutes will be deployed in the wake of a 120°
conical body 15 ft in diam and weighing 1600 Ib, and a balloon appeared to be the
most economical means of getting this vehicle to approximately 130,000 ft.

Specific objectives of the flight tests are indicated in Figure 1. Primary data
from tests of candidate parachutes will concern deployment dynamics (that is, shock
loads and canopy inflation characteristics), stability or oscillation characteristics,
and drag. In addition, every possible effort will be made to learn how the primary
data is affected by the wake behind proposed entry shapes (parachute size varying
between 30- and about 100-ft diam), possible detrimental effects of sterilization
while in the packed condition, and the necessity for deployment aids.

The four configurations selected for this
test program are shown in Figure 2. Note
that all designs have geometric porosity and

PRIMARY - TO MEASUR(, 4ND OBSERVE: it is hoped that stability characteristics will
H m%cn‘r DYNAMICS not change with altitude. We have experience
° o at Langley with the cross and DGB designs,
SECONDARY - TO OBTAIN SOME DATA ON: and they both appear promising. The porosity

o EFFECTS . . .

o ﬁ of the basic ring sail design has been in-

e R A .

¢ creased by removal of one row of sails for
Figure 1. Planetary Entry the first test. The annular design appears

Parachute Program: to have quite high drag potential. Dacron
Transonic Configuration
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material has been selected for fabri-
cation of the first four test parachutes
due to its ability to withstand sterili-

zation temperatures.

The spacecraft utilized for the
PEPP balloon launched series is shown
in Figure 3, It is propelled by 12
MS58A2 rocket motors arr;ﬁged in a
circular cluster about the internal
payload section as shown in Figure 4.
The motors have canted nozzles (33.5°
off the longitudinal axis) such that the
individual thrust vectors converge at
a point between the iginition and burn-
out centers-of-gravity on the longi-

hi
DISK-GAP-BAND

ANNULAR RING

RING - SAIL

Iigure 2. Promising High-Altitude
Deceleration Configurations

tudinal axis. In the nominal case such an arrangement produces a resultant thrust
vector along the longitudinal axis. Test data is recorded on-board and recovered.
The recorded data includes accelerations, temperatures at several points within

the payload, and certain events in the flight sequence. Five on-board cameras

record the parachute deployment and also view the earth to provide data to aid in
analysis of vehicle motions. Beacons are provided for in-flight tracking and for
recovery aid. Ground photographic coverage of flight events is provided by the range.

Figure 3. Spacecraft Antenna Checkout

e em————
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WEIGHTS, LB The C-band tracking beacon
PARACHUTE 7 PARACHUTE signal is modulated by the output
PAYLOAD 200 } 600
BALLAST 328 PAYLOAD from magnetometer instrumentation
AEROSHELL 2 to furnish information on the azimuth
ROCHEY MOTORS, 990 BALLAST attitude of the spacecraft. This in-

TOTAL 200 formation is intended to permit with-

holding of command release of the
spacecraft if the spacecraft heading
is such that landing outside the range
safety limits is possible., This pro-
cedure should result in increased
utilization of the range safety corri-
dors specified for this program by
effectively widening the permissible
corridor from which spacecraft re-

Figure 4, Balloon Launched
Test Spacecraft

$ lease is possible.

In our flight test of August 30, 1966, there was a noticeable effect of this in-
strumentafion at the time the balloon ballast was dropped and some system motion
apparently resulted. This portion of the data has not yet been analyzed, but is of
considerable interest.

The nominal trajectory for the PEPP balloon-launched series is somewhat
unusual when compared with conventinonal rocket vehicles. The mission sequence
of events is generally as shown in Figure 5. The spacecraft is oriented at a 60°
attitude angle (pitch up) beneath the balloon at launch. After the balloon has risen
to 130,000 ft, the spacecraft is released and falls in a backward attitude (relative
to downward velocity vector) for 4 sec. At this time, all 12 rocket motors are
ignited simultaneously and the spacecraft is propelled to transonic velocity. After
buraout a mortar is fired, ejecting the parachute, and the deployment sequence
begins. Upon inflation the parachute withdraws the internal payload from the rear
of the spacecraft. The payload descends by parachute and the remainder of the
spacecraft (called the aeroshell) coasts over apogee on a separate trajectory until
"hard" impact on the range. Experimental objectives and safety regulations re-
quire that that portion of the trajectory prior to mortar firing and parachute deploy-
ment, and the resulting aeroshell coast, be at a preselected area of the range.

The balloon system floated the spacecraft over a suitable drop point on che

range and all flight test objectives were achieved.

f i S e

g ey ———

Py




Tt

)/ RELEASE
j ROCKET FIRING .
f ‘
LAUMCH RECOVERY

Figure 5. Balloon Launched Test Sequence
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IVIIl. Balloon Stress-Band Analysis

Harold L. Baker
Notional Center For Atmospheric Research
" Boulder, Colorodo

ey e

Abstract

k One of the tasks of the NCAR Scientific Balloon Facility is to advance the tech-
: nology of ballooning. As part of this work, the Facility conducts a number of pro-
grams to improve standards for balloon materials, design, and fabrication, The
present report covers a series of investigations carried out by Thomas W, Bilhorn,
then Mechanics Section Manager, and Harold L.. Baker, Development Engineer,
in which balloon failures near the tropopause were photographed, and the data ob-
tained were analyzed to provide better understanding of mechanisms of failure,

A test program to photograph tropopause-level balloon ascent failures unex-
pectedly revealed the presence of a circumferential stress band in certain balloons
which failed catastrophically in flight. The band in each case was located between
the top of the balloon and the equator of the bubble, and appeared to exert powerful
transverse stresses on the envelope, culminating in failure near the tropopause
level. The failure mechanismappeared to involve also the presence, beginning at
launch, of a large asymmetrical pocket of undeployed material, which locally folded :
the envelope inward approximately as far as the vertical axis of symmetry of the 1
balloon. With expansion during ascent this excess material was gradually deployed
into the inflated balloon structure. Failure appeared to occur about at the point
where there was no longer sufficient excess material to allow the pocket to extend to
the vertical axis of symmetry. It is speculated that the additional work then involved |
in deploying the remainder of the pocket, together with film brittleness due to cold - i
temperatures at tropopause level, and aided at least in some instances by shear winds, '
combined to produce failure by enhancing transverse stresses at the stress-band
level. It appeared that development of the stress band might be modified or elimina-
ted by variations in balloon design, and this suggestion was partially confirmed by
balloon model tests.,
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1. INTRODUCTiON <

Since 1946 large polyethylene balloons have become standard vehicles for lifting
many types of scientific experiments to high altitude. To accommodate desired
experiments, scientists have asked for increasingly higher altitudes, heavier pay-
loads, and longer duration flights, or combinations of these characteristics. Bal-
loon manufacturers have responded by designing larger balloons. However, as
balloon volumes have increased, the in-flight balloon failure rate has also increased.
Such failures are most likely to occur during ascent, in the vicinity of the tropopause.
The low temper atures encountered there evidently render the balloon film material
brittle, while at the same time the envelope, still only partially inflated at tropo-
pause altitudes, may be subject to stress from shear winds.

While these conditions offered some explanation of balloon failures, it seemed
possible that balloon design, or manner of deployment during ascent, or both,
could also contribute to failure. Experiments were devised to photograph large
balloons during ascent, in the hope of obtaining detailed pictures of balloon failures.
The experiments involved tandem balloons, tethered together. In one corfiguration
the uppermost, or '"tow', balloon carried down-looking cameras to photograph the
lower "'main" balloon. In a variation of the experiment, additional cameras were °
suspended below the main balloon and directed upward.

Three flights were attempted, Flight No. 1 yielded pictures of a catastrophic
balloon burst. Flights No. 1 and No. 3 provided many additional pictures which
gave evidence of stress in the balloon envelopes. Flight No. 2 was a ground failure,
Two balloon model tests were carried out to test certain assumptions concerning
balloon design that arose during the flight data analysis.

Each flight carried several cameras, in part to provide duplicate coverage and
a range of exposure settings, but primarily to provide continuity of coverage: some
cameras were pairs, set so that when all the film in the first camera was exposed,
the second camera of the pair would begin taking pictures.

In the present text, the photographs from each flight appear in the Figures,
in chronological flight sequence. Thus the figures will often be referred to out of
numerical sequence.

Section 2 presents summaries of the test flights, and brief qualitative descrip-
tions of the data secured. Section 3 presents the stress-band analysis, while
Section 4 presents an analysis of the flight and model test photographs. The con-

clusions appear in Section 5.
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2, TEST FLIGHT SUMMARIES

2.1 Flight No. 1, 13 November 1964

This flight carried down-looking cameras only. Tables 1 and 2 give the balloon

and camera characteristics.
The main balloon was inflated to a gross lift of 2020 lb, representing a free lift

of 6 percent. Launch was uneventful with the tow balloon very nicely taking position
above the main balloon. Ascent rate from launch to 31, 500 ft was 759 ft/min;

from 31, 500 to 46, 800 ft (burst altitude), 933 ft/min. The tow balloon did swing
from side to side, occasionally as much as 90° from vertical during ascent. Photo-
graphs showed that, starting one minute before burst and persisting until burst,

shear winds apparently were blowing into the undeployed pocket and subpressure

cavity, but no sailing of material was visible. At 46,800 ft the main balloon burst,

in what appeared to be a typical tropopause failure. (Tropopause was at 47,000 ft,
temperature <65°C.) The tow balloon was released from the main balloon by radio
Payloads of both balloons were recovered in gcod condition.

command.
Table 1. Balloon Characteristics, Flight No, 1
Parameter Main Balloon Tow Balloon
Volume, cu ft 2,940,000 58,000
Material 1.5-mil Hislip polyethylere 1,2-mil polyethylene
Load Tapes 650-1b strength Fortisan
End Section Design Taper tangent
Balloon Weight, 1b 1013
Payload Weight, 1b 890
Table 2, Camera Specifications, Flight No. 1
Camera Type Pulse Rate Film Apérturé Shutter SAtlﬁ'ttjgg
No. (movie) | frame/sec pe Speed £t *
1 8-mm 1/3 Kodachrome 1I self- 1/30 30,000
daylight adjusting | nominal
2,3 35-mm 1/5 Tri-X f-16 1/200 30,000
4,5 35-mm 1/5 Tri-X f-22 1/200 30,000
6 16-mm 32/1 Kodachrome II :-16 1/60 balloon
burst
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Data Secured; Qualitative Impressions

The six cameras mounted on the tow balloon took pictures of the main balloon
from 30,000 ft to burst altitude (46,800 ft). The photographs were of good quality,
although geometric analysis was made difficult by the lack of reference points on
the main balloon, and by related problems of depth perception. The only visible
circumferential reference point was the inflation tube, and sometimes it was not
visible,

The photographs showed a pocket of undeployed envelope material during accent,
and also revealed the unexpected development of a circumferential flattening of the
balloon skin which we have termed the 'circumferential stress band''. The balloon
failure appeared to originate in the region of this band, and within 90° azimuth of
the pccket of undeployed material,

2.2 Flight No. 3, 24 August 1964

Tables 3 and 4 give the balloon and camera characteristics for this flight. The
main balloon was inflated to a gross lift of 1270 Ib, representing a free lift of 6
percent. The system was about 760 ft long and, just before launch, the tow balloon
was subject to winds 3 to 5 times stronger than those affecting the main balloon.

The tow balloon was blown over about 90°; however, launch vehicle maneuvers
allowed the entire system to float off smoothly. Ascent rate from launch to 31, 800 ft
was 934 ft/min; from 31,800 to the burst altitude of 65,000 ft, 964 ft/min. (Tropo-
pause was at 53,000 ft, temperature -74°C.)

The tow balloon was separated from the main balloon by a pressure switch at
58,400 ft. Payloads of both balloons were recovered in good condition,

Data Secured; Qualitative Impressions

The down-cameras took pictures from launch to 58,000 ft; the up-cameras
from 10,000 ft to burst altitude. The photographs were of good qualit: , and geometric
analysis was straightforward because the balloon was marked with a grid of red and
green pennants located alternately each 10 ft down from the top end fitting through
80 ft and in ve tical rows on every fifth gore's load tape.

The photographs revealed a definite circumferential stress band which was
present from launch umntil the tow balloon separated. In addition, photographs taken
by the up-cameras showed that, starting two minutes before burst and persisting
until burst, shear winds caught undeployed material in the envelope and made it
sail and flutter. The tow balloon swung from side to side, occasionally as much as
90° from the vertical. The burst itself was also photographed. The failure appeared
to begin within 90°.azimuth of the undeployed pocket.,
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Table 3. Balloon Characteristics, Flight No. 3
Parameter Main Balloon Tow Balloon
Volume, cu ft 9,000,000 58,000
Material 0.55-mil polyethylene 1,2-mil polyethylene
Load Tapes 75-1b strength Fortisan
End Section Design Cylinder end
Balloon Weight, 1b 7217
Payload Weight, 1b 468.5
Table 4. Camera Specifications, Flight No. 3
Starting
Camera | Type Pulse Rate i Shutter
No. (movie) | frame/sec ke Apsrture Speed Altifttude
Down<-looking from Tow Balloon
1 35-mm 1/4 Medium-speed -8 1/360 launch
Ektachrome
2 35-mm 1/6 Plus-X f-11 1/200 30,000
3 35-mm 1/6 High-speed f-16 1/200 30,000
Ektachrome
Up-looking from Main Balloon Payload
1 35-mm 1/5 Plus-X f-8 1/200 10,000
2 35-mm 1/5 High-speed f-11 1/200. 10,000
Ektachrome
3 16-mm (a) Kodachrome II f-11 1/30 30,000
4 16-mm (a) Kodachrome II f-16 1/30 30,000

(8)16 frames/sec for 5 sec, at 30-sec intervals

3. STRESS-BAND ANALYSIS

Study of the photographs made it seem highl,y probable that the circumferential

stress bands were crucially involved in the balloon failures.

On both flights the

hand developed in the partially inflated bubble before launching, and persisted until

burst

balloon equator, and stayed in this zone during ascent.
panding during ascent, the stress band both expanded in meridional width and moved

. The band ap, 1wred in the zone between the top of the balloon and the effective

downward on the balloon bubble.

Since the ballron was ex-
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The natural shape balloon envelope is intended to be circumferentially stress-
free during ascent and at float altitude (that is, when the balloon is fully inflated
and floating in the free atmosphere). Although before the present experiments it
was known that a rising, partially inflated balloon was subjected to various stresses,
such stresses had not previously been analyzed, so far as we are aware. The rising
envelope has always been assumed to deploy the transverse excess gore material in
equal pleats around the circumference for a stress-free balloon. However, the
photographs made it clear that most of the excess balloon material in each of these
flights was concentrated in a large asymmetrical pocket of material, folded inward
and, in the early stages of the flight, reaching approximately to the balloon's verti-
cal axis of symmetry., The pocket remained in the same relative azimuth position
during ascent, while gores deployed uniformly from it on both sides,

As the envelope expanded, the pocket appeared to resist deployment, and this
resistance evidently added to transverse stresses on the gores already deployed.
Near burst altitudes the transverse stress increased, probably because so much
excess material had then been used up that the pocket was being pulled outward, so
that its inner margin opposite the stress band no longer hung approximately along
the vertical axis of symmetry. Transverse stress could also have been intensified
by shear winds, which apparently were blowing into the subpressure cavity, further
increasing resistance to deployment.

3.1 Analysis of Excess Material

The analysis of possible failure mechanisms proceeded from these qualitative
observations of the flight photographs. Figures 1 and 8 depict for Flights 1 and 3
the allocation of envelope material to deployed and undeployed material for a direct
comparison with the material available, from the top of the balloon to the equator.
Curve A in each figure shows the amount of material required at launch to contain
the bubble. Curve B shows the additional material required to form the undeployed
pocket, Curve C shows the material required to contain the bubble at burst altitude,
and curve D shows the material required at that altitude for the undeployed pocket,
Curves A and C are the theoretical natural shape of the bubble and were veritied on
the NCAR computer. Clearly, infinite famnilies of curves representing progressive
stages of expansion during ascent could be drawn between curves A and C, and
between B and D on these figures.

Curve E is based on the actual design of the balloon, which for construction
purposes deviates somewhat from the natural shape, particularly in the area of the
balloon top fitting. Thus curve E shows the total material actually available at each
gore station. The different shape of curves E on Figurcs 1 and 8 results from the
different designs used in the two ballonns.,
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Figures 2 and 5, from the flight photographic records, indicate the decreases
in azimuth depth of the undeployed pocket from launch to near burst for Flight No. 1.
Although pockets do not tend to form straight vertical folds, they did appear in these
flights approximately to reach a uniform azimuth depth to the vertical axis of sym-
metry of the top hemisphere of the balloon at launch, and this depth has been as-
sumed in the analysis carried out here,

3.2 Calculation of Circumferential Material

The desirability of exact measurement of the balloon dimensions was suggested
during the program. The balloon for Flight No. 1 was not measured, but the balloon
for Flight No. 2, made from the same design, was measured by the manufacturer
during installation of pennants to provide a reference grid. Thirty gore widths were
measured seal-to-seal, at each 10-ft gore station, and these values were averaged.,
The averaged values were multiplied by 75 (total number of gores) to obtain the
total circumferential material, In the present analysis these dimensions were
assumed to hold for the balloon of Flight No. 1,

The balloon for Flight No, 3, built to a different design, was measured during
installation of the pennants. Twenty-two gore widths were measured seal-to-seal
at each 10-ft gore station, and the values were averaged, and multiplied by 110
(total gores) to obtain the total circumferential material.

The as-built dimensions thus obtained differed negligibly from dimensions
based on gore design patterns.

3.3 Siress-Band Mechanism

Figures 1 and 8 make it possible to locate the area on the balloon where a stress
band might be expected. The circumferential envelope material between curves A
and E, or hetween C and E, is termed ""excess circumferential material', much or
all of which will be contained in the undeployed pocket. Figure 8 shows quite clearly,
and Figure 1 somewhat less so, that A and C approach E at a minimum in a region
between balloon top and equator, This region provides a band of minimum excess
circumferential material in relation to regions above and below.

In Figure 1, referring to the taper tangent gore design balloon used for Flight
No. 1, curves B and D in their approach to E demonstrate more clearly than A and
C the conciitions for formation of a stress band. In Figure 8, based on the cylinder
end gore design balloon used for Flight No. 3, the conditions are clearly seen for
all four curves, A, B, C, and D.

The theoretical basis for stress-band analysis may be better understood if we
assume the undeployed pocket is not present, and that excess material is distributed
equally among the balloon gores so that a transverse radius of curvature exists at
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each gore station. The stress band would still be present in an area where less
excess material per gore was available than at stations above and below. The band
would share the typical scalloped shape of the partially inflated gores, but the
scallops would be shallower, Since the band could exist in this condition of equal
deployment, shifting all of the gores circumferentially to accumulate the excess
material into a pocket would increase the stress on the deployed gores. The stress
band would change from a transverse scalloped shape to a flat band, squeezing the
gas bubble, and with biaxial loading would occupy a balanced meridiohal width,

4. ANALYSIS OF PHOTOGRAPHS
4.1 Flight No. 1 (Figures 1 through 7)

Figure 1 indicates that at launch the stress band in this balloon should be loca- 0
ted between the 16- and 20-ft gore stations. Figure 2 shows the band just above
the bubble equator, approximately the position predicted by Figure 1. Figure 1
predicts that at burst the band will lie between the 24- and 28-~ft gore stations.
The geometric analysis performed on the balloon photograph of Figure 6 shows that
the band is, indeed, in or slightly below this general area, and is about 10-ft wide.

In Figure 1, at burst altitude, curve D has crossed curve E indicating that there
is no longer sufficient excess material to form a pocket to the depth of the balloon's
vertical axis of symmetry, The pocket must be displaced outward; the necessary
work involved adds to the transverse stress on the deployed material in the stress
band. Figure 5 shows this outward displacement. As shown in Figure 2, the dis-
placement began earlier in the flight than would have been predicted from Figure 1,
presumably due to variations between actual conditions and the ideal assumptions
made in Figure 1,

| In Figure 5, depletion of excess material has pulled the inner margin of the

; pocket into a straight line in the region opposite the stress band, and the band itself

j i is tending to pull the pocket outward and upward, with unknown biaxial forces., The

'. excess material above the band is gathered into a typical rudder. Comparison of
Figures 1 and 8 indicates the rudder should be smaller for Flight No. 1 at com-
parable stages for these balloons than for Flight No, 3, and comparison of photo-
graphs of the two flights confirms this prediction.

The sequence of flight photographs appeared to show the stress band moving

downward by increasing in meridional width with increasiny inflation. The band '
did become more evident on the photographs as ascent progressed; however,
positive detection of movement was limited by the short range of photographic
coverage and the lack of reference markers. The photographs clearly indicate that
the transverse stresses represented by the band were more severe near the pocket

| corners (Figure 5). Some photographs showed the meridional width of the band to
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increase at the pocket corners to as much as twice the width at other azimuth
positions. At launch the pocket corners nearly touched, but during ascent the pocket
corner gap and the transverse corner radii increased, indicating that the forces
required to deploy the pocket were increasing (Figures 3 and 4).

Figure 6 shows the start of failure, in the stress-band region and near the
pocket. Transverse loading is indicated by transverse displacement of gore seams.
The orientation of the pocket upwind, and the displacement of the top balloon down-
wind, which started one minute before burst and persisted until burst, indicate that
shear winds were blowing into the subpressure cavity and the pocket. The result
would have been additional load on the stress band. Figure 7 shows the burst
developing on both sides of the pocket,

4.2 Flight No. 3 (Figures 8 through 18)

Figure 8 indicates that at launch the stress band should be located between the
18- and 22-ft gore stations., The photograph in Figure 9 showa the band almost
centered on the 20-ft gore station pennants, and approximately 4 ft wide. Figure 8
indicates that at burst the band should lie between the 22- and 28-ft gore stations,
and Figures 13, 14, and 15 show that the band does lie between the 20- and 30-ft
pennants, Curves D and E also cross in the burst altitude region, and the same
conclusions may be drawn as for Flight No. 1. However, in Flight No, 3 the
balloon was made of a different material, and was coated with cornstarch or poly-
ethylene powder, with the result that the innermost part of the undeployed pocket
is not visible on the flight photographs.

Down-cameras photographed Flight No. 3 from launch to separation of the tow
balloon at 58, 400 ft, 6600 ft below burst. The down-camera photographs show the
stress band slowly widening from about 4 ft at launch to about 10 ft at 30,000 ft and
above, as shown in Figures 12, 13, 14, and 15. As noted above, the band also
moved downward by increasing in width during the ascent. This figure sequence
again shows that the transverse stresses in the band area were intensified near the
pocket corners, as they were on Flight No. 1.

Figures 10, 11, 12, and 15 show the changes in the pocket gap profile as the
flight progressed.

Up~camera photographs taken immediately before burst show the effects of
shear winds, which started two minutes before burst and persisted until burst,
blowing into the cavity below the bubble, creating a sail. At burst, film material
blew out, apparently from the bubble equator or above, and again within 90° azimuth

from one side of the pocket (Figures 16, 17, and 18).
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4.3 Model Tests (Figures 19 through 26)

It seemed possible to eliminate the deep unsymmetrical pocket of undeployed
material by tailoring the gores to remove much of the excess material between the
stress-band area and the top fitting., Such a design would tend to convert the stress
band into a stress cap, which would grow from the top in meridional distance with
inflation. The development of the stress cap should also move the upper end of the
undeployed pocket or pockets outward,

This concept was tested with two balloon models made of 0.55-mil polyethylene
with 6-ft-long gores: No. 1, a tapeless cylinder end balloon, and No. 2, a taped,
fully tailored natural shape balloon. It was expected that model No. 1 would exhibit
a stress band during inflation, and that No. 2 would not.

The balloons were measured before inflation, and comparable static inflation
curves (Figures 19 and 24) were plotted, showing material required for a given
size of bubble, excess material required for an undeployed pocket, and total mate-
rial actually available on the basis of the balloon design. The figures helped to
strengthen the prediction that the cylinder end design would develop a stress band,
and that the fully tailored natural shape would not.

When the cylinder end shape balloon (No. 1) was inflated with helium, it did —
in fact ~ develop a stress band in the area of minimum excess circumferential
material (Figures 20, 21, 22, and 23). It was possible to increase the pocket
corner gap (Figure 23) by manually restricting the material below the pocket and
bubble trom deploying, thus duplicating the effect observed in flight photographs
(Figures 10, 11, 12, and 15). The taped fully tailored natural shape design balloon
(No. 2) was inflated with helium, and failed to show development of a stress band
at any stage of inflation (Figures 25 and 26). This balloon deployed uniformly out
from the top fitting; the upper end of an undeployed pocket moved slowly outward
and meridionally downward while the top of the balloon was being fully deployed.

5. CONCLUSIONS

The analysis of photographs and model test data described above has led to the
following tentative conclusions:

1. Development of a circumferential stress band may contribute to balloon
failure.

2. Deployment of excess material from an asymmetrical pocket may increase
the transverse stresses loading in the stress band, starting at the point where
sufficient material is no longer available to reach to the vertical axis of symmetry.

3. Analysis and model tests with a fully tailored natural shape balloon indicate
that a stress cap rather than a stress band will develop during ascent. However, a
deviation such as a cylinder or taper tangent end section produces a stress band,
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4. The type of analysis carried out here allows good preflight prediction of
the meridional position of the stress band, based on balloon design data.
5. Similar analysis will provide moderately accurate prediction of the altitude

region in which the stress band will threaten the balloon's integrity.

Additional experiments and further analysis are required to confirm the present
conclusions, and to specify remedial measures in detail.
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IX. Detonable Gas Explosion: A Unique Application

M.J). Bacerzak

General American Research Division
General Americon Transportation Corporation
Niles, lllinois

Abstract

Detonable gas explosion is s blast and shock simulation technique utilizing the
spherical detonation of a combustible gas mixture initially contained in a balloon to
generate shock waves, These resuliant shock waves are similar in nature to those
produced by conventional high explosives or nuclear explosions. The largest detonable
gas explosion produced to date has been the equivalent of 20 tons of TNT. This ex-
plosion required a 125-{t diam hemisphere filled with a detonable propane-oxygen
gas mixture, Studies are currently under way to use the detonable gas explosion
technique as a high-altitude blast generation system. Consideration is also being
given to extending the yield of the hemispherical detonable gas explosion to the
500-ton TNT equivalent range, This would require a hemisphere on the order of
365 ft in diam,

1. INTRODUCTION

The Defense Atomic Support Agency is charged by the Department of Defense to
maintain a state of test readiness in the event of the abrogation of the Nuclear Test
Ban Treaty. In the interim, DASA is developing test techniques by which the various
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environments generated by a nuclear detonation (such as nuclear radiation, thermal
radiation, blast, and shock, and so forth) may be simulated.

This Chapter briefly describes the results of a program conducted by the Gen-
eral American Transportation Corporation to develop a blast and shock simulation
technique using the spherical detonation of a combustible gas mixture initially con-
tained in a balloon to generate shock waves,

To date over 20 tests have been performed with spherical balloons 3 to 110 ft
in diam and with hemispheres 17 to 125 ft in diam. Explosions with the equivalence
of 20 tons of TNT have been simulated,

By equivalence of a TNT explosion it is meant that, over a particular over-
pressure range, the pressure signature (pressure-time-distance relations) gen-
erated by the detonable gas explosion is the same as the pressure signature produced
by the equivalent TNT charge.

The gases used during this program have been various mixtures of methane
and oxygen or mixtures of propane and oxygen. The former gases are used to pro-
duce explosions above ground level since detonable methane-oxygen gas mixtures
are buoyant, while the latter gases can only be used for explosions at ground lcvel,

It is appropriate at this time to mention some of the differences between the
balloon requirements for the detonable gas explosion and those for high-altitude lift
balloon experiments. During the initial balloon layout and deployment the detonable
gas explosion experiments require that the balloon be taken out of its shipping con-
tainer and laid out in a flat disc shape to facilitate attaching the balloon to the gas
inflation tube and to the tether lines, Since the balloon is to be complately filled at
ground level, experience has clearly demonstrated that the folding and packing
methods used for high-altitude lift balloons (where reefed conditions are required
since the halloons are only partially inflated at sea level) are impractical and re-
quire prohibitive amounts of labor and handling. For balloons i-ith diameters in
excess of 100 ft, normal balloon manufacturing techniques must be modified to in-
corporate the required ballooa folding into the manufacturing process. This elimin-
ates the need for any further refolding when the balloon is received in the field.

Another difference between the two balloon usages is th.at large volumes of gas \
are injected into the detonable gas balloons at sea level. For example, 660,000 SCF
are injected into a 110-ft-diam spherical balloon. This is in comparison to the
80,000 SCF of helium placed in NASA's 410-ft-diam Voyager balloon. Because of
the relatively low gas delivery rates available in present day mobile oxygen equip-
ment, filling times on the order of several hours are required to inject the detonable
gases into the balloons. A further complication to the detonable gas experiment is
that the fuel gases (that is, propane or methane) must be controlled and injected into
the balloon remotely. For the detonable gas explosion experiments the control
stations were located so that the shock wave overpressure at any manned control

station would be less than 1/2 psi in the event of an accidental explosion.




101

A third variation is that superpressure balloons are used instead of zero pres-
sure balloons for the detonable gas explosions. If zero-pressure balloons are used
they would have to be able to withstand variations in wind environments that develop
during the balloon-filling phase. Past experience indicates that zero-pressure
balloons are quite vulnerable in winds over 5 mph. Therefore in order to produce
a taut balloon in as short a time as possible capable of withstanding winds on the
order of 15 mph throughout the filling operation superpressure balloons were used
for the 20-ton detonable gas explosions. The use of superpressure ballons was
made possible by the incorporation of a ballonet in the balloon. The ballonet is an
impermeable membrane which compartmentizes the balloon into two sections, each
of which can be filled and emptied independently. The mode of operation is as fol-
lows: one side of the balloon is fiiled very rapidly with air to a superpressure of
an inch or less of water; then the detonable gas mixture is injected into the other
side of the balloon (first the oxygen and then the fuel gas) at the same flow rate as
air is ejected from the air side of the balloon. Thus the balloon remains taut
throughout the gas fiiling operation.

The magnitude of the superpressure in the balloon is determined by the maxi-
mum wind loads than the balloon is designed to withstand without deforming, For
example a superpressure of less than 1/2 inch of water is required to keep the

balloon surface taut in a 30 mph wind.

2. HISTORY OF THE DETONABLE GAS EXPLOSION

During the spring of 1965, spherical balloons with diameters of 3, 5, 10, and
13.5 ft in diam were filled with methane-oxygen gas mixtures and test fired. The
3- and 5-ft diam spherical balloons were made of rubber and are the types used for
meteorological soundings. The 10- and 13, 5-ft diam spherical balloons were made
of clear Mylar film reinforced with a bonded Dacron scrim material. The primary
objective of the tests with the 3- and 5-ft diam balloons (see Figure 1) was to
determine the detonation limits of methane-oxygen gas mixtures. Wh~ther a parti-
cular fuel-oxygen gas mixture detonates or deflagrates can only be determined ex-
perimentally. This was done by systematically varying the methane-oxygen mixture
ratio and visually observing the reaction, (There is a marked distinction between
deflagration and detonation waves. A deflagration wave is a wave propagated by
the process of heat transfer and diffusion, whereas a detonation wave is a shock
wave which is sustained by the energy of the chemical reaction initiated by the tem-
perature and pressure of the wave. The sensible differences between detonation
and deflagration processes are that detonation produces a very bright flash and
sharp report whereas deflagration produces an orange tumbling flame and a muffled

rumbling sound.)
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Figure 1. Five-ft Diameter Balloon During Fill

The tests with the 10- and 13, 5-ft-diam balloons (see Figure 2) were performed
to verify two major aspects of the detonation phenomenon., The first is the determ-
ination of the properties of the gaseous detonation wave. The second is the inter-
action or coupling phenomenonwhichoccurs when the detonation wave strikes the
balloon surface and the air surrounding the balloon, and generates a shock wave,

Analytically, the properties of the detonation wave and the gas behind the
detonation front may be determined using an approximate analysis of a one-dimensional
plane detonation wave according to S. Penner (1957). From the analysis expressions
are obtained for the detonation wave front velocity, the pressure and the particle or
flow velocity behind the detonation front, and the energy released by the reaction.,

Although this analysis is for a one-dimensional detonation wave, the results
may be applied to a spherical or a three-dimensional detonation wave. G.I. Taylor
(1950) and Zeldovitch (1942) showed that the hydrodynamic theory makes it possible
to consider the existence of spherical detonation waves having the same properties
as plane waves. The only difference would be in the pressure and velocity gradients
of the gases directly behind the wave,

Experimental verification of the Taylor-Zeldovitch theory is given by Laffitte
(1923) and Manson and Ferrie (1953). The latter detonated balloons up to 60 cm
(23.6 in.) in diameter.
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Figure 2a. Ten-ft Diameter Balloon During Methane F 11

Figure 2b. Detonation of Ten-ft Balloon
~
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At the General American Research Division, a considerable amount of work
has been performed in determining the properties of detonation waves using hydro-
carbons, such as methane and propane, with oxygen and air. Analytical results
for the detonation front velocity and the resultant detonation pressure (see Figures
3 and 4) are presented for various initial oxygen to methane and oxygen to propane
mixture ratios. These curves show how the detonation properties are affected by
the initial gas mixture mole ratio. The curves also show the mixture mole ratio
at which the detonation pressure is maximized.

The one detonation parameter that can be measured directly is the time-averaged
detonation wave front velocity. By attaching time-of-arrival circuits (break wires)
to the balloon surface, the time interval from detonation ignition until the detonation
wave strikes the balloon surface can accurately be determined. Although a small
time increment required for the detonation wave to reach steady state conditions
after ignition is neglected in this averaging process, the accuracy has been judged
to be sufficient for correlation purposes. The agreement between the analytically
predicted and the experimentally observed detonation wave front velocity has been
found to be quite good (see Figures 3 and 4). This then gives added confidence to
the other parameters such as pressure, temperature, particle velocity, and so
forth, that were also calculated.

The air blast predictions are more difficult to obtain, Although GARD has com-
puter codes which predict pressure time-distance data for a given detonable gas
explosion, heavy reliance is placed on the typical predicted data furnished by the
Ballistic Research Laboratories see Keefer (1966), for example for establishing
TNT equivalence for the detonable gas explosions. Pressure transducers are
placed at various ranges from ground zero along a blast line to obtain pressure-
time-distance data for the shock wave generated by the detonable gas explosions.
This data is then compared against predicted pressure-time-distance data for TNT
to establish TNT equivalence, )

Two detonable gas explosions were planned for the month of October 1965 with
the principle objective of accurately determining the TNT equivalence of the detonable
gas explosions versus balloon diameter., A 32-ft and a 40-ft diam balloon were
scheduled to be detonated at the Suffield Experimental Station in western Canada,
The tests were to take place at a site and at a height-of-burst at which a previous
1000-1b TNT explosion had occurred. The 32- and 40-ft diam balloons were made
of a material consisting of Dacron scrim laminated between two layers of metallized
Mylar film. Metallized balloons were used to eliminate any possible buildup of
static electricity. Electrical continuity between the inner and outer balloon surfaces
was provided by a metal ring assembly in the south polar cap where the gore sections
joined. This ring was connected to an earth ground to dissipate any accumulated
static charge. The 32-ft balloon filled with methane oxygen was successfully
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Figure 3a. Detonation Front Velocity vs Initial Gas
Mixture Ratio for Oxygen and Methane Mixtures
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detonated (see Figures 5 and 6). Comparison of the detonable gas data with the TNT
data indicated that the 32-ft detc :able gas explosion was the equivalent of 1000 1lb
of TNT (see Figure 7).

The test with the 40-ft diam balloon was aborted due to a fatigue failure of the
balleon inflation tube.

.The results 61‘ this test series clearly indicated that balloon handling techniques
must assume a more important role in fielding the detonable gas explosion technique.
Up to this point in time, only detonable gas mixtures of methane and oxygen
were used. However, with the successful test firing of the 32-ft diam balloon, plans
were drawn to test hemispheres filled with propane-oxygen detonable gas mixtures.
Because propane is a heavier gas than methane, less volume is required for a given
yield explosion, Also, propane is available in bulk liquid which reduces the logis-

tic problem of transporting the fuel gas to the test site. The disadvantage of pro-
pane mixtures is that it is nonbuoyant and as such can only be used for ground-level
detonable gas explosions.

In the spring of 1966, six 17-ft diam hemispheres (see Figure 8) filled with
propane-oxygen detonable gas mixtures were test fired at the GARD Ballistic Test
Station located near Colorado Springs, Colorado. The hemisphere material was
Dacron scrim laminated between two layers of clear Mylar film. The hemispheres

Figure 5. Thirty-two-ft Diameter Balloon After Methane Gas Loading
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Figure 6. Detonation of 32-ft Balloon

were fabricated by bonding a diametral plane section to a hemispherical section.
This made the hemispheres completely gas tight, The objectives of the tests were
to determine detonability limits for propane-oxygen mixtures and establish the
their TNT equivalence, All the objectives were realized.

It was determined from these preliminary spherical and hemispherical tests
that the TNT equivalence of the methane-oxygen and propane-oxygen detonable gas
explosion could be satisfactorily scaled with the familiar explosives cube-root

scaling law, That is:

3

v e )
o
where

W = equivalent TNT charge weight, 1b
P = barometric pressures at test site, atmospheres
R = actual ballopn radius, ft
R_ = balloon radius for 1 Ib TNT equivalent (see Table 1)
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Table 1. Balloon Dimensions for 1 Lb of TNT Equivalent Based on Test Data

(Gas Mixture at Standard Temperature and Pressure)

Fuel Oxygen Hemisphere Spherical
Fuel Ratio | Radius (Feet) | Radius (Feet)
C:‘,H8 3.5 1.79 1.42
CH4 1.5 1,99 1.58
RS B L P LA Sl s s e - - a2 SOt SNSRI 540 S o
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Figure 8a.

Seventeen-ft Diameter Hemisphere After Propane Gas Loading

Figure 8b.

Detonation of 17-ft Hemisphere
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The most recent detonable gas explosion test series was conducted during
July 1966 at the Suffield Experimental Station in Canada on Operation DISTANT
PLAIN. The test series was to include the explosion of a 110-ft diam sphere
tethered with a balloon center at an 85-ft height-of-burst and filled with a methane-
oxygen detonable gas mixture, and the explosion of a 125-ft diam hemisphere
restrained at ground level and filled with a propane-oxygen detonable gas mixture,
Figures 9 through 13 are typical photographs of the operation.

The 110-ft diam sphere was made of clear Mylar laminated between two layers
of Dacron scrim. The ballonet is made of clear Mylar reinforced with only one
layer of Dacron scrim.

The 125-ft diam hemisphere, ballonet and horizontal diametral plane were all
made of clear Mylar bonded to only one layer of Dac: - . Ferim,

To insure electrical conductivity of all important ~ces (that is, the outside
balloon surface and inside surfaces surrounding the detonab gas mixture) an
aqueous solution of calcium chloride was applied. The Dacrun scrim material
readily absorbs this solution. Since CaCl2 is hygroscopic, any moisture in the
atmosphere surrounding these coated surfaces tends to collect on these surfaces
and make them electrical conductive.

Figure 9. Air Inflation of 110-ft Diameter Spherical Balloon
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Figure 10. One hundred and ten-ft Balloon Inflated and Shown Position
of Ballonet After Approximately 60 Percent of Oxygen Fill

Figure 11. One hundred and twenty-five-ft Diameter Hemisphere
During Oxygen Fill and Showing Position Taken by Ballonet

dove fogis g b i b gl "‘»lw_v_'i)"'y'_‘in'_ﬂt doasais a e




Figure 12, Fully Inflated Hemisphere as Seen From
Observation Point Just Before Detonation

Figure 13, Detonation of 125- ft Hemisphere
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The test with the 110-ft diam sphere was prematurely terminated by the failure
of the balloon. The failure has since been traced to a design inadequacy at the
north polar cap. This can be overcome by a design revision for any future detonable
gas explosion,

The detonable gas explosion of the 125-ft diam hemisphere filled with propane-
oxygen was completely successful. Preliminary examination of the data has indi-
cated that the detonable gas explosion was the equivalent of a 20-ton hemispherical
TNT charge.

3. ADVANTAGES AND DISADVANTAGES OF DETONABLE GAS EXPLOSION

The detonable gaé explosion technique offers a number of advantages over con-
ventional high explosives in simulating a blast and shock environment.

a. A well defined shock wave is generated whose properties can be predicted
with a high degree of confidence.

b. Little, if any, ejecta is produced by the detonable gas explosion. This
provides an ideal test environment when air blast and air-induced ground shock
effects are to be investigated. ) )

c¢. The cost of detonable gas mixtures is low. These cost savings have tended
to be negated by the balloon costs during the development of this technique, However,
it is anticipated the balloon costs will be proportionally reduced if used with larger
scale tests.

d. Air bursts are easier to study with the detonable gas explosion technique
than with TNT. Since bunyant detonable gas mixtures can be used, the balloon can
be either tethered or free flown to the desired height-of-burst. This, of course,
eliminates the need for a supporting tower which produces much undesirable ejecta
and causes some shock wave anomalies,

e. The detonable gas explosion technique provides safe working conditions
when preparing objects to be tested. The test site can be prepared without the
work being done in presence of large charges of high explosives. Only the injection
of the fuel gas into the balloon vnvelope need be done from a remote station after

the test site is evacuated.

There are several disadvantages associated with the detonable gas explosion

technique.

a. Large balloons are required to simulate high yield explosion. The balloon
manufacturers are developing a broader understanding of the unique problems and
requirements associated with the detonable gas explosions and they have suggested
balloon manufacturing techniques which would facilitate large balloon handling and

deployment,
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b. Pressure ranges over 500 psi cannot be simulated.

c. When using presently available equipment, the detonable gas filling times
could become quite long for high yield explosions., However, gas suppliers are al-
ready at work to provide equipment capable of delivering gas at the rate of 300,000

cu ft/hr.

4. FUTURE PROSPECTS FOR THE DETONABLE GAS EXPLOSION

Study programs are currently being sponsored by the Advanced Research Projects
Agency and DASA to determine the feasibility of generating reasonable yield detona-
ble gas explosions at high altitudes. The goals of the program are to produce ex-
plosions of the order of 10 tons of TNT equivalent at\altitudes ranging from sea
level to 100,000 ft or wherever detonation ceases.

High yield detonable gas explosions are also being considered. Although only
in the preliminary planning stages, 100 to 500-tons TNT equivalent detonable gas
explosions now appear feasible, Hemispheres required for 100 and 500 tons TNT
equivalent explosion would have to be 215 and 365 ft, respectively, in diameter.
Much of the technical experience and background possessed by persons and agencies
in the balloon field must be called upon to accomplish explosions of this order,

5. CONCLUSIONS

The detonable gas explosion technique has been demonstrated to be an effective
blast and shock simulation test technique. It now joins the arsenal of test techniques
available to the experimenter as another means of generating shock waves on a
large scale. One need only use his imagination to envision possible experiments for
which the detonable gas explosion technique is ideally suited. Height-of-burst
explosive tests, full-scale structural response test, warhead vulner'ability tests,
to mention just a few, can readily be done, and done economically, -',\.;vixth this technique.
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X. A New Pressure Sensor for High-Altitude Balloons

Dr. Walter C. Wagner

Air Force Combridge Research Laboratories
Bedford, Mossachusetts

We may soon be able to fly balloons up to 180 kft or even higher. This makes
it necessary to have an accurate, easy-to-handle pressure sensor on board. The
output of such a sensor should be fairly linear with alcitude and should have an ac-
curacy of about 1 percent of the indicated pressure (IP). It need cover only the
range from 20 mb down to 0.4 mb or iower because aneroid gauges are in most cases
adequate above 20 mb.

Many such indirect gauges have been described in the literature, mostly using
the heat transfer across an air gap. The more recent ones use thermistors. Our
instrument measures the heat transfer across an air gap with thermistors. When
the pressure is decreased to the point where the mean free path length L reaches
2 percent of the air gap width D or the dimension of one port of the gap, the heat
transfer starts to depend on the pressure with a useful rate. When L is equal
to or hréer than the gap width, the heat transfer is nearly proportional to the
reciprocal of the pressure p. The length of the tubing is chosen long enough’
so that the heat conduction along the thermisotr wires is small compared with the
transfer through the air. The smallest available thermistor bead is the 5 mil bead
and its diameter (1,27 X 1072 cm) is about 2 percent of the mean free path length at
20 mb pressure. As shown in Figure 1, the bead is concentrically suspended inside

i
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a gold tubing. This bead is heated by current. So far it i8 very similar to many
other designs. Our trick is to keep the temperature Tb of the thermistor bead
constant. This can be done in two different ways. If a resistance output is desired,
one can he.t the thermistor with constant current and vary the tube temperature to
compensate for the varying transfer coefficient (Figure 2), The resistance of a
thermistor glued to the tubing is the output. In case a voltage output is required,
the tube temperature is kept constant and the current through the thermistor is con-
trolled to keep the thermistor at constant temperature. The output in this case is
the voltage across the thermistor (Figure 3). The heat balance equations are for
both cases:

2R (1-AY) = H (4 -t) (1)
igR FH (4 - ) = Hylt - t) . (2)

The meaning of the symbols are given below. In the first case (resistance output)
we can derive from the heater control circuit the additional equation:

ith =a(V1-inAtb) . (3)

From Eq. (1) we can estimate the requirements for the precision of the fixed param-
eters to obtain the desired accuracy. If a = 1000 or larger and if V1 = in 5

we can derive from Eqs. (1), (2), and (3) that Y, « t, and we can write approxi-
mately:

At AR AH
h _ 24i b 1
B ty Tt R, + H, Alat) (4)

If the heat would be transferred between bead and tubing by conduction through air
only at a presasure of 0.4 mb or lower, the heat transfer I-I1 would be proportional
to the reciprocal of the pressure (p'l) . For an accuracy of 1 percent (IP) the
total variation of H, due to changes of the parameters must be kebt well below
1/2 percent. We can therefore write:

AH

AR
288 | 2 S e a a6 sx 1078 )
b

1

But because the actual heat transfer at a pressure of 10 mb is varying only with
about p'10 the term on the right side of Eq. (5) should be reduced to 5 X 1074, An
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Figure 1. Pressure Sensor

Figure 2. Circuit for Resistarice Output
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accuracy of 1 pex:cent (IP) will therefore be achieved if each of the following rela-
tions are fulfilled:

AR AH
ALl yq=4 b -4 1 -4 -4
alls 10 ,lelslo ,IHllslo . tblslo . (6)
The last term of (6) implies that AVIIVl < 1074 .

In the following discussion we will consider only the design with the resistance
output. The temperature of the tube versus pressure is plotted in Figure 4. The
power input into the thermistor for this curve was 4.1"*. 10'3 W. A higher power
input would have shifted the curve to the right. The fact that the curve is bending
downwards toward the lower pressure region can be explained by the radiative
heat exchange between bead and tubing. The curve shows that the temperature
difference is a nearly linear function from the logarithmus of the pressure and
consequently from the altitude. The resistance output of the gauge is shown in
Figure 5. The linearity of this curve may be improved by a parallel resistor to
the measuring thermistor.

One can use a logarithmic encoder for a linear output. Figure 6 shows the
schematic of an encoder that converts the logarithmus of the resistance to a sequen-
tial Morse code signal. It provides an altitude interval per bit that decreases
slowly with altitude above 110 kft. To cover the whole pressure range, the gauge
is used in combination with a barocoder which provides pressure information over
the whole range although the accuracy in the upper altitude range is not sufficient.
The sequence of operation is as follows. When the contact pointer of the barocoder
had its last contact with the Morse code pattern printed on the rotating drum, the
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Figure 4. Temperature Difference Between laner and Outer Thermistor Bead

timer starts the measuring cycle of the thermistor gauge. At first the counter is
reset and the A/D converter started. The pressure information is then stored in
the counter. Then the timer starts the readout sequence. To each of the counter
flip-flops a monostable multivibrator is connected in such a way that its pulse length
is either a dot or a dash length depending on the state of the corresponding flip-
flop. Each monostable triggers the next one at the end of its pulse and by the combin-
ation of all pulses a Morse code is generated that corresponds to the logarithmus
of the resistance, The pulses are used to key the relay of the barocoder. In this
way we obtain the information alternately from the barocoder and the high-altitude
gauge.

The errors of the gauge are mainly drift errors. The main error sources are:

(1) Drift of the characteristics of the inner and outer bead thermistors.

(2) Drift of the main amplifier,

(3) Change of the radiative heat exchange.
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(4)
(5)
(6)
(7)

All err

curacy. We have no practical experience on the effect of outga.3ing, battery gases,
and balloon gases on the composition of the air at higher altitude, but this is not
considered a serious problem. The biggest problem is the slow drift of the ac-

commo

in continuous work, and work will be continued to reduce this drift. Because of the
drift problem, no figure of the overall accuracy of the instrument can be given at
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Change of the accommodation coefficient of the tube and the inner bead.
Errors of the A/D converter.

Change of the composition of the air,

Influence of the ambient temperature.

or sources except (4) and (6) can be held low enough for the required ac-

dation coefficient. Some of our latest models have a drift of about 300 ft/day

this time.

Symbols

Temperature of the inner thermistor (°C)

Mean temperature of the inner thermistor (°C)

T, - T, (C)

Resistance of the inner thermistor at temperature be (ohms)

1 9By _
R—b W at the temperature Tb (1/°C)

Temperature difference between tv.,lbe temperature and Tb (°C)
Temperature difference between temperature of the ambient air and ’1'b (°C)
Heat transfer between inner thermistor and tube (watt/°C)

Heat transfer between tube and environment (watt/°C)

Current through inner thermistor (.amperes)

Current through heater of tube (amperes)

Difference between reference voltage and i Rb (volts)

Gain of amplifier
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' when it is installed at room temperature, so that thermal contraction effects can

— T i,

' XI. Round Robin Cold Brittleness Tests of Balloon Films

Dr. Ray L. Houser

Houser Research & Engineering Company
Beulder, Colorado

1. INTRODUCTION

! At the 1965 AFCRL Scientific Balloon Workshop, a number of questions were
raiged regarding alternative r.-ethods for cold brittleness testing. A round-robin
tes,iépk'ogram was suggested to 'compare the effects of the inclined plane and straight
drc'>p i‘mpact tests at -80°C. This paper presents the results of the round-robin
profram, monitored by the author and supported by the National Center for Atmos-

phe

14 Research.
. The inclined plane test is defined in Para, 4.5.5 of MIL-P-4640a (1965). The

ball.l,;.is dropped down a 60° slope which curves into a horizontal chute after a 36-in.
q “q i-'fes‘ ent. The ball then hits a vertic' 1 diaphragm of the balloon film under test.
; The straight drop impact test hgs been developed by Winzen Research, Inc. (1964)
and is included on their specification/for StratoFilm, No. 320. In this case, a
similar ball (2-in. diameter, 1-lb) ié dropped in free-fall a distance of 27 in. to
a horizontal diaphragm of test material.
l In both tests, there have been questions regarding the tautness or loosenese of
{ the film in the clamps. Some experimenters have provided a slight cup to the film

! occur without putting undue stress on the film.




Interpretations of ductile or brittle failure of the films have beei based largely
upon the definitions given in the military specification (MIL-P-4640a, USAF, 1965).
Where a definite star shatter has occurred, there has been no question of brittle

failure. When the film breaks are of an intermediate geometry, the inspector's
judgment of brittle or ductile failure may be the basis for acceptance.

2. MATERIALS

Film was requested from two manufacturers, and the following materials were

received:

Code Supplier Thickness Date or l.ot _Rell
A VisQueen X-124 0.5 mil KF-29 ———
C VisQueen X-124 0.75 mil KF-29 c——-
E VisQueen X-124 1.0 mil KF-29 ————
G VisQueen X-124 1.5 mil KF-29 c—--
B StratoFilm 0.5 mil no record ————
D StratoFilm 1.0 mil no record ———-
F StratoFilm 1.5 mil 1343 1358

Samples of materials were coded with letter designations, and swatches 8-in.
square were cut from each roll in a predetermined pattern. Ten different agencies
or test methods were anticipated for this program, and five replicates of each
material were prepared. The test agency/methods were numbered consecutively,
and the replicate designations were made with lower case letters a, b, ¢, d, and e.
The cutting pattern of Figure ' was used for all films. In each case, samples a, b,
and ¢ were from the same section across the film, and samples ¢, d, and e were
from the same section in the machine direction of the film,

Samples were mailed to each testing agency with only letter and number desig-
nations.

3. TESTING

The military specification inclined plane test is illustrated in Figure 2. This
test is performed at -80°C. with a ball of diameter 2.0 + 0.1 in. and of weight
1.0 £ 0.1 Ib (a steel ball bearing 1-15/16 in. diameter meets these tolerances).
The diaphragm clamp is 5 in. in diameter. Inclined plane tests were performed by
VisQueen Corporation, Litton Industries, and Raven Industries.

The drop test is described by the Winzen specification (WRI Specification No,
320, 1964) and it was performed at -80°C in this program. The WRI specification

describes a ball of 2-in. diameter and 1-lb weight, with the same tolerances as
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the military specification. The 27-in. free-fall was designed to provide approxi-
mately the same amount of translational impact energy to the film as the 36-in,
inclined plane. Companies with facilities for the drop test were Winzen Research,
Raven Industries, Litton Industries, Sea Space Systems, and Hauser Research &
Engineering Company.

Companies were asked to test films in terms of their usual procedures for
clamping and cupping. These conditions were reported to the monitor prior to
distribution of samples. Companies were also asked to report their judgment of
brittle or ductile failure, and this was done in most cases.

After testing, a number of samples were prepared for inspection of brittle or
ductile failure by participants at the 1966 AFCRL Scientific Balloon Conference.

Mechanical properties of the films at -80°C were tested by the Hauser labora-
tory for comparison with the dynamic tests. Tensile strength and elongation were
measured by methods of National Center for Atmospheric Research (1964).

4. RESULTS

The results obtained from all participants in this program are presented in
Table 1. Here the fraction of brittle failures is noted for each agency and test
method. In some cases, less than five good tests wqi‘.’e obtained. Drop test data
from Sea Space Systems and Litton were combined into one column to provide sam-
ples of five.

Table 1. Fraction of Brittle Fractures in Round-Robin Tests at -80°C

OROP TESTS INCL.PLANE TESTS
MATERIAL |Tietness, 2" Beil, 27" Orep 2" Dett, 38" Relt
v sep | 3/0Tvup |8UNen"] he'er | Vrecus | oTews | 5o e
A,Visqueen X- 0.58 0/3 1”8 /8 0/8 :/s_ _o/-l_T
8, Stretefilm 0.50 8 7, ] /8 8/8 8/8 2/8 2/8
C,Visqueen X-124] 0©.78 0/3 1”8 8/4 3/8 o8 o8 o/s
0,8treteFiim 1.00 o8 8 48 8 o8 2/8 o/4
€,Viequeon X-I124]  1.00 0/4 7, ] e/ /8 0/8 o/8 o8
F, StreteFiim .80 7 ] s (7] /4 o/8 o8 o/3
¢,Visqueen X-i24 1.80 /8 /8 3/8 4/4 /8 2/8 2/8
3/32 7% 23/38 10/33 /38 /38 4/34
TOTAL .09¢ .200 .87 848 72 T2 ne
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Where results are identified only as ductile or brittle, analysis must be done
in terms of fraction defective; this is not as significant, statistic;uy, as would be
a quantitative measure of brittleness,

The fraction defective (brittle) results have been treated by the standard analy-
sis of variance techniques to learn significance of differences between test l1ghora-
tories, test methods, and film variations. 3

The results from drop tests were quite different among the five laboratories.
A comparison of Winzen and Raven results showed a difference in results at the
95 to 99 percent probability level. Even more different results were reported by r
Sea Space, Litton, and Hauser,

On the other hand, the ski-ball tests were very similar among the three parti-
cipating laboratories. Their results were equivalent with a 89 percent probability.
The deviation coefficients for interlaboratory tests of cold brittleness were
+ 40 percent for drop tests and 38 percent for inclined plane tests. These measures
of precision indicate that the present cold brittleness test and inspection methods

are not sound bases for acceptance /rejection criteria.

A review has been made of the number of brittle fractures in specimens from
various locations in the balloon film - along the crease, in transverse directions,
a.ong the machine direction, and so forth., Among the many tests, no evidence of
geometric significance was observed.

The intentional cupping of the diaphragms prior to impact gave no significant
differences in test results in the inclined plane tests. Cupping and low clamping
pressure may have contributed to the smaller number of brittle drop test fractures
obtained by Raven and Winzen,

A map measure has been used to measure the total length of tear in each of the
specimens on this program. This is suggested as a quantitative measure of brittle- | 1
ness to replace the subjective judgment of brittle or ductile failure. Critiques of ‘
the 17 samples which were displayed at the AFCRL conference are presented in
Table 2. These samples were mostly marginal in nature, with questioned brittle
or ductile failure., Some appeared to have experienced off-center impact. Persons
concerned with cold brittleness testing and with specification interpretation were
asked to record their judgments whether films were (a) brittle, (b) ductile, (¢c) ques-
tionable and another sample should be substituted, or (d) an improper test and
another should be substituted. Respondenis were unaware of any concern for quan- l
titative measurement of tear length. These values are included in Table 2 for com-
parison with the judgments of observers.

All samples that the majority considered to be brittle failures had tear lengths
exceeding 9 inches. All but one sample considered to be ductile had tear lengths
less than 9 inches. One sample with 16-in. tear length had five ductile votes,
three questionable votes, and one brittle vote.

T ..
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Table 2,
Brittleness Specimens

Inspection Decisions for Selected Samples From Cold

J I inspection Deocisions Mejority J:.:.
v.~1Ivmlo Dectile &':’d "g:,’" Opislon iue:n.
844 [} e " Ductile 7.0
A3 U Brittle 9.0

D4e | 44 1N Neo Test

840 t P dl | Ductile 7.4
S4e L Al Srittle 10.7
D4d nm " n Ductile [ %]
ASe | T m Ductile 16.0
0%¢ i Brittie 4357
€3¢ " M Ductite 8.0
aes Jawm |1 Brittle 19.7
(1 1] P ] Duetile 5.9
S6e e un Drittle 2.¢
0&e L ] n ! Brittle no
07e Mt Brittle ns
AT F ) Brittie 10.3
D6e M Brittile 2.3
D7 M Hn Beittie 22.0

The tear lengths of samples A, B, and G have been measured on specimens
from five laboratories.
deviation coefficients.
random, had lower average values and showed better precision.

presented in Table 3,

Drop test data were highly nonrandom and showed high

Tear lengths from inclined plane tests were more nearly
These data are

The criterion of a 9-in. tear length for separation of brittle or ductile behavior

appears to have merit in marginal decisions.

The unidirectional mechanical properties of these films are presented in

Table 4. Tests were made at -80°C with 4-in. gage length and cross-head speed

0.5 in. /min. Ultimate elongations have been considered to have significance and a

minimum 40 percent elongation has previously been suggested by the author as an

appropriate acceptance criterion,

and B of this program,

Such a criterion would have rejected samples A
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Table 3. Total Tear Length of Five Samples ) ’j
Orop Test incl. Plane Test
Film Length, |Precision, | Length, | Precisien,
inches percont inches percont
A 60.1 t 448 26.8 t 38
| 779 2100 46.0 % 200
[} [ 34 t 85.0 84.0 t 02 ]
(

Table 4, Unidirectional Properties of Round-Robin Films at -80°C

Tonelle Strongth n [} ?
Film Thickness,| Direction fréngth, /i | Elonyation, parecn
mite everage [dev.coeff. | averege | dov.coeff.

A, Visqueen X-124 0.88 meching 9.81 0T0 [ [ 21

trongverse| 4.99 124 33 46 A
8, Stretefilm 0.80 | meehine 4.00 ore o 33 X

trensverse| 3.81 .080 20 3 1
C, Visqueena X~I2 0.78 mechine 7.27 087 180 38

frensverse 5.99 083 76 78
D, Stretefiim 1.0 mechine .38 084 ne 31

trengverse 8.3 .044 T 26
£, Viegueon X~} 1.0 machine 8.67 082 108 38

trensverse] 787 098 ” 68 & b
F, Strateflim .9 meching n.ee 038 163 42

trensverse .88 010 [ ] 33 1
6, Visqueen X .5 meching 12.2¢ .07 i 3

Jtransverse 11.92 083 (1] .63

3. CONCLUSIONS

The results of these round-robin tests indicate that the drop test is not equiva-
lent to the ski-ball test for evaluation of cold brittleness at -80°C. The drop test
is more severe as it is now being practiced by most of the laboratories (see Figure 3
and Table 5).

Cupping of the film diaphragm as much as 3/8-in. at room temperature has no
significant effect on the inclined plane brittleness test at -80°C. Cupping may havg
some effect on the drop test, /

These tests have not indicated any significant variability in cold brittleness
properties of balloon films in terms of different machine or transverse locations.
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] Table 5. Impact Brittleness and Elongation Tests at -80°C
4
lrucmn Brittie Utimete Elongetion, '
lal Thichness percont
Meter mils inclined | Machine [Troneverse
0rop | piene | direction|direction
A, Visqueen X-1240 0.55 333 000 [ [ ] 3
8, StratefFilm 0.50 400 600 47 20
l C, Visqueen X- 0.78 333 000 130 76
D, StrateFlim 1.00 333 143 ne 71 w
I E, Visqueen X-(2 1.00 333 .000 108 "
l F, StratoFiim 1.80 200 000 163 [ ]
@, Visqueen X~ 1.80 3338 333 177 (]}

The average deviation coefficient for interlaboratory cold brittleness tests in-
dicates a precision of + 40 percent in this acceptance criterion; this is not a sound

basis for acceptance to Specifications MIL-P-4640a or WRI No. 320.

A quantitative meas:ure of cold brittleness has been proposed, and the round-
az robin test results indicate that a good discrimination for brittleness and ductility
K might be:

Tear length of four samples, total more than 36 in, — brittle,

14 Tear length of four samples, total less than 36 in. — ductile.
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XIl. PAGEOS Fabrication Accuracy and Reliability

S.J. Stenlund ond B.D. McLellan
G.T. Schjeldahl Compony
Northfield, Minnesota

Abstract

This paper covers the design of the 100-ft-diam PAGEOS Satellite and the
Reliability Program used to predict it3 reliability. This was the first use of a
Space Satellite Reliability Program in balloon design and fabrication. The technique
for reliability prediction for PAGEOS Inflatable Sphere Assemblies utilizes known
theory of probability in evaluating representative random samples of component
characteristics. The end result is component, operational phase, and ultimately
system reliability prediction including estimation of failure rates. The use of this

program in design and building of load-carrying balloons is discussed.

1. MISSION

As a continuation of the NASA effort in support of the National Geodetic Satel-
lite Program, an Echo I type Satellite was jaunched from Vandenburg AFB on June

23, 1966 into a near-polar orbit at about 2200 miles in altitude. The 100-ft-diam,
aluminum-coated, spherical satellite can be observed from the ground as a point
source of light while it reflects the incident sunlight. Simultaneous photographs of
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this light source taken against the star background by two or more widely separated
ground-based cameras will enable geodesists to determine the spatial coordinates
of each camera position. An interconnected series of camera positions has been
established to cover the entire surface of the earth, thereby permitting geometric
determinuation of each camera position within a single reference system. The use
of this satellite for geodetic purposes will continued for a 5-year minimum period
during which the necessary photogrammetric observations will be made to provide,
for the first time, a purely geometric determination of the shape and size of the
earth,

2. DESCRIPTION OF SATELLITE

The PAGEOS satellite is a spherical shell of 1/2-mil Mylar coated with vapor-
deposited aluminum approximately 2000 ;\ thick, giving a resistance of less than
1 ohm per square. The aluminum film serves to reflect most of the incident sun-
light and protect the plastic film from the degrading ultraviolet radiation.

The aluminized material was initially processed in long flat sheets (10,000 ft
long by 54 in, wide). This material was then treated and inspected before being
cut into 84 gores required for the sphere. The gores, 45 in. wide at the center
and 157 ft long, were then butted together and sealed with a 1-in. wide tape made

from the same material, but coated with a thin layer of thermosetting adhesive r

specially selected for characteristics suited for space use.

Polar caps were sealed over the gore tips to provide structural integrity at
the terminating gore points. Since the gores were insulated from each other by the
plastic film dielectric along the seams, the polar cap was electrically connected to
each gore by a ring of conductive paint.

To ready the sphere for flight, an inflation system™® was added, and after the
final seal was made, the sphere folded into a small canister, Upon completion the
package was sent to Vandenburg AFB, mounted on a Thor Agena vehicle, and
rocketed into space. When the canister was in orbit it separated, leaving the sphere
free to inflate to its full (100-ft diam) size.

3. FABRICATION ACCURACY

The PAGEOS satellite is the most accurately fabricated, large inflatable ever
built. During the full-scale inflation test, measurements showed that the polar and
equatorial diameters were less than + 1/2 percent from the design. Measuring the

*A mixture of subliming powders, namely benzoic acid and antraquinone.

-8
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100-ft-diam sphere accurately was an engineering challenge. The polar diameter
was easily measured directly by fastening a measuring tape at the top, or north
pole of the sphere, and allowing it to hang through the duct at the bottom of the
sphere. The equatorial diameter was measured at 8 different points with a system
of theodolites and a computer program. As measurements were taken, the infor~
mation was put into a desk computer at the test site, and diameter measurements
made available within a few minutes after the theodolite readings. The accuracy of
this sytem was believed to be within 2 in. for a 100-ft length measurement. Fig-
ure 1, a picture of Echo I, should be compared with Figure 2, which shows PAGEOS
at approximately the same skin stress (4000 psi). Comparisons of the reflected
images, the smoothness of the seals, and the flatness of the gores, show the re-
sults of the much improved fabrication techniques used on PAGEQOS. A closer view,
Figure 3, shows the meaning of fabrication accuracy with an apparent optical illu-
sion. This picture is actually a reflection taken by the photographer standing in the
lower center portion of the picture., Careful examination of the upper right-hand
corner of the picture shows a seal which is just visible under proper lighting con-
ditions taken at this range. This picture clearly shows the superior optical reflec-

tive qualities of the spherical surface,

Figure 1. Echo I Static Inflation
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Figure 2, PAGEOS Static Inflation

Figure 3. Reflected Images
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This high degree of accuracy was attained by using an accurate gore pattern,
by maintaining seal tolerances, and by lowering the sealing temperature. Continual
and vigorous inspection during all stages of fabrication insured the proper use and
control of tools and procedures.

For the 157-ft long gore pattern, the length tolerance established was +1/4 in.,
while the width tolerance was + 0.030 in. at the midpoint, reduced to 0.015 in.
near the tip. The center line was held straight within + 0.060 in. These tolerances
were measured and verified with conventional engineering tools such as a theodolite,
a calibrated steel measuring tape, and vernier calipers.

In butt-joining the gores, the maximum allowable gap was 0.030 in. and the
maximum allowable overlap was 0.040 in. Frequent measurements during fabri-
cation showed that these tolerances were rarely exceeded indicating the capability
of sealing techniques to maintain such tolerances.

Mylar has a tendency to shrink and distort when heat is applied. To minimize
this effect, it was found necessary to reduce the normal sealing temperature from
390 to 340°F. The result was the distortion-free seals shown in Figure 2.

The gore-cutting template was accurately laid out and then periodically re-
measured to insure continued accuracy. Random measurements were made daily
and checked against the last periodic measurement to insure no changes beyond
tolerance limits were taking place. During sealing each of the seals was inspected
with go-no go gages and optical comparitors. The temperature of the sealing irons
was continuously monitored.

To verify the design before orbiting a sphere, a static inflation test was planred
of a full-scale sphere to determine polar and equatorial diameters, structural
integrity of the sphere, materials and construction, seam creep over a perioc of
time, and to evaluate workmanship and effectiveness of inspection.

The static inflation sphere required two modifications, attachment points (tie-
down patches), and ducts, or openings, in the sphere wall. The tie-down patches
were to hold the sphere in place and the ducts to add or discharge air. Both were
necessary because the sphere was to be flown 10 feet off the hangar deck as a
tethered, hot-air balloon to facilitate accurate measurements of the diameter.

To insure that the modifications would not degrade the performance of the sphere
during the static test, each was thoroughly tested. Figure 4 shows the tie-down
patch being tested with a dead weight of 60 Ib. Further loading caused it to fail
under a load of 430 b, Since the maximum operating load expected was 50 lb, the
results of the test were very encouraging.

The duct installations were tested by constructing spherical segments and pres-
surizing them. Figure 5 shows a spherical segment with an unmodified polar cap
of the design to be used in the final sphere. This was the control segment for the




Figure 4. Testing the Tiedown Attachment

modified spherical segments. Figure 6 shows a polar cap modified in its center
with an inflation duct for adding air to the bottom of the sphere and for discharging
air from the top. The opening was reinforced so that loads were transmitted
across it,

Figure 7 shows a side duct segment used for discharging air. This opening
differed from the polar ducts since less reinforcing and reinforcing tapes were
available away from the poles. Test data were satisfactory, as failure levels were
verified to be well above the maximum to be encountered during the static inflation
test. The results of these tests gave us confidence in the reliability of design for

the static inflation test sphere,
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Figure 5. Polar Cap

Figure 6. North Polar Cap with Duct
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Figure 7. Exhaust Duct

The final design test was the actual inflation of the full-scale sphere. This was
conducted in an air ship hangar at Lakehurst Naval Air Station, l.akehurst, New
Jersey. The results of this test showed that the key objectives had been met, but
that blocking, the adhesion of the material to itself, was present. As a result,
special emphasis was placed on solving the problem. It was found that chemically
treating the Mylar side of the material with a solution of Freon TF and Valclene
No. 1 virtually eliminated blocking. Testing, manufacturing, and inspection proce-
dures were modified to reduce the potential for blocking to take place. A final re-
dundant change, to further prevent blocking, consisted of dusting the inflatant powder
over the entire inner surface of the sphere since it served as a lubricant and release

agent. Although these changes were overlapping, they were felt necessary since
blocking would surely cause catastrophic failure of the sphere when inflated in space.
A successful simulated deployment test of the full-scale sphere in a 60-ft~diam
vacuum chamber showed the results of these changes, A few minor changes were
‘ required in other parts of the system, but the last high hurdle had been passed, and
h fabrication of the flight spheres was ready to begin. After holding a design review
and considering every design aspect as required by the NPC documents, fabrication
began.
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During the manufacture of the flight spheres routine material tests were con-
ducted to assur. quality and reliability of the sphere. For each sphere built there
were 750 tensile strength tests, 350 tensile impact tests, 170 thermal shock tests,
170 thermal flex tests, 170 seam creep tests, and 175 reflectance tests, These
nearly 1800 tests measured the variable characteristics of the material. In addi-
tion, 530 adhesion tests, 530 hot-wheel-blocking tests, 170 seam-peel tests, and
500 aluminum-adhesion tests were conducted, making a total of nearly 3, 500 indi-
vidual tests on each sphere. The results of this test effort were used in estimating
failure rates. Reliability prediction for components and the system were based on
these estimated failure rates.

Meanwhile, special emphasis was placed on minimizing handling and workman-
ship defects by manufacturing. Only 9 material defects (due to handling) in over
31,000 sq ft of material and not one single seal defect in over 2 miles of seal were
detected in the flight sphere. The final reliability prediction for the flight article
Mére was 0.9602. The reliability goal had been established at 0.96 early in the
program,

How were these tests accomplished? During the early stages of the program
we were required to plan the quality program and submit it for approval. The plan
included the approach that was to be used throughout the program to implement,
staff, and maintain the program: and the requirements to be met during all phases
of engineering design, development, fabrication, processing, assembly inspection,
testing, checkout, packaging, shipping, and storage. The contract required con-
formance to the NASA Documents NPC 200-2 and 250-1.

What was management's role in reliability? The program management moti-
vated those working on the job so that they had an intensec desire to avoid failure.
The people were well trained in their jobs and their morale was kept high by keep-
ing them informed on how well the work they had done was performing downstream.
Test results were made known, pictures and movies were shown, and program
management showed high interest in the work as it progressed.

4. RELIABILITY APPLIED TO BALLOONING

How can the PAGEOQOS experience benefit balloon programs? A technique for
reliability evaluation and prediction has been developed. The tools for doing the
job were found. The mathematical approach developed is applicable to balloon pro-
grams where full-scale item testing (reliability demonstration testing} is not prac-
tical. The technique developed can be modified to suit individual programs. It
would not be practical to use a high reliability balloon with a payload and launch

system of marginal reliability. Nor is it wise to use a balloon of marginal reliability
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with an expensive and important payload as is sometimes done. Nor can the users
of balloons assume that reliable components in a system are compatible, Relia-
bility must be designed into the balloon sy3stem. To do this the RFQ should include
as much information as possible relating to the specific mission such as launch
condition, flight durations, and environment., A quality and reliability program
should be set up for each balloon program, even if a very simple one, It will eval-
uate on its own merits all of the aspects agsociated with the flight and will predict
the failure modes of the mission.
The conclusions can be summarized as follows:
1, The PAGEOS program reduced fabrication and inspection arts to a science.
2. Large spheres can be accurately built and measured to an accuracy of
+ 1/2 percent using state-of-the-art equipment and methods.
3. A reliability prediction can be made without large~scale testing of the
whole unit either in a huge environmental system or in space.
4. Reliability techniques developed during the program have application in
other balloon systems.
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XIll. Balloon Materials L | A

D.R. VWillions and Jeon R. Nelson
Winzen Research Inc.
Minneapolis, Minnesota

1. PERFORMANCE (D.R. WILLIAMS)

This AFCRL sponsored balloon symposium provides a very convenient time
mark to review a year's developments in our efforts to provide balloon vehicles
which are more reliable and yet carry heavier loads and go to greater altitudes.

Since our report on StratoFilm balloon flight results at this symposium last
year, with few exceptions our customers and friends have continued to provide us
with flight data information. We now have reports on 339 flights of balloons made
from Stratofilm. Last year we reported on 114 — this year our compilation covers
225 more.

Of this number 204 were successful in belloon performance for an overall per-
centage success this past year of 90.7 percent. Using our batting average — base
on balls concept and eliminating ground aborts and other failures which were not
indicative of the balloon's flying ability, that is, to get a payload to ceiling and hold
it there as long as desired, we find a success record of 94,4 percent.

Analysis of failures now seems to indicate random results, The most inter-
esting achievement we feel was the record of 32 successes in 32 flights made by
our friendly competitors in flights at Ft. Churchill this past summer for ONR with
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Winzen balloons. To make it even more significant, 18 of these were with 10,6-
million-cu-ft balloons, 3 were 1/2-mil 6-million-cu-ft with cap, and 2 were 7-mil
5.25 million-cu-ft. Thus, of the 32 flown, 23 were over 5-million-cu-ft,

Looking at the past year as a whole again, there were 34 10.6-million-cu-ft
balloons flown with 29 successful, Of the 5 failures, 1 was a ground abort at
NCAR and the other 4 were an unfortunate series flown by Raven about a year ago.
The first of these 4 did not lift the payload off the ground and the other 3 failed at
47,000 ft, 49,000 ft, and 56,000 ft. We feel that since these balloons were random

- production from the summer of 1965, the failures most probably are attributed to

either or both of the following reasons: (1) too rapid ascent or, (2) severe wind
shears.

Since the failures are so few we can again discuss them all. A 5,25-mil.ion-
cu-ft,0, 7-mil balloon failed at Palestine about a year ago at 61,000 ft — reason
unknown. In November of 1965, Goodfellow Air Force Base had a 1.5-mil, 5.25-
million-cu-ft balloon fail at ceiling at 120,000 ft. They suspect a trapped duct
resulting somehow from the extreme cold at launch. A third 5.25-million-cu-ft
balloon failed at Mildura, Australia last February at 31,000 ft, This was 1,5-mil.
Strangely enough there were two failures with 2.94-million-cu-ft balloons, and they
were both 1.5-mil. One was at Goodfellow Air Force Base and one at Palestine
in September and October of 1965,

In the 1,6-million-cu-ft category, out of 30 balloons one failed at Mildura in
March 1965 at 89,000 ft,

Analyzing the effect of film thickness, out of these 10 balloon failures in flight,
5 were 1,5mil, 2 were 0.7-mil, and 3 were 0.5-mil.

With such few failures it seems quite difficult to attempt to generalize on the
reasons for failure. It would seem that our preoccupation with failures a couple of
years ago is pretty much a thing of the past, One wonders now if we are designing
with greater margins of safety than necessary to get maximum use of the material.

I would like to point out that a few years ago many people would only buy or
use a so-called proven balloon (for example, the 2,94, or the 128 TT). For two
years we have been designing new balloons according to our design formulas and
the new designs perform every bit as good as the so-called proven designs.

We had hoped to be able to discuss some new balloon materials with you at
this symposium but our time-table of development has slipped and we are not pre-
pared to do so. Perhaps next year we will have information cn new materials which
will open further avenues of advancement in ballocning.
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2. PERFORMANCE AND PROPERTIES (JEAN R. NELSON)

Winzen Stratol’ilm was initially developed to combat the rash of polyethylene
balloon ascent failures at or near the tropopause. After two years of operations
experience, notably in India and Panama, with flights through extremely cold tropo-
pause temperatures as low as -83°C, we have concluded that the primary objective
of increasing film resistance to cold brittleness failures has been significantly
improved. During this period other temperature characteristics have been eval-
uated and this discussion covers two areas of investigation. First, the effect of
different temperature environment on StratoFilm altitude performance, and second
a comparison of stratosphere temperatures inside small cubes covered with pro-
duction Stratol’ilm, StratoFilm "K'", and StratoFilm "W'",

During the 1965 Ft, Churchill balloon program, sponsored by the Office of
Naval Research, it was noted that a number of flights were not ascending to full
theoretical altitude. This performance was a matter of concern and an investiga-
tion was immediately initiated to determine the source of the problem. After ruling
out mechanical problems such as balloon damage as a cause of the decreased alti-
tude, the stratosphere environment was examined for its effect on balloon perform-
ance. It was found that two factors could result in an apparent or actual altitude
deficiency in the Arctic atmosphere operation.

FFirst an apparent altitude deficiency would result due to the elevated tempera-
ture profile of the Arctic stratosphere. The balloon, operating on Archimedes
principle, floats in the atmosphere in accordance with the density of the displaced
air, whereas the altitude measuring barotransmitter provides only pressure altitude
area. Thus when a barotransmitter is calibrated in thousands of feet or millibars of
the 1962 Standard Atmosphere Model, it “vill give a lower reading in the higher
temperature Arctic environment; that is, the correct density altitude is attained
at a lower pressure altitude,

The second factor is more significant in that the high temperature affects the
actual density altitude achieved in some instances when the balloon does not reach
its full design inflation, According to work done by the University of Minnesota and
Dr, John Gergen, and using actual temperaturements by rocketsonde and balloon~
borne sensors at Ft, Churchill, an analysis of flights 1030W-15C and 1016W-14C
during the 1965 program was made.

fn most instances, particularly in the stratosphere, the lifting gas in a balloon
is not at ambient air temperature. The lifting gas temperature during a stabilized
condition is a function of the balloon fabric temperature, since the gas is
assumed to be transparent to both short-wave and long-wave radiation. On flight
1030W-15C the airborne weight was 1196 1b including the 10, 6-million-cu-ft balloon
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and the free lift was 229 lb, Assuming that there was no loss of helium after initial
inflation and that air and helium temperatures were equal, the weight of helium was

F+G 1425

wg = = £ = 2281b .

€T Ma g " 306 228 1b
Mg Y

Solving for the free lift at 3-mb altitude

-4
F = Wg(.E...1) -G = 228(3.7489_)(10 -1) - 1196 ,
Pg 4,2704 X 10~9

F = 44 1b at 3 mb compared to F at inflation of 229 1b.
Computed data showed agreement that the lift went to zero at the actual ceiling alti-
tude of 2.25 mb instead of 1.78 mb theoretical altitude. The conclusion was that
the balloon ran out of free lift before achieving full inflation.

A corollary to this problem was the effect of cloud cover on balloon altitude.
Shielding the balloon from earth infrared radiation cooled the helium and initiated

a descent to lower, cooler air temperature where the density balance for float was
reinstated.

It was found that under the worst temperature profile conditions it was neces-
sary to carry approximately 25 percent free lift on a large balloon. Since this
cannot be accomplished by overinflaiion at launch due to aerodynamic damage
during ascent, it is necessary to carry the excess free lift in the form of ascent
ballast. Additional ballast to replace loss of lift due to cloud system effects on the
worst cloud condition and longest flight was computed to be 7 percent.

Turning to the second area of investigation of temperature effects, a flight
was conducted by Winzen Research Inc. to compare temperature characteristics
of StratoFilm 340, StratoFilm "K' and Stratofilm "W'", which are polyolefin, 4
polyurethane, and nylon materials, This flight, No. 1043W, was conducted with
a Model SF 85.4-070-NS-01, 243,000 cu ft, natural shape taped balloon. The gross
airborne weight was 664 1b including the 109-1b balloon. Free lift at launch was 1
57 1b (2 1b over preselected figure).

One of the flight objectives was to check the empirical relationship derived by
the University of Minnesota in their work for the Office of Naval Research to anti-
cipate the free lift requirements for a desired ascent rate, The equation is

: o (Leaydlt G114 314 i3
F.L. = — PN vie
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Relative Free Lift

e 7.4% 1074 conét.

= 6.5X 10" const.

Lapse rate (°C/1000 ft)
= Gross Airborne Wt (1bs)
= Ascent Rate (ft/min)

= Ambient Air Temperature (°K)

< o000 s
N -
n

= Pressure (mb) .

Based on the preflight Weather Bureau data and a desired ascent rate of 600 ft/min,
the relative free lift was determined from anticipated conditions to be:

Free Lift = (0.08305) (664) = 55 1b.

Actual in-flight ascent rate data taken at 34, 000 ft agrees with the preselected
relative free lift. Solving the foregoing equation for v (using inputs for 34, C00 ft)

yields:
-4 3/4,..,.1/4.3/4
poL - Lax107ta -1 208 feeqt /4t o g
(235, 5)1/2
/3 ,
660 X 235,5) vV = 0.0858
5.24 x10°4 v3/% 4+ 0.76 x 10" v2 = 0.0858, or v = 570 ft/min.

The formula has also been checked on subsequent flights with good agreement.

Another objective of flight 1043W was to determine film temperature charac-
teristics of StratoFilm 340, "K" and "W" films. Frames of balsa wood in 10-in.
cubes were covered with the films of interest, and a Yellow Springs precision
beam thermistor mounted in the center of each, These cubes were mounted on a
12-ft wooden boom to place them outside the convective stream from the parachute
and gondola. An unshielded thermistor to measure ambient air temperature was
mounted upright on the end of the boom. An unshielded thermistor was suspended
from the apex fitting approximately 20 ft below the top to measure helium tempera-
ture inside the balloon. Each thermistor was calibrated with its bridge circuit and
the temperature indicators periodically photographed in the photo panel assembly.
Sampling was approximately once per minute. The panel incorporated an Acutron
Clock for real time reference and a Wallace and Tiernan Gauge for altitude reference.
Altitude was also telemetered from the Winzen RBA -6 barotransmitter.
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The cubes covered with film were equipped with a small flapper appendix and
filled with dry helium to prevent the inclusion of water vapor from affecting the
results, '

The one-hour float at ceiling before ballasting was apparently not sufficient to
allow stabilization of the helium temperature as desired. The convective heating
of the helium from the balloon film has a much longer time constant than was anti-
cipated. It is therefore apparent that during transient conditions the balloon is
primarily responsive to changes in air temperature fields rather than to helium
temperature changes from film heating or cooling. The helium temperature is
responsive to adiabatic expansion or compression. This is particularly apparent
in the small models where there was overboard venting and the volume so small that
‘ree convective heating of the helium by the film has a very short time constant
If the flight

had been allowed to proceed at float for a longer period of time, the helium tempera-

leading to temperatures above balloon helium and free air temperature.

ture of the balloon should have approached that of the StratoFilm 340 model.

All temperature data was tabulated in 1-min intervals and each plotted curve
on 100432 graph was from a running average of 5 readings for smoothing purposes.
It is assumed that in-phase cycles of free air and helium temperatures were actual
temperature field variations and they affected ascent rates. Out-of-phase cycles
of free air and film temperatures, however, probably were shadow effects from
the boom and/or parachute during system rotation.

It was concluded that there was no significunt difference in stabilized radiation
temperature characteristics between StratoFilm 340, polyurethane, and nylon films.
Further such tests will be conducted to confirm or alter this conclusion under
various atmospheric conditions. I
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XIV. Balloon-Borne Instrumentation

Chester G.R. Czepyha, Lt Col, USAF
Air Force Combridge Reseorch Laboratories
Bedford, Mossachusetts

Abstract

A few of the more important recent developments within AFCRL in the field of
balloon instrumentation for command and control and safety of flight will be pre-
sent"d, Included will be a discussion of recent flight results of both the UHF com-
munications relay on a balloon carrier in the Holloman Air Force Base area and the
prototype VHF-HF omnidirectional balloon locating system carried aboard long
duration/distance flights from Chico, California. A further area of significant
interest will be a discussion of lightweight and economical radar reflectors for at-
tachment to balloons to insure a sufficient target cross-sectional area for adequate

radar balloon tracking at all times.

1. INTRODUCTION

I would like to present, briefly, a few of the more important recent develop-

ments within AFCRL in the field of balloun instrumentation, and to mention a few

of the plans for future development. Since the allocated time is rather short, I
propose to limit my coverage to two principle areas in which significant progress

and interest have generated, plus a third general status area as a catch-all.
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Specifically, I will present information on the recent use of the UHF radio commu-

nications relay on a balloon carrier, and the location of balloons by means of on-
board VHF-HF equipment.

2. VHF-HF OMNIDIRECTIONAL BALLOON LOCATING SYSTEM

The VIIF-HF omnidirectional balloon locating system, which utilizes the signals
generated by standard FAA navigational VOR stations located throughout the United
States, was described in some detail during the 1965 AFCRL Scientific Balloon
Workshop. The operational prototype system, Figure 1, was delivered by Zenith
Radio Corporation earlier this year and has been flown on seven flights from the
AFCRI1. Balloon Launch Site at Chico, California, during the period 11 March
1966 through the present. As delivered by Zenith, the prototype units provide a
selectable 15- to 120-min readout cycle with a choice of either 3, 4, 5, or 6
channels per cycle, Twelve of 80 available frequencies in the range of 108,00 to
117.90 MHz may be selected for scanning on any particular flight. The HF telemetry
output provides a Morse code signal identifying the preselected channel and the

associated bearing information. A complete readout requires 38 seconds per

Figure 1. VHF-HF Omnidirectional Balloon Locating System
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channel, 25 seconds for station lock-on and stabilization plus 13 seconds for infor-
mation transmission. Weight of this full system is 66 lb, with 39 lb being the VOR
detection and coding system itself, and the balance being support equipment. In
addition, power adequate to support the length of the mission must be added. The
unit requires +28 VDC for the positioning portion and -12 VDC for the data trans-
mitter and command receiver units, 2,2 amps operating and 180 ma standby.

The first two of the seven previously mentioned flights, C66-5 and C66-9,
were long duration, 105, 000-ft altitude tests flown specifically for flight acceptance
of the prototype units. The first trajectory as shown in Figure 2 ran from the
launch site at Chico, California, through Nevada and Utah to Southeast Colorado,
while the second ran from Chico, through Nevada, Utah, Wyoming, and South
Dakota to Northeast Nebraska. Of the roughly 100 fixes obtained during these two
flights, approximately 83 percent fell withinthe desired 5 nautical miles accuracy, an
additional 9 percent were within 10 miles, and the balance were essentially un-
plottable because of parallel lines of position and weak signal areas. It is important
to realize that these essentially unplottable fixes are a recognizable transient and
short-time effect condition., As the balloon continues along its flight path, new
stations become available, lines of position become more favorable, and the normal
fix accuracies will become evident. All fixes were plotted by using special tables
of latitude and longitude crossings versus VOR station signals which were developed
by AFCRL specifically for this purpose. The remaining five flights were in support
of routine operations, but also served to familiarize station personnel with the sys-

tem operating procedures.

SOUTH DAKOTA
WYOMING
ASKA
Cs':'Tcso NEVADA ._/ NEBRAS
COLORADO
UTAMH
C4L
£
k”la

X TRAJECTORY — FLIGHT C66-9

o TRAJECTORY —FLIGHT C66-5

Figure 2. Balloon l.ocating System Flight Tests
C66-5 and C66-9
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A summary of flight data indicates that the system can be programmed w. ™
three frequencies to give 5-mile accuracy when the flight is to remain within 400
miles of the launch area. As the flight area increases, additional frequencies must
be programmed, up to the point where 10 to 12 frequencies will adequately cover
the entire United States with the same accuracy. This same flight data has been
used to formulate design criteria for the development of an operational system of
smailer size, lighter weight, reduced power consumption, and a faster data acqui-
sition and telemetry readout,

3. THE UHF COMMUNICATIONS RELAY

The UHF communications relay, rFigure 3, was developed for AFCRL by
Sylvania Electronic Systems. When included as part of the balloon-borne instru-
mentation package, it will extend UHF two-way communications to far beyond the
normal ground/ground line-of-sight distances. Actual horizontal range radius, of
course, will increase with altitude of the balloon carrier. At a nominal 80, 000-ft
balloon-float altitude, the extended line-of-sight distance is approximately 340
nautical miles. This means a maximum ground/ground communications distance
of 680 miles if one assumes the balloon carrier located at the midpoint between
ground stations. With this unit, aircraft and/or surface recovery units will have
a reliable communications link with the balloon control center in order tc properly
coordinate the necessary actions and events that occur during a balloon mission,

The UHF relay has both the receiver and the transmitter included in a single
package. An added feature allows external modulation inputs and transmitter
keying capabilities in order to allow the transmitter to be fed from a separate re-
ceiver if desired. A power switch on the front panel disables the receiver when an
external receiver is used. When in normal operation, the relay transmitter is
turned off internally unless a signal is received. Any received signal keys the
transmitter. When the received signal disappears a delay circuit keeps the trans-
mitter operating for a fraction of a second. This feature makes it possible for a
ground operator to determine whether the repeater is in range and operating by
listening to the 'tail" of the repeater when he momentarily keys his ground trans-
mitter. The standby feature was included to conserve battery power. Input power
required is 3 amps at 28 VDC during a transmission, and 200 ma during standby.
Power output is 20 watts pep, or 6.8 watts average with 85 percent modulation.
Total weight, less batteries for power, is 11,5 b,

One successful limited flight has been accomplished with the AFCRL equipment
to date. This was a piggy-back experiment; and so, unfortunately, relay testing
played a secondary role to the accomplishment of the primary flight objectives,

e
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Figure 3. UHF Communications Relay

This test, balloon flight No. H66-69 from Holloman AFB, New Mexico, was a
short-duration flight to 59,400 ft altitude, with total flight duration of 56 min to

float, 8 min at float, and 18 min descent on the recovery parachute, Communications
links for voice existed between mobile vehicles with relatively low power URC-54
portable transceiver equipment, Figure 4, at both Holloman and Artesia, New Mexico,
the Command Center at Holloman, and a Range Support Monitoring Station of the

U.S. Army Electronic Proving Ground at Fort Huachuca, Arizona, Figure 5, all
through the balloon-borne radio relay. Ground transmissions were on 316.9 MHz,
balloon-relay transmissions were on 261,7 MHz, Fort Huachuca is located 230
nautical miles WSW of Holloman. Artesia is located 80 nautical miles East of
Holloman. Both Fort Huachuca and Artesia are separated from Holloman by moun-
tain ranges of approximately 10,000-ft elevations. Sufficient time existed on this
flight to verify adequate communication via all links as the flight system was ascend-
ing to float, at float, and during the initial portion of the equipment's descent on

the recovery parachute, Communications were perfectly clear at all times for
maximum range while the flight system was above 35,000 ft,
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Figure 4, URC-54 Portable Transceiver Equipment

Figure 5,

UHF Communications Relay Flight Test H66-69
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Earlier tests of similar equipment were conducted by Rome Air Development
Center during the period 5 November through 7 December 1965. These tests involved
aircraft, drones, and balloons as the relay carrier vehicles, and covered aircraft
altitudes of 18,000 ft, drone altitudes of 52,000 ft, and balloon altitudes of 80,000 ft.
The results definitely showed the feasibility of using the system with various car-
riers to meet the specific requirements.

The applications of this equipment, of course, go much beyond the present
balloon command and control usage. Our own applications need suffer no longer
from lack of communications between control center and recovery ground units,
nor between tracking aircraft and either ground recovery vehicles or the control
center, Wartime applications could provide ground commanders at all echelons with
the clear longer range communications so essential for coordinated campaigns of
any magnitude,

4. GENERAL

I will mention a few other smaller but nevertheless important recent advances
in instrumentation equipment. Further information concerning these will be avail-
able from any of the instrumentation personnel.

(a) One area of research is directed towards the study and development of
more efficient balloon-borne antennas for use on high-altitude scientific balloons
for the purpose$ of better control and tracking. The desired result will be a non-
deployable, structurally simple antenna design having a controlled directional radia-
tion pattern towards the horizon which is not affected by the balloon-borne scientific
payloads. This work has been proceeding since February of this year under an
Aerospace Research, Inc., development contract. What appears most promising
is a dipole made of two flat sheets of 1-in. mesh screening, Figure 6, with a center
balun interface 28-ft long and 5.7-ft wide. This would be suspended below the skirt
of the recovery parachute, rolled compactly as a window shade until the parachute
is fully extended for launch, then extended to its full length prior to balloon release.

(b) A second area of interest is the development of an FM wireless balloon
control subsystem to control variouz functions at the apex of a balloon, This will
augment the standard AFCRL command and control equipment and will allow command
switching inforination to pass to the upper portion of extremely large balloons without
the installation of special external wiring along the surface of the balloon as is now
required. This work is proceeding on schedule since April under a development
contract with the Aerospace Research, Inc., and the first units are expected for
flight during the last quarter of CY-66.

Y
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Figure 6, HF Dipole Screen Antenna

(c¢) An in-house effort has been directed towards the development of a reversi-
ble control unit in which it is possible to reprogram timer durations during flight
via radio command. This unit has been flight tested satisfactorily and is in general
use at this time for those flights where the potential reprogramming requirement
exists.

(d) An area of strong interest recently has been that of insuring reliable
radar tracking of balloons, both during flight and after separation of payload and
balloon. Considerable in~house effort has been directed to the study and test of
several forms of radar reflectors and a suitable method of attachment of these re-
flectors to the balloon in order to assure sufficient target area from all radar-

viewing profiles. One systein involved the in-line encasement of dipoles along several
16- to 20-ft lengths of tape (Figure 7) which would then be attached to the balloon
apex. These dipoles would be randomly cut to bracket known radar frequencies in

the area. A second system involved lengths of ordinary aluminum foil attached to

the balloon as in Figure 8. Although both of these methods gave increased radar
gsignals, the most promising was a third system which was an accordion-folded re-
flector of polyethylene-encased standard household aluminum foil, as indicated in
Figure 9, When fully extended, this becomes a 10-ft length of spiraling corner
reflectors. This has been attached to the sides of balloons in flight tests, but the

b | best and safest mounting positions are at the base of the balloon.
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Figure 7. Dipole Radar Reflector

b P e Traa

Figure 8., Flat Aluminum Foil Radar Reflector
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Figure 9. Accordion-Folded Aluminum Foil Radar Reflector

Reports from ground radar operating personnel indicate that the return from
this system approximates that from a large airplane, Lightweight, economical, and
easy to fabricate in the field for the attachment to all b

alloons, this system wil]
insure sufficient target cross

-sectional area for adequate radar tracking,
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XV. Problems Encountered in the Development of
the Stratoscope Il Flight System

G.C. Ellerton, Jr., and J.P. Jockson
Vitro Laboratories
Silver Spring, Marylond

Abstract

The balloon development phase of the Stratoscope II Program began in the Fall
of 1960. At that time, the design of the telescope was, for all practical purposes,
complete and fabrication was in progress. Flight system requirements were es-
tablished with certain limitations imposed by the instrument design. It was imme-
diately obvious that Stratoscope II requirements were pushing the state-of-the-art
in ballooning and that some pioneering in the development of heavy-load high-altitude
techniques would be necessary. The principle problems encountered during the
balloon development phase were r-iated to and grew out of the sensitivity of the
Stratoscope II telescope to ground handling, launching and recovery shocks; the
requirement for a night flight; the unprecedented weight of the payload; the need
for a reasonable standby time when the system was flight ready; and, the need for
a single all-year-round launching site. Problems were approached and solved
during a period of analysis, design, fabrication, laboratory and actual full-scale
field tests culminating in a fully instrum~nted scientific flight in March of 1963.
Since that time, the flight system has been under continuous review and modifica-
tion to improve its reliability.
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1. INTRODUCTION

In 1960, Princeton University, under the sponsorship of the Office of Naval
Research, National Science Foundation and National Aeronautics and Space Admin-
istration, issued a Request for Quotations on the management of the Stratoscope
Flight Program. It was the intention of Princeton and the sponsors to employ an
engineering management firm to handle the development of a flight system capable
of lofting the Stratoscope II telescope to 80,000 ft and to manage the flight operations.

Vitro Laboratories was successful in winning the contract and we commenced
our assignment in September 1960. The job involved, among other things, a survey
of the balloon development situation to determine whether or not we could handle
the heavy load to the 80,000-ft ceiling with state-of-the-art hardware. The assign-
ment also required that we investigate various methods of launch and recovery
including a study of possible operations from land as well as on the sca. It became
immediately obvious that no balloon system was readily available on the shelf to do
the Stratoscope job and this led us into direct contact with the balloon manufacturers
in our investigation of the state of development of balloon fabrics.

Our problems commenced immediately in 1960 and some still remain as a
challenge. In the short space available, I hope to present some of the more inter-
esting proble. 3 encountered in developing the Stratoscope II flight system and
operational techniques.

2. PROBLEM SOURCES .

There were five major sources of problems stemming from a set of conditions
associated uniquely with the Stratoscope Il Program as listed in Figure 1. Each of
these problem sources is discussed briefly here with the specific problemis and
their solutions covered later in this paper.

(1) Sensitivity of Stratoscope II Telescope to Giround Handling, l.aunching,

and Recovery Shocks

Princeton University specified that the telescope should receive no greater
than a one-third &-g acceleration during ground handling and launch, It was a
further design goal that the telescope be subjected to no greater than a 2-g shock
on landing,

It was also a requirement that the launching and handling system place no
horizontal loads on the telescope structure. To minimize turn-around time between
flights, it was desirable to have the telescope land with as little damage as prac-
ticable; and, therefore, the landing shock limitation of 2-g was considered rea-

sonable.
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1. SENSITIVITY OF STRATOSCOPE Il TO HANDLING
© HANDLING AND LAUNCHING VEWICLE < IMPACT SHOCK ABSORPTION

® STATIC LAUNCH SYSTEM © AUTOMATIC BALLAST JETTISON

@ CONTROLLED DESCENT © TELESCOPE IMPACT ORIENTATION
2. REQUIREMENT FOR NIGHT FLIGHT

o LAUNCH TMING © NGHT TRACKING

© CAREFULLY CONTROLLED ASCENT © LATE AFTERNOON BAD WEATHER
3. UNPRECEDENTED WEIGHT OF PAYLOAD

© BALLOON DESIGN © WGH STRENGTH MATERIALS

© BALLAST LMITATION

4. NEED FOR SHORT STANDBY TIME
© HGH WIND SPEED CAPABLITY

5. ALL YEAR-ROUND LAUNCH SITE
o PROXMITY OF GULF OF MEXICO ~ WATER IMMERSION. CLOUDS

Figure 1, Stratoscope II Flight System Development
Engineering Problems

(2) Requirement for Night Flight

The Stratoscope II telescope was designed for night observations only.
The astroncmers desired the maximum observing time; and, therefore, it was
essential to plan the launch and ascent phase of the flight system to allow arrival
of the telescope at altitude as close to sunset as possible. This requirement,
coupled with the necessity to limit overall system weight wherever possible (for
example, sunset ballast), posed problems associated with careful timing of the
launch and careful controlling of the ascent phase to accomplish sunset on the bal-
loon just prior to reaching ceiling. The night flight added problems associated with
night tracking and control and it forced the balloon preparation, inflation, and
launch phases into the bad weather portion of the day.

(3) Unprecedented Weight of Payload

At the inception of the Stratoscope II Program, the anticipated payload was
heavier than any which had been carried to high altitudes on a plastic balloon. This
l.eavy weight of payload had its effect on increasing the weight of the entire system
to the unprecedented gross lift of 16,000 Ib. These heavy loads resulted in great
stresses on both balloon material and balloon rigging including ancillary equipment
such as winches, cables, release mechanisms, and so forth., Equipment to handle
these heavy loads was not readily available and much of it had to be developed for
this program.

(4) Need for Short Standby Time After System is Flight Ready
The large layout of personnel and equipment needed for a Stratoscope II
flight meant high standby costs. Also, the requirement for precooling the telescope's
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primary mirror was anticipated to involve ¢ significant technical effort continuously
during the days waiting for adequate launch weather. Therefore, it was necessary
to develop a system which could be launched as soon after being flight-ready as
practicable. This meant the possibility of launching in surfa.-e winds higher than
had ever before been considered safe for a static launch.

(5) The Need of Single All-Year-Round Launching Site
Dr. Schwarzschild desired to fly the Stratoscope II without restrictions as
to time of year. This necessitated search for a launching site that could be used
throughout the year. The final location of this site presented its own set of problems
associated with the proximity to the Gulf of Mexico.

3. PROBLEMS RESULTING FROM SENSITIVITY OF STRATOSCOPE Il TELESCOPE, TO
GROUND HANDLING. LAUNCHING. AND RECOVERY SHOCKS

3.1 Handling and Launching Vehicle

The delicate nature of the telescope and its unique physical configuration posed
problems in handling and launching. The handling problem was solved with a con-
ventional cargo=-type trailer modified to hold the telescope upright while being
moved from the Stratoport (telescope shelter) to the launch site and to retain it in
this position until launch., As insurance against jolts resulting from sudden loss of
air in tires, the trailer is equipped with three axles and six tires.

To protect against damage at launch, the telescope is supported on two-hinged
tripods. Just prior to balloon release, locking pins securing the tripods to the
trailer floor are removed permitting the supports to hinge outward if the telescope
sways on take-off., This has happened occasionally in actual take-off situations with
no ill effects,

The combination transportation and launching vehicle is shown in Figure 2
with the telescope secured in the launching configuration,

Salient features of the launching vehicle include:

Tripods

Hold-down anchors at each end of the beams
Hold-down cables

Canvas chute to hold suspension rigging.

The vehicle was designed to double as a recovery trailer. After launch, all
launching appurtenance can be unbolted and removed in a short time to make the
trailer available for recovery operations after impact.

|

3.2 Static Launch System

The fragileness of the Stratoscope II telescope dictated a static type of launch.
Dr. Schwarzschild realized at the very beginning of the program the telescope could
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Figure 2, Stratoscope Il Telescope on L.aunching Vehicle

not stand the accelerations to be expected from the normal dynamic launch method.
This requirement for a static launch was in opposition to our desire to provide a
system which could be launched in relatively high winds.

After a number of discussions with the various balloon companies, Air Force

personnel at AFCRL and representatives of the Office of Naval Research, it was
decided to develop a static launch system using a mainstay to hold the balloon until
launch. The tandem balloon design patented by Otto Winzen and Verner Suomi in

L fo . W

1959, appeared to te a good starting point for our development since it offered an
attachment point for the mainstay.
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Early in the program, we agreed on an upper surface wind limit of 20 mph
for launching and 15 mph for inflation. The concept of launching the system stati-
cally in winds up to 20 mph required sleeving of t.e main balloon to prevent sailing
during system erection and while retaining the system in the launch configuration
before release. The 15 mph upper wind limit associated with the inflation also
presented a problem of what to do with the uninflated portion of the launch balloon
in the early stages of inflation. Consequently, the launch balloon was also shrouded
with a sleeve fabricated for easy removal as the launch balloon inflation progressed.
To hold the entire system in a 20 mph ground wind when inflation was completed
required that we keep the aerodynamic drag to a minimum. Therefore, the launch
balloon was designed to be as completely inflated as practicable while still on the
ground., Thus, the launch balloon presented a fairly reasonable aerodynamic shape
to the surface winds with a minimum of undeployed material which could possibly
sail,

Figure 3 shows the Stratoscope Il system in the launch configuration. The
mainstay is used to tether the system during inflation and erection. Prior to actual
release, the mai.nstay is used to pull the entire system up-wind about 10°, This
technique puts sufficient tension in the mainstay to insure that it springs well clear
of the payload. This angle also insures that in winds up to 20 mph there will be
sufficient tension on the balloon train and at the top of the telescope to reduce shock
loads to tolerate limits at time of mainstay release.

The length of the mainstay has also been chosen to provide this equitable dis-
tribution of tension between the mainstay and the balloon train below the center
fitting. After release of the mainstay, the flight system moves to an erect position
vertically over the payload. At this moment, the hold-down cables are released.

3.3 Controlled Descent

The weight of the telescope and its requirement for careful handling suggested
some type of descent from altitude which would insure minimum damage on impact.
Parachute descent as a primary means of recovery was ruled out early in our con-
siderations. To attain the descent velocity we desired would require an extremely
large barachute canopy area. Furthermore, the parachute descent from ceiling
altitude provided very limited control over the selection of an impact point. It was
decided to attack this problem by using a valve-down technique in conjunction with
helicopters to assist in the actual impact. The concept invoived valving the balloon
to approximately 5,000 ft above the ground at which point helicopters or a large
single helicopter would take the system in tow. It was intended that the helicopters
be used to cancel out the horizontal velocity due to wind and hold the balloon system
over a desirable landing point while it was valved vertically to impact.
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Figure 3. Stratoscope II Launch Configuration

A helicopter attachment and towing system was developed and given preliminary
tests with both large and small helicopters. Although this system still appears
feasible from a technical point of view, the nonavailability of large helicopters
forced us to abandon it, After eliminating the helicopter-assist recovery program,
it was decided to valve the balloon from ceiling altitude to impact as the primary
means of recovery, This procedure requires the valve to be opened until the bal-
loon acquires a descent velocity of approximately 300 ft/min above the tropopause.
Upon penetration of the tropopause, the balloon acquires a velocity of about 750 ft/
min, The goal is to achieve a descent rate of about 600 ft/min at impact. This
method of recovery provides very little control over the impact point but it does
permit us to control the descent sufficiently to avoid large metropolitan or other
undesirable landing areas.

Our control consists of selecting the proper duration for valve opening and
controlling the descent velocity with valves and ballast, To prevent a rebound of
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the system after impact, we have installed switches on the bottom of the crash pad
to initiate the opening of the top of the launch balloon. Thus, on impact, the gas is
jettisoned quickly from the launch balloon and lift is lost immediately.

3.4 Impact Shock Absorption

Another problem associated with the delicate structure of the telescope involved
the design of a suitable shock absorption system. In a paper presented at the Scien-
titic Balloon Symposium in September 1964, Mr, J.P. Jackson of Vitro, provided
a detailed outline of our efforts in approaching this problem. In brief, we investi-
gated many methods for cushioning the impact of the telescope and finally chose
the one now in use, This consists of a crash pad of Armstrong Armalite attached
to a honeycomb flooring which in turn is secured firmly to the structure of the
telescope azimuth frame. The crash pad is designed for optimum efficiency when
the impact velocity is 600 ft/min. The vertical deceleration on impact at the descent
velocity has been observed to be between 2 and 3 G's.

Figure 4 depicts the Stratoscope II crash pad attached to its floor., Although we
proposed it for Princeton's consideration, it has been decided not to provide shock-
absorbing devices to protect the telescope when it falls over after landing. Our
experience shows that the inertia ring to which the ballast hoppers are attached
provides a certain measure of shock absorption for the instrument when it topples
after vertical impact,

3.3 Automatic Ballast Jettison

To further assist in limiting impact shock, it was decided to make every effort
to eliminate all ballast prior to actual impact with the ground. This is normally
accomplished by radio command from the primary control station. We wanted to
provide for dumping of ballast in the event of descent by parachute when we no longer
have radio command. We, therefore, designed a switch circuit which automatically
opens the ballast valves whenever the payload and its parachutes separate from the
balloon. When the payload and parachutes separate from the balloon, power from
the instrument package, which remains with the balloon, is removed from a relay
on the telescope. When the relay loses power, its contacts close to connect all
ballast valves to an auxiliary battery carried on the inertia ring of the telescovoe.

3.6 Telescope lmpact Orientation

The unique configuration of the Stratoscope II telescope presented several
landing orientations which could be severely damaging. Since we had no control
over the rotation of the balloon system during descent and since we had to assume
there would be some horizontal velocity on impact, we investigated means for




169

orienting the telescope prior to impact. The solution to this problem was the
development and fabrication of a side-arn. orientation system, This system com-
prised three major parts: the decoupling swivel; the direction sensing unit, and
the thrust fan., The basic element of the direction sensing unit is a magnetic com-
pass modified to provide photocell tracking of the north point of the compass card.
When the proper wind angle is sent in by radio command from a control station, a
reference direction is established,

A swivel connects the upper part of the telescope suspension lines to the para-
chute rigging. When the system is activated by command below 30, 000 feet, the
swivel is unlocked permitting the telescope to rotate freely with respect to the balloon.
At this time an electric motor drive propeller drives the telescope around to the most
favorable landing orientation, This orientation is established before launch and is
normally with the telescope's side-arm trailing at impact. In still air, the side arm
will complete its orienting cycle in about four minutes from its maximum displacement
position of 180°, Wind angle is set by radio command on the basis of the latest mete-
orological information available at the impact site, This setting can be checked at
any time by radio command to the balloon which initiates the telemetry sequence to
transmit the data to the ground station on the balloon beacon frequency.

Figure 4. Stratoscope Il Crash Pad
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The orientation system is automatically activated at 30,000 ft when descending

on parachutes,

4. PROBLEMS RESULTING FROM REQUIREMENT FOR A NIGHT FLIGHT

4.1 Launch Timing

Timing of the Stratoscope II launch is influenced by two major factors. One
is the requirement for the telescope to be at altituce as nearly after sunset on the balloon
balloon as practicable in order to provide the maximum observing time for the
astronomers. The other factor is related to overall system weight. To conserve
weight, we have eliminated sunset ballast by programming the ascent to have the
sun set on the balloon just prior to arrival at ceiling. This requires careful tim-
ing of launch if we are to achieve sunset on the balloon just prior to arrival at
ceiling and also provide a rapid ascent. If we select an early launch time with a
slower ascent rate, we incur the difficulties associated with a longer trajectory.
If we select a later launch time, we will have the sun setting on the balloon early
in the ascent which would delay arrival of the balloon at ceiling and thus shorten
the observing time available to astronomers. Therefore, a relatively narrow
launch window is available. The practical attainment of a launch within this win-
dow is accomplished by careful programming of all launch preparation activities
tc decrease the probability of a delay at the critical time. The demand for « pr>-
cise launching time also presents the problem of insuring a predetermined ascent
rate. This has been accnmplished using actual flight data along with a computer
program to assist in determining the quantity of ascent ballast needed and the points
where it should be dropped. These problems associated with a narrow launch win-
dow are relatively straightforward in their solution. However, they are mentioned
here since many people have asked why we have selected the seemingly poor time
of day for launching the Stratoscope II. It has been suggested we launch the system
early in the day to avoid unfavorable conditions. I think I have explained that the
resulting longer trajectory would be a disadvantage in that the telescope ground
station telemetry is limited to about 200 miles. It has also been suggested that the
system be released after sunset on the ground to avoid carrying sunset ballast but
this would have the obvious disadvantage of shortening the astronomical observing
to an unacceptable degree,

1.2 Carefully Controlled Ascent Program

In the preceding section, I mentioned the problem of carefully controlling the
ascent phase of the Stratoscope system. After launch of the balloon within the rela-
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tively narrow window, it is necessary to insure that the balloon does not reach ceil-
ing before sunset but that it does undergo sunset during ascent. As a result of
thermodynamic analysis of the balloon ascent phase and actual flight data, we had
adopted a program of ballasting which seems to produce very satisfactory resuits.
Five minutes after the balloon is launched, we drop 300 b of ballast to counter the
adiabatic bounce, When the balloon is at the calculated tropopause, we drop another
300 1b to overcome the slow-down effect of tropopause penetration. At sunset on
the balloon, which is programmed to occur when the balloon is at about 65,000 ft,
we drop the remaining ascent ballast of about 300 Ib.

4.3 Night Tracking

The fact that the balloon requires tracking and controlling during the night pre-
sented only minor engineering problems. The problem of insuring positive control
through the entire trajectory has been met by employing several airborne and ground
tracking and control stations. A twin-engine aircraft is used as the primary track-
ing and control station with three vehicles prepositioned along the anticipated flight

line as back-up stations.

4.4 Late Afternoon Bad Weather

In the foregoing sections I have explained the narrow launch window available
and where it occurs during the launching day. This period in the afternoon is about
the worst part of the day for balloon operations. This part of the day seems to
abound in all sorts of meteorological disadvantages such as increased thunderstorm
activity, maximum surface-wind velocity at the time of inflation and increased
probability of cloud cover. We approached the problem of high winds by designing
a system which can be inflated in 15 mph and launched in 20 mph winds. The phy-
sical configuration of the balloon system discussed in earlier sections of this paper
alleviated, to a certain extent, the problem of late afternoon surface winds. To
decrease the hazard from late afternoon thunderstorms and showers, the system
has been designed to be under protective covering as long as possible. Up until the
time erection commences, the main balloon and other parts of the balloon system
below it are housed in their shipping boxes under water-repellent covers, In the
event we are caught in a thunderstorm or rain squall after inflation starts, we may
have to abort and lose the launch balloon but the remainder of the system is pro-
tected. The telescope is exposed a minimum amount of time since it is retained in
the Stratoport until just prior to being required on the launch pad. The problem of
increased late afternoon cloud cover is still a serious one but is alleviated some-
what by the relaxation of cloud-cover rules by the FAA when launching from

Palestine, Texas.
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5. PROBLEMS RESULTING FROM THE UNPRECEDENTED WEIGHT OF THE PAYLOAD

3.1 Balloon Design

At the outset of the program it was realized that the gross lift of this system
would far exceed that of any previous high-altitude plastic balloon. Although poly-
ethylene balloons of a size that would contain the required helium had been suc-
cessfully flown to high altitudes, this material had not been proven in the really
heavy load area. Therefore, a search for other balloon fabrics was initiated., Of
all the various materials investigated, the G.T. Schjeldahl Company's laminate of
mylar film and dacron scrim seemed to hold the most promise. This material
has proven itself capable of handling the heavy Stratoscope II loads with high relia-
bility. Problems encountered in the balloon development phase were never asso-
ciated with a failure of the material itself. Problems encountered were associated
more with the manner in which the material was secured in the balloon fittings and
in the operational techniques of inflation. Some of the interesting problems en-
countered in the development phase of the balloon design are discussed in the
following:

5.1.1 END FITTINGS

It was discovered early in the program that conventional fittings would not
utilize the full strength capable of the scrim/mylar fabric. A redesign of the
fittings to eliminate weak points was accomplished after a flight attenipt failed
because of material tearing away at the top fitting. A technique for attaching the
balloon fabric to a hoop at each end of the balloon proved very successful. The
hoop to which the material was attached was in turn held in a top or bottom fitting
of more conventional design. Figure 5 is a sketch . f the loop-seal method of
securing balloon fabric to the end fittings. Tests to check the capability of this
attachment procedure indicated very little loss of fabric strength at the end fittings.

5.1.2 SEALING OF SCRIM MATERIAL

The sealing of scrim material presented a problem in that it was difficult to
preveni passage of helium around and through the actual scrim fibers when the scrim
material was lapped at the joints. This problem was solved by butting the gore
edges together with a plain no-scrim mylar tape secured to the smooth side of the
balloon material for gas seal. On the outside of the seal where the gore edges
butted together a scrim/mylar tape was secured to provide the strength bond be -
tween gores. This bi-tape seal technique solved the problem of helium leakage.

5.1.3 MULTIPLE INFLATION TUBES

The heavy weight of the payload and the associated balloon system meant a large

volume of helium for initial inflation, To reduce the inflation time the balloon was
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Figure 5. Loop-Seal End Fitting

designed with four inflation tubes. These inflation tubes were designed to pass
helium from the high-pressure hoses to the balloon at the maximum rate available
from the helium tanks.

2.2 Ballast Limitation

As the program progressed, the weight of the telescope increased. To keep
the overall system weight to a practical minimum, we made every attempt to limit
the ballast requirements, After the balloon system design was firm, the telescope
increased further in its weight and this limited even moreée the quantity of ballast
that could be carried. The problem was one of minimizing the need for ballast.
The elimination of sunset ballast by launching just before sunse’ has been discussed
in previous sections of this paper. The quantity of ballast for optimum control of
the balloon system during the latter phases of its descent was estimated to be about
2500 lb at the beginning of the program. This weight of ballast was considered
minimum for useful control of the bulloon in selecting a desirable impact area.
However, to further reduce the weigh. of ballast carried, it was decided to allow
the balloon to descend continuously from ceiling to ground without pausing at some
intermediate altitude for selection of a landing site. The present operational tech-
nique is to valve enough helium to attain an initial descent rate of 300 ft/min which
increases to approximately 750 ft/min upon penetration of the tropopause without
further valving. The ballast is used to adjust the final impact descent rate to
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600 ft/min. This simpler procedure allowed us to eliminate a large portion of the
ballast. The total ballast now used in the system is 2400 lb with the programmed
use as follows: 900 Ilb for ascent; and 1500 1b for maintaining and controlling
descent,

5.3 High Strength Materials

The heavy weight of the payload dictated high strength materials in the sus-
pension system and the rigging used in restraining the balloon prior to launch.
This high strength requirement tended to result in heavy rigging components thus
increasing the overall gross weight of the system, Careful stress analysis of all
portions of the system was conducted to eliminate excess weight due to over-design.,

To insure safety of personnel and equipment, it was necessary to conduct a
careful and thorough testing program of all equipments subjected to heavy strains,
This included payload, suspension rigging, auxiliary stay, mainstay, and the
various numerous fittings and release devices employed in the system. To keep
the weight of the mainstay to manageable proportions, it has been found necessary
to use a relatively light weight cable, As far as safety is concerned, the mainstay
is operating well below its breaking load but the sudden release of tension at launch
causes birdcaging which prevents its reuse as a mainstay.

6. PROBLEM RESULTING FROM NEED FOR A SHORT STANDBY TIME

As indicated earlier in this paper, a short standby time after Stratoscope II
is ready for flight is desirable for both economic and technical reasons. Technically,
it is desirable that the telescope system be flown within a reasonable time after
reaching a full state of readiness to minimize problems resulting from deterioration
in electrical and optical systems., In view of the large numbers of personnel re-
quired and expensive equipment needed in the operation, it is desirable to limit this
cogtly day-to-day expense. The only factor contributing to a delay in launching
after flight readiness other than equipment and technical problems is the weather.
The problem confronting us as the result of attempting to minimize standby time
stemmed principally from adverse surface winds and cloud cover. The facet of
this problem which we could attack from a system design point of view was related
to high velocity surface winds.,

6.1 High Velocity Wind Problem

To limit the standby time we felt we should design a system which would mini-
mize the time spent in waiting for very low surface winds. This problem was solved
as indicated in previous discussions by using a tandem system with the "cast-iron"
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launch balloon concept. The phrase "castiron' imgplies the launch balloon when
inflated can withstand relatively high surface winds which would normally preclude
a static launch. The remainder of the flight system, including the main balloon,
is placed in a tight sleeve to present a good aerodynamic configuration to limit
drag forces in high surface winds. This general balloon design permits us to
restrain the balloon system in winds up to 20 mph and to launch statically in this
type of wind condition without undue hazard to the delicate payload.

7. PROBLEMS RESULTING FROM AN ALL-YEAR-ROUND LAUNCH SITE

Dr. Schwarzschild's desire to have a launch site useable the year round pre-
sented the program with the general problem of finding such a location inthe United
States. We solved this problemn wi:n the help of the U.S. Weather Bureau which
made a statistical weather study of the entire country. In addition to the data
analysis accomplished by the Weather Bureau, we made a visual airplane survey
in the region surrounding the area recommended by the Weather Bureau. Our first
selection of launch site was Hope, Arkansas, and several flight operations were
conducted from this location., This site was not acceptable to the FAA for a per-
manent balloon operations base because of the density of commercial air traffic.
When NCAR was ready to proceed with the establishment of a permanent scientific
balloon flight station, they conferred with the FAA to obtain a position in this gen-
eral vicinity that would be satisfactory from both balloon operations and commercial
aircraft safety considerations. As a result of these discussions, Palestine, Texas,
was selected as the NCAR Scientific Balloon Flight Station and as the all-year-round
operations site for Stratoscope II. The general problem presented by this launching
gite is associated with the proximity of the Gulf of Mexico. The Gulf of Mexico is
a prolific source of clouds under certain weather circulation conditions which occur
frequently in this area. The Gulf is also a hazard to the safety of the telescope in
the event of a change in the balloon trajectory which might carry it out over the
water., We have no solution for clouds resulting from Gulf moisture, We have
minimized the danger to descent of the Stratoscope II in the Gulf by: (1) Careful
analysis of anticipated trajectories before launch and avoiding launching on those
days when trajectories are uncomfortably close to the Coast; and, (2) establishing
back=-up balloon control stations which can terminate the flight in the event the

trajectory changes toward the Gulf,

B

-

"




177

XVI. In-Flight Deployment of Long-Train Instrumentation
Packages From High-Altitude Balloons

R. J. Reddy, Major, USAF
Air Force Cambridge Research Laboratories
Bedford, Mossachusetts

Abstract

In 1957 and 1958, techniques were developed for the precise positioning and in-
flight deployment of several 50-1b instrumentation canisters along a 3500-ft-long
balloon-borne train. Hardware and techniques developed during this earlier pro-
gram have been expanded and refined to permit the placement of much larger
canisters in a similar manner. This proven system and its component parts have
high potential in a variety of applications where an elongated train of accurately
positioned instruments or devices is desired.

1. INTRODUCTION

In 1957 a need existed for launching balloons carrying sensing instruments
placed at various known distances along an extended train. These instruments were
designed to measure gradient pressures and temperatures during atmospheric blast

experiments.,
Early attempts to launch lengthy balloon-uworne trains in other than calm or zero

wind conditions presented many problems. In some cases the instruments on
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150 to 250-ft long trains were damaged during launch. These problems were pri-
marily solved through the design of a compact launch configuration (see Gilpatrick and

and Fruge, 1958) that permitted train deployment during the balloon ascent (Fig-
ures 1 and 2).

Figure 1, Launch Configuration , I

Figure 2. Flight Configuration
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Since 1957 several flight configurations have been developed under projects
known as VHA, VHB, and "C" Launch (Table 1). Payloads ranged from 760 lb r/
to 4500 Ib and consisted of 6 to 7 instrumentation canisters placed along trains be-
tween 2350 and 3500 ft in iength., The individual canisters ranged in weight from ]
50 1b to 325 Ib,

Table 1. Balloon Instrumentation Trains '
ﬂ i
Float . Canisters
: Payload| Train :
Balloon Al(tfltt)“de (1b) Length [ Size Weight [Number )
i

800X10cu ft 3500 ft 43"L.

VHA 85, 000 760 50 5+ 1

2.0 Mil Poly 500-Reel | 10-1/4 O. D. ;
. .
5. 27x105¢u ft 23501t | 6'L. )l
VHB "0 Mil Poly | 15 000[ 1200 |35, Ree1 | 8-1j20.D. | 90 [35+*1
6 1/9.m
"C" Launch| L 19X107cu ft] o5 o49) 4500 [2600 1t 5-1/2-T'L. | 309.325| 6+ 1

GT-12 1500-Reel] 11" O.D.

*The additional canister is located below the reel at launch and does not deploy from
within the tube.

Essential elements of each train deployment system are:
(1) The deployment tube assembly used to deploy the instrumentation canisters.

(2) A fluid brake-type reel used to lower the deployed canisters further from
the balloon.

(3) The line connecting the canisters which provides us with the desired

canister positioning.

2. DEPLOYMENT TUBE ASSEMBLY

The deployment tube assembly consists of a long fiberglass tube contained
within a parachute. The tube acts as a casing into which the canisters and their
connecting lines are compactly stored at launch. The 19-ft-long VHA tube was
fabricated of wound fiberglass and weighed 27 Ib. Today's 38-ft-long ""C' launch
tube is of fiberglass-covered aluminum honeycomb construction and weighs approxi-
mately 280 Ib. It is split longitudinally for access during loading.

After launch, at between 1500 and 2000 ft above the ground, tube cutaway is
commanded. The released tube parachutes to earth and the canisters are withdrawn
in turn by the ascending balloon. Proper tube parachute design became a paramount
consideration.
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To insure a desirable tube orientation and a minimum of lateral displacement
during canister withdrawal, the parachute descent rate and stability had to be con-
sistent with the design load limitations of the canister train. The connecting line
between the canisters is particularly vulnerable to failure. It was essential that
shock loads on the system be kept at a minimum during canister deployment. In
the VHA and VHE programs a guide personnel-type parachute satisfied these deploy-
ment requirements. In the ''C" launch program the much heavier canister and
deployment system demanded a higher drag parachute design which included mini-
mum oscillation and good recovery characteristics, A 48-ft diameter, full-guide,
surface-ribbed canopy appeared to meet these requirements.

Early tests of the '"C" launch deployment system using this parachute showed
an unsatisfactory opening time. In one of 3 tests tbe tube parachute failed to open
during the deployment sequence. Once inflated, however, the 48-ft parachute
demonstrated good stability and drag characteristics. If a more rapid and positive
parachute opening could be assured, this parachute remained highly desirable.

Several devices were designed and fabricated to aid or to produce a more
rapid parachute opening. These included (1) a ballistically powered forced opening
device developed by the Stencel Corporation; (2) an inflatable torus designed and
fabricated by Raven Industries; (3) a mechanical opening device designed by AFCRL;
and (4) a scaled-down 32-ft-diam parachute of the same design as the original 48-
footer, This smaller parachute would open more rapidly and would provide closer
to the ideal ratio between canopy diameter and shroud line length, This latter
characteristic, of course, would provide improved stability. In addition to parachute
system redesign, the canister harness was beefed up and the connecting line terminal
loops protected by leather inserts, These modifications were necessary to withstand
the higher deployment shock loads possible with the smaller parachute. Both the
Stencel forced-opening system and the 32-ft parachute performed satisfactorily
during tests conducted last May (1965). The Stencel system spread the 48-ft canopy
in approximately 1/2-sec and the 6 instrumentation canisters were deployed in
23 sec. The 32-ft unassisted parachute opened in 2 sec and the 1100-ft train was
deployed successfully in approximately 20 sec. An envelope of shock loads recorded
during canister deployment indicated an initial 10 g upward acceleration of the load
bar at tube release. During deployment of the canisters this shock envelope decreased
from 6 g's to 2 g's in magnitude. These loads were all well within system design

limitations.
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3. THE FLUID BRAKE REEL

The fluid brake reel was initially employed in the VHA program and was designed
to lower a 600-1b load a distance of 500 ft below an ascending balloon. The final
design incorporated a series of brake disks working against a braking fluid. This
fluid — a General Electric product, trade-named Viscasil — was selected because
of its good qualities of slight change in viscosity over a wide temperature range,
good oxidative stability, unusual chemical inertness and resistance to breakdown
under mechanical shearing, The VHA reel weighed 43 Ib and measured 22-in. in
height, 14-in, in width, and 12-in, in depth, Use of 725-stoke Viscasil with this
reel permitted full de ~ent of the 600-1b load a distance of 500 ft in 4 min.
The load was deployed € ly with little initial or terminal shock. Today's
"C" launch reel utilizes the ia. .‘ical principal and a similar design. It measures
nearly 2-1/2 times the width, t..1ce the depth, and a few inches higher than the
VHA reel. It weighs 330 lb and has successfully lowered 2800 1b 1500 ft in 7 min
using 1000-stoke Viscasil.

The number and size of brake plates for a particular design requirement can
be readily calculated mathematically (Wagner and Doherty, 1958), Variations in
drum capacity and initial fluid viscosity permit use of the fluid brake reel for a
variety of payload, train length, and deployment time requirements (see Figures 3
and 4).

4. TH TRAIN CONNECTING LINE

The third and last item I should like to discuss is the train connecting line.
The method of deployment requires connecting line that possesses excellent shock
absorption and predictable stretch characteristics., In all three deployment pro-
grams we have successfully used coreless nylon braid manufactured in accordance
with MIL-C-7515., This, or similar type line, is recommended for like applications,

Tests conducted at AFCRL locations and at the South Weymouth Naval Air
Station blimp hangar provided some static, dynamic, and creep stretch character-
istics for both 5000-1b(MIL-C-7515 Type X) and 10,000-1b (Type XII) coreless
nylon braid. Generalized results of these tests are shown in Table 2. Elongation
of the line as loads were applied was termed static stretch. Additional elongation
as a function of time was termed creep. Elongation which could be attributed to
shock loading was termed dynamic stretch.

As can be seen from Table 2, the greatest percentage line elongation resulted
from the application of load statically. Limited measurements of temperature and
humidity effects on creep showed insignificant change over the ranges recorded.
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Table 2, Nylon Stretch

Elongation
Type Percent
1. Static 7 -12
2. Dynamic _ 1-2
. 2 per day
3 Creap (for 8 days)

A relative humidity change from 35 to 65 percent added
less than 1/2 percent elongation during some limited static
tests.

- Temperature variations between 40°F and 60°F recorded
] during these same tests showed no effect on stretch,
l. Precutting the connecting line to compensate for static

load permits positioning of instruments to within 3 percent
error,

. Precise positioning can be obtained after deployment by
either electrical or optical means.
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Precutting the connecting line to compensate for static load will permit positioning
of instruments to within 3 percent error. Precise positioning can be obtained after
deployment by either electrical or optical means., To avoid line failure at the
terminal loops through abrasions incurred during the dynamic deployment, it is
recommended that all terminal loops be lined with a soft leather.

5. CONCLUSIONS 1 (

The three test programs (VHA, VHB, and "C'" Launch) have led to the develop-
ment of a urique in-flight method for deploying instrument canisters on long trains
beneath balloon carriers, These trains have varied between 2350 and 3500~ft in

length with 5 to 6 canisters of from 50 to 325 lb each suspended at intervals along
the train,

These proven systems and their component parts have high potential in a
variety of applications where an elongated train of accurately positioned instruments
or devices is desired,
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XVII. Midlatitude Stratospheric Humidity Regime to 30 km '

N. Sissenwine, D.D. Grantham, ond H.A. Salmela
Air Force Cambridge Research Laboratories
Bedford, Mossachusetts

Abstract

The results of monthly soundings of humidity up to 25 to 30 km over a year util-
izing a highly sophisticated alpha-radiation hygrometer and associated balloon
sounding equipment are described. The stratosphere was never found to be near
saturation as has been suggested by some investigators, nor was it as dry and
completely devoid of variability as is indicated by the most accepted circulation i
theory. A small minor increase in humidity above the tropopause to altitudes of
about 25 km was usually noted. Variability in this region of the lower stratosphere
approached a factor of 10, Spasmodic transfer of water vapor upward through the
tropopause is suggested and speculation related thereto provided. - |

1. INTRODUCTION

Starting more than 20 years ago British scientists (Dobson, et al, 1945;
Brewer, 1949; Brewer, 1955; Helliwell, et al, 1956, 1957, 1960) reporting upon
initial aircraft investigation of humidity in the lower stratosphere presented evi-

- dence that the tropopause acts as a cap to water vapor, which enters the atmosphere
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from the earth's surface preventing it from penetrating into the stratosphere. This
finding was presented in conjunction with a circulation theory, which indicated that
tropospheric air passes into the stratosphere only over equatorial regions from
where it moves northward. It sinks back into the troposphere at higher latitudes,
closing the cycle.

Tropical tropospheric air, which is wetter than all other surface level air,
following this route into the stratosphere would have to pass through the very cold
tropopause of the tropics where the water vapor density would be forced down to a
level lower than elsewhere due to condensation. As this air departs upward from
this level, the mixing ratio (the weight of water in a given weight of dry air) must
remain constant if there is no source of nor condensation of water vapor. It follows
that water vapor density, the absolute humidity, must become monotonically lower
as density falls off with altitude., Frost and dew point have a 1:1 relationship with
abgolute humidity and thus would have a parallel decrease. Chemical prouuction of
water in the stratosphere could reverse this trend, but there has been no substantial
evidence of this although some speculation exists (Hesstvedt, 1964, 1965; Rangarajan,
1963; Dobrovol-skiy, 1964; Suvorov, 1964). In fact in some very early United
States experimental work in which relatively crude frost point devices were carried
to 30 km by balloon (Barrett, 1950), thin saturated layers were observed.

Measurement of water vapor at cold temperatures is extremely difficult, and
doing this without contaminating the air sampled complicates this problem even
! further., Thus the British findings were considered quite authoritative for many
years and have not pe‘en completely contradicted to date, although evidence to be
presented herein aml by others:-(Murcray, 1966; Pybus, 1966; Brown and Pybus,
1864) indicates a modification may be in order. Many slightly earlier investigations
in England, Japan, and the United States, summarized by Gutnick (1962), indicated
much higher humidities a! 15 to 30 km. Some parallel investigations (Mastenbrook,
1963, 1965a, 1965b, Williamson and Houghton, 1965) are providing evidence more
in keeping with the British theory.

There are basic scientific reasons for substantiating or contradicting the
British theory of a dry nonvarying stratosphere. For meteorology, presence of
f nonuniformly mixed water vapor at these altitudes could lead to local modifications
i of a circulation pattern, such as proposed by the British, since it could account for
absorption of solar energy in the infrared spectrum. The resulting differential
heating would lead to pressure gradient changes, and these to changes in the wind
I field. From an astronomical viewpoint, the water vapor in the stratosphere must
: be known when observations of the atmospheric constituents of other planets are

made from balloons in the earth's stratosphere. There are also engineering reasons

for looking into this matter. In the development of aerospace systems an unexpected
- amount of water vapor could affect the performance of infrared devices when used
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in the stratosphere, and on horizon sensing instrumentation used for spacecraft
(Gutnick, 1960).

Two years ago, on the same platform, we (Grantham, et al., 1965) described
a program being supported by AFCRL's lL.aboratory Director through special funding
to he'p shed light on this quandary which had been aptly described by my associate
(Gutnick,1961) in a widely acclaimed paper, "How Dry the Sky?". Ballinger, et al.
(1965) described the instrumentation to be utilized on these investigations at the
1964 Balloon Symposium. Details are well documented in the 1964 proceedings.

I will just briefly review this background.

The program involved flights of two frost-point soundings a month for one year
from the surface to 27 km (about 85 to 90 kft) from Chico, California. Balloons
of 500,000 cu ft with controlled valving and ballasting for obtaining desired vertical
velocity were employed. A total payload of 450 1b included the alpha-radiation
hygrometer which, when sealed with a recorder and dry ice in a stainless steel
desiccated container, weighed 75 lb, The sensor package was lowered 2000 ft
from the load bar on a hydraulic reel shortly after launch to separate it from water
vapor which may be emitted from the surface of the balloon and associated equip-
ment. Rates of ascent and descent were made commensurate with the time lag of
the instrumentation. Though uncontaminated conditions were expected on ascent,
due to the 2000-ft separation, the sounding system design included special consider-
ation of battery and chemical coolant life in order to insure operation through
descent. As a further precaution against contamination we required balloons be
packaged dry, instead of with cornstarch, which is usually used as a lubricant.

In this connection I will divert from the main theme of my paper. Following
successful flights of our first two soundings in January 1965, we were plagued by a
series of bursts during ascent. Speculating that the lack of lubrication on the film
while unfolding at cold temperatures was the cause, we established a routine for
dusting balloons with teflon powder before flight, a messy procedure. Our success
rate improved phenomenally. However, we did have a balloon failure with teflon
later in the program, and there is still question in the minds of our balloon engineers
and operators as to the real reason for this improvement. The dusting process led
to discovery of some flaws in the balloons, which were repaired. Those interested
in the pros and cons of lubricating and type of lubrication should discuss this with
members of AFCRL's Balloon Research Branch.

Now returning to the instrumentation, the alpha-radiation hygrometer is an
automatic frost-point instrument (Ballinger, et al., 1964, 1965) in which temperature
of polonium surface is controlled by a servomechanism which strives to maintain a
stable deposit of frost on it. The polonium emits alpha radiation which is monitored
by a Geiger-Mueller detector. The frost point is recorded by a miniature thermistor
embedded in the polonium. The accuracy of the sensor in this instrumentation varies
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with true frost point, atmospheric pressure, and time allowed for the sampled air
to reach equilibrium with the sensor. Poorest performance, 2 to 3 °C errors in
frost point, are found near 100 mb when the frost point is between -80 and -90°C.
At the top of the soundings the sensor error will be only a fraction of a degree, but
the recorder limits readings to about 1°C.

2. FINDINGS

As already indicated we had some balloon problems which detracted from our
two flights per month goal. Some malfunctioning of equipment due to damage in-
curred in recovery also hurt this average and caused us to extend over into 1966,
All in all we launched 24 flights and obtained 16 soundings which provided useful
data, Of the 8 failures, 3 can be totally attributed to instruments, 3 to balloon
failure, and 2 to both instrument and balloon malfunction. Seven balloons did burst
on ascent, but useful data were obtained on many of these,

Figure 1 depicts the first sounding. Despite the extensive precautions to pre-
vent contaminatg')n it appeared we had failed. In the stratosphere, on ascent, frost
points were running around -75°C. Frost points were colder by 10° or more during
descent. This amounts to a factor of 5 in the amount of water vapor density at
these temperatures. This early finding caused us to study carefully the configuration
of our sounding system as shown in Figure 2, The geometry of the sensor in the
stainless steel container which will be lowered 2000 ft from this hydraulic reel
still has one shortcoming. Air passing over the can could sweep molecules of
water vapor off its surface and then be sucked into the sensor intake which protrudes
directly beneath it. Though the can is stainless steel, a relatively dry surface,
the top had to be constructed of heavy-gage aluminum, It was quite apparent that
our ascent data could not be considered as truly representative of the stratosphere
with this defect. The remedy was to bend the tube 90° and lengthen it slightly to
get it out of the boundary layer. The tube was in itself a possible source of con-
tamination (Ballinger, et al., 1965) and had to be kept as short as possible.

Several flights later we were able to prove the effectiveness of the configuration
(see Figure 3). In this case the air encountered in ascent was actually drier than
that encountered in descent in the stratosphere and upper troposphere. During the
several hours of flight the balloon had moved a considerable distance and was
sampling a different air mass, but we had two good soundings.

Figure 4 shows the monthly summary of all data found acceptable. Frost points
are averaged through the pressure levels indicated. This picture appears to depict
an annual cycle for layers higher in altitude than 100 mb (50 to 55,000 ft). A maxi-
mum is reached in the late winter and a mirimum in the summer. However, it




-90 -80 -70 -60 -50 -40 -30 ~-20 -i0 +20
20 \ ] I T T T T T | T
| \ y 25
'|| 'y
-
30| | l: )
II ‘t &
%
= #
IR
J FROST
sol- § POINT } AIR TEMP
\ f || e -
: 20
60}- L - II'
2 i L
E | 2| \
80} LY -
Ser N (fume g\ . ,
2 " 8)10 o\I00 500 1000 = ]
100} { }' | IPW.'!I\ \ g
w W] 1 ! =]
s i \ | ‘ | " =
AR :
3 ! !
a ||| | \
150} | g i k
I|I ""-—__ -
\ |
200} ", I'. 2
'|I P )
'| .
|
300 I" NS~
II'. I".
". |
400} | | \ |
'l\ | T \
II I. | 1 \
500[- \ . \ \ =\
600} | \ \ Vo
III III \ IIII
] | =\
800 o '. A
L
1000 i 1 ] Lid 1 Jlll 1 1 ] 1
S00 -90 -80 -T0 -0 -50 -40 -30 -20 -0 O
TEMPERATURE (°C)
Figure 1.

R A e

210N U B LT 8 e o

LDF Flight No. 1V

R AL RAAS




190

would be hard to argue the significance of such a systematic variation with this
limited sample, During the month of April 1965 the range of the 6 separate profiles
is nearly as great as that of the curves depicting the annual cycle. However, such
an annual cycle is in fair agreement with a theoretical study by Roney (1965) on
stratospheric ozone and water vapor in the stratosphere but we would not care to
argue the extent and the exact pattern, if any. A harmonic analysis of these data
is now being made, and statistical significance will be determined.

Earlier, I mentioned the British findings without assigning any quantities,
The humidity that can best be attached to the nonvarying dry British stratosphere
is 2 ppm by weight, to meteorologists more recognizghté as a mixing ratio of
0.002 g/kg. The values we obtained near the 100 to 150 mb layer, which is the
maximum altitude of the British aircraft data, are in good agreement with this
nominal value. Our data ranged from 1 to 10 ppm at this level. However, as you
will note from the scale on the far right, though the annual cycle appears to be
damping out with altitude, the proportion of water vapor appears to be increasing,
attaining some 10 to 40 ppm near the top of the soundings. This increase is suffi-
cient so that the frost point increases from about -81°C at 18 km to about -79°C
at 25 km. This trend caused us concern for the reliability of our data. If continued
upward the partial pressure of the water vapor would, at some altitude, exceed
total atmospheric pressure. This is not physically possible,

T

Figure 2. Instrumentation Package




191

(wy) 3000117V
o

o +20
I

%0 -40 -3 -20

T0 -60

=100

-125
—20

I

|

-0

L
-90

30
40
L] o
60
80
00
IS0

(qw) 30N1IL5v 3¥NSS3INd

200

300

400

500

600

800

1000

*0  +20

(o]

-60 -50 -40 -30 -20
TEMPERATURE (°C)

-70

=100

6V

LDF Flight No.

Figure 3.

% Sy i

e s

e




3% ',fgnig‘yé‘?ﬁ ' a ;%\ 11:: _;. .

192
) l F . M A ! M J J A 5 0 N D
-T:t'.--"""'—“"“"-h J T 4 20
4“' ‘| *30-20mb 10
-7 =y I f 0 ;
1"“ P .-:'-""-—--...,._.-/ ﬁﬂ
-8 40-30 mb
=T k. l -~ ‘fg
_J A Y .\“&-.--/ 14
5 |860- 40 mb 12
- - - h 4
2 1 larToragl Loy ( 8
80-60mb 2 €
= /lq | o 410 :
; =" Lot [0 18
e 1 | LT T | o
D, Jip =
=T - e . 4 =
; - J . /‘\u,, jﬁrmh : ®
1 g - . o [ | | i1 =
x | »
’ ¥ e ‘QI .‘M':‘ /“l"--.._.u..---""" e, ?g 3
| _7ale o' _,/200-150mb .
“’ ) T .-"‘l--_f/ 4 (] | |
- 'l"‘-.,_‘_ A, 4"00
h+- e 4 m
. . . . /300-200mb
i e K e - S [,
i - . . ]
b | 40 12°
; = .\N ] < i = W — 9
{ : I|""-4--‘..--""-"""'u., — .--—'I&;_ m‘ -~ % | fgg
: - - 4 1 w
] | b 130
T F I mialmloglotalstolnTD

Figure 4. Mean Humidity With Selected Layers by Month

For this reason we arranged for a special balloon to carry our equipment to
higher altitudes. This sounding (Figure 5) reached a pressure of 8 to 9 mb, about
32 km, as compared to the usual 25 km. The lower 25 km of this sounding differs
little from any one of the earlier soundings. Once above the tropopause, frost
point increases from a -84°C minimum to a maximum of -75°C at 23 mb, about
25.5 km. However, above this point a trend is establisned toward lower frost
point. At 9 mb it dips to -82°C, lowering the mixing ratio to 27 ppm, still 10

times that at the base of the stratosphere.

A convincing factor in this high-altitude sounding that provides confidence in
the presence of a slightly more moist layer at 25 km than immediately abo%e or
below this level is that it is seen in both ascent and descent. There are some
differences due to time and space, since about 187 min elapsed between ascent and
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descent through the 25-mb level. If contamination were thought to be the reason

for the maximum in humidity on ascent, however, it would be difficult to argue

that this is the cause of the maximum on descent, since the system had dried out

at higher altitudes as evidenced by the lower humidities with higher temperatures.
Also, the air sampled in descent is less likely to have had any contact with the
boundary layer air of the balloon system than on ascent. The fact that the sensor
had the range to reach much colder in frost point both above and below this layer
argues for confidence in the instrumentation. Figure 6 is presented as further
support for the tendency of a humidity maximum at 25 km, at least over midlatitudes.
(This is also the altitude of nacreous clouds. Such clouds generally form to the lee-
ward of mountaing during periods of strong upper air flow across the range.) This
sounding was obtained at Holloman AFB in New Mexico during investigations (Bal-
linger, et al., 1965b) of frost-point sounding-system contamination. The alpha-
radiation frost-point hygrometer was flown on the load bar in these studies (rather
than at 2000 ft beneath it as in Chico) and usually showed much less contamination
than in the flight pictured in this figure. Presumably this is because of the drier
surface and troposphere conditions of the New Mexico desert., However, both
ascent and descent of this Holloman flight also showed the tendency for the slight
increase in moisture at 25 mb.

How does this fit into a picture which includes the water vapor distribution at
even higher altitudes? The only information on water vapor in a layer at high alti-
tudes in which we can place great confidence is that noctilucent cloud particles
formed at the 80 km mesopause include water (Soberman, 1963; Michaels, 1965).
Such clouds are not found at tropical and midlatitudes where temperatures are
seldom colder than -100°C (Cole and Kantor, 1963) at this level. They are only
gseen at higher latitudes in the summer where extremely cold temperatures are usual
at the mesopause. During one experiment (Anon., 1963), at which such clouds
were physically sampled, the temperature observed was -143°C. During another
sampling, when the clouds had dissipated, a temperature of -120°C was measured.
2 mb (COESA, 1966), if the mixing ratio at 30 km at
the top of our highest sounding, 27 ppm (Figure 5), were considered to hold uni-

Assuming a pressure of 10"

formly up to 80 km, the frost point would be -115°C, not quite cold enough., The
frost point in this sounding had fallen 7°C in the top 6. 5 km, however, a gradient

of about 1°C /km. At this rate 48 km are required to drop the frost point from -82°C
to -130°C, a nominal value for noctilucent clouds suggested by the experimental
data just mentioned. Since these clouds are found about 50 km above the top of this
sounding, the trend in humidities in the 25 to 32 km altitude region provided by the
Chico sounding appears to support the values of humidity which must be present at
altitudes of noctilucent clouds.
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We are now left with the problem of explaining «he relatively moist layers at
20 to 25 km. Mixing ratios in this layer are five times those at the base of the
stratosphere and can only be considered credible if evidence for a source for
such a "spiking" of the layers just above the troposphere can be presented. The
British and other investigators (Mastenbrook, 1965) had noted a near saturated
layer in the upper troposphere and a sharp drving out in water vapor content upon
passing upward through the tropopause, We corroborate these findingé. In Figure 7
the average change in depression in frost point below free air temperature during
penetration of the tropopause for this series of soundings is shown. The drop in
frost point from -61°C at the tropopause to -79°C in 3 km,drops the water content
by a factor of 15. The tropopause certainly seems to be acting as a barrier.

However, there are exceptions which if not present would have made these
average rates of decrease even more dramatic. On Figure 8 in the graph at the
left, you will note a sharp temperature tropopause (the solid line). With it there is
a very sharp decrease in the frost point (the dashed curve), At the right of Figure 8,
for another weather situation the tropopause is not well defined (solid curve). The
parallel frost point decreases were far less drastic, as is indicated oy the dashed
curve. With varying intensity of the tropopause inversion on a day-to-day basis,
especially when there are overlapping or leafing of tropical and polar tropopauses,
as is usual at midlatitudes, it does not appear unlikely that there will be occasional
transfer of moister tropopause air into the stratosphere in midlatitudes. For
example, over the Gulf of Alaska where such leafing action could be forced by well-
developed cyclones regularly entering the Aleutian low (the tropopause is known to
rise and fall as cyclones pass), the tropopause temperature remains between -50
and -55°C (Ratner, 1957, 1958) throughout the year. This air is about 25°C warmer
than in equatorial regions and can contain nearly 100 times more vapor. Small
amounts of this saturated tropospheric air being mixed upward could add considerably
to the water vapor of higher level warmer air, even if this higher altitude air had
entered the stratosphere over the route suggested in my opening statements, Ex-
tengive cloudiness through a deep layer well above the tropopause over Anchorage,
Alaska, was noted by an Air Weather Service forecaster (Ehrlich, 1966). Though
a very well-defined polar tropopause was present at 25,000 ft, jet aircraft were
unable to top all cloudiness after climbing to 39,000 ft., This happened during a
transition season and was associated with passage of a not unusually strong extra-
tropical cyclone.

Passage of water vapor into the stratosphere during leafing of multiple tropo-
pauses at midlatitude and higher is one, but not necessarily exclusive, source.
Another possibility is vaporization of the ice crystals of convective clouds penetrating
into the stratosphere ov2r continental midlatitudes in the warmer half of the year.
These have been observed to attain altitudes of 22 km by aircraft and radar (Grantham

. S A APt




HEIGHT RELATIVE TO TROPOPAUSE (km)

o

o T T Y

*FROST-POINT TROPOPAUSE.
L MEAN HEIGHT 14,000
MEAN FROST POINT-78.6°C

—

MEAN TROPOPAUSE LEVEL
10,900 meters
AN FROST POINT AT TROPOPAUSE -61.0°C

40

S 10 3 20 23 30
FROST- POINT DEPRESSION (T -T,), °C

Figure 7. Mean Frost-Point Spread in Vicinity
of the Tropopause Level

and Kantor, 1966; Long, 1966) with greater frequency than has heretofore been

considered likely.
the air.

They must evaporate to dissipate and thus also add vapor to
Crutcher (1963) also summarized much evidence of clouds in the strato-

sphere in an address on problems of supersonic aircraft and quoted remarks of a

100, 000-ft parachutist who ohsérved thin layers of clouds at this high altitude.
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3. CONCLUSIONS

In conclusion I would like to present a graphical summary of this one-year
effort at Chico (Figure 9). The center curve is the average of the 16 Chico soundings.
The dashed portion is a result of only one sounding. The curve reveals a strato-
spheric humidity minimum just above the tropopause, 15 to 20 km, a maximum near
25 km, and a gradual decrease upward. This rate of decrease provides reasonable
agreement with the data on noctilucent clouds. The midaltitude maximum requires
a physical explanation, a water source to make it plaﬁsible. Two mechanisms
have been suggested.

The curve on the left is representative of the frost points that one could expect
if the mixing ratio remained constant at 2 ppm, the value suggested and still con-
sidered valid by British investigators. This curve would provide a frost point of
-125°C at the altitudes of noctilucent clouds, which is in reasonable agreement
with the experimental data of -120°C no cloud, -143°C cloud present, presented
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above. The curve on the right, prepared in 1962 (Gutnick, 1962) shows the mean

conditions observed to that time after screening out data thought to be erroneous
through subjective examination. This water content profile could not be reasonably
extrapolated upward since it would require noctilucent clouds over most of the ¥
earth and result in a partial pressure of water vapor which exceeds the total pres-
sure of the atmosphere.

Finally, the processes that introduced water vapor into the stratosphere are ' 4
sporadic so that there is random variability of nearly ten-fold in the lower strato-
sphere. Systematic variability, such as associated with seasons, also appears to
be present but much more evidence is required to prove it. None of the Chico data
support speculation that the stratosphere is sometimes nearly saturated.

Acknowledgments 1

This experimental program would not have been possible without the efforts
of M/Sgt John E. Bowers, Instrument Technician. Special thanks are also due to
Messrs. S. Rohrbough and J. Ballinger, of Honeywell, Inc., for design of the
sensor and aid during initial flights. The balloon systems were designed by
AFCRL's Balloon Research Branch., Messrs, T. Kelly and L.. Grass are to be
commended for operation of these systems exactly as predicted. Mr. T. Danaher
and Capt. D. Cunningham deserve credit for the field support of this program.
Capt. Clarence Duff and his Weather Detachment were very helpful in providing
weather support. This research was supported by the Air Force In-House Labora-
tory Independent Research Fund.




References

Anonymous (1963) Lowest measured temperature in the earth's atmosphere recorded
in U.S.-Sweden experiments, BAMS 44:806.
Ballinger, J.G., Kirvida, L., Fricke, M.P., and Crowley, J.E. (1964) Automatic

Frost Point H¥grometer for Stratospheric Water-Vapor Measurements, Final
Report, Vol. 1, Contract No. AF19(604)-8418, Honeywell, Inc., Minneapolis,

Minnesota.

Ballinger, J.G., Koehler, L.E., Fricke, M.P,, and Murphy, R.D. (1965a)
Toward Improved Measurements of Stratospheric Humidity With Balloon Tourne
Frost Point Hygrometers, Proceedings 1964 AFCRL Scientific Balloon Symposium,
Air Force Surveys in Geophysics, No. 167, AFCRL.

Ballinger, J.G., Koehler, L.E., Murphy, R.D. (1965b) Contamination Effects i
Stratospheric Humidity Measurements, Final Report, Contract No. AF19(628)-
3857, Honeywell, Inc., St. Paul, Minnesota.

Barrett, E,W., Herndon, E. A., and Carter, H.J. (1950) Some measurements of
the distribution of water vapor in the stratosphere, Tellus 2(No.4):302-311,

| Brewer, A, W, (1949) Evidence for a world circulation provided by the measurement
of helium and water vapor distribution in the stratosphere, Quart. J. Roy. Met.
Soc. 75:351-343.

Brewer, A.W. (1955) Ozone concentration measurements from an aircraft in N.
Norway, Meteorological Research Committee, London, MRP 946.

Brown, J.A., Jr., and Pybus, E.J. (1964) Stratospheric water vapor soundings at
McMurdo Sound in Antarctica - Dec 1960, Feb 61, J. Aerospace Sci. £:597-602.

Cole, A.E., and Kantor, A.J. (1963) Air Force Interim Supplemental Atmospheres
to 90 Kilometers, AFCRL-63-936, 29 p.

COESA (1966) U.S. Standard Atmopshere Supplements, 1966, in publication, GPO,
Washington, D.C.

Crutcher, H.L. (1963) Climatology of the Upper Air as Related to the Design and

O%rauon of Supersonic Aircraft, presented at Sixth Annual Symposium of Society
of Experimental Test Pilots, Available U.S. GPO, Washington, D.C.

Sl it e e e il




—

&1

201

References

Dobrovol-skiy, S.P. (1964) The nature of noctilucent clouds, Priroda 3-87-89

Dobson, G.M.B., Brewer, A.W,, and Cwilong, B.M. (1945) Meteorologx of the
Lower Stratosphere, Bakerman Lecture,

Ehrlich, A. (1966) Personal conversation with N. Sissenwine.

Grantham, D.D., Kantor, A.J. (1966) Horizontal and vertical distributions of radar
echoes, presented at the American Meteorol. Soc. Meeting, 17-20 October 1966, f
Oklahoma City, Okla.

Grantham, D.D., Sissenwine, N., and Salmela, H.A. (1965) AFCRL Stratospheric
Humidity Program, AFCRL-65-486 pp. 261-272,

Gutnick, M. (1960) An E£stimate of Precipitable Water Along High Altitude Ray
Paths, Air Force Surveys in Geophysics, No. 120, AFCRL.

Gutnick, M. (1961) How dry the sky?, J. Gephys. Res. 66(No. 9):2867-2871.

Gutnick, M. (1962) Mean Annual Mid-Latitude Mojsture Profiles to 31 Km, Air |
Force Surveys in Geophysics No. 147, AFCRL. L

Helliwell, N.C. (1960) Airborne Measurements of the Latitudinal Variations of l
Frost Point, Temperature and Wind, Sci. Paper I, Air Military Meteorological
Office, Londo..

Helliwell, N.C. and Mackenzie, J.K. (1957) Qbservations of Humidity, Temperature

and Wind at ldris, 23rd May ~ 2nd June, 1956, MRP 1024, Meteorological
Research Committee, London.

Helliwell, N.C., Mackenzie, J.K., and Kerley, M.J. (1956) Further Observations
of Humidity up to 50,000 ft Made From an Aircraft of the Meteorological Research
Flight 1955, MRP 877, Great Britain Meteorological Research Committee,

Hesstvedt, E. (1965) On the special distribution of some hydrogen components in
the mesosphere and lower thermosphere, Tellus 17(No. 3):341-349,

Hesstvedt, E. (1964) On the water vapor content in the high atmosphere, Geofysiske
Pubikasjoner, Geophysica Norvegica, XXV, 18 p. l

Long, M.J. (1966) A preliminary climatology of thunderstorm penetrations of the l
tropopause in the United States, JAM 5:467-473.

Mastenbrook, H.J, (1963) The status of water vapor observations above 20 km and

implications as to the general circulation, Paper delivered at the Upper Atmos-
phere Meteorological Symposium, August 21, 1963, Berkeley, California.

! Mastenbrook, H.J. (1965a) Frost-Point Hygrometer Measurements in the Strato-
| sphere and the Problem of Moisture Contamination, Humidity and Moisture,
! Vol. 2, Reinhold Publishing Corp., pp. 480-485.

Mastenbrook, H.J. (1965b) The Vertical Distribution of Water Vapor over Kwajalein
! Atoll, Marshall Islands, NRL Report 6364, 11 p. ‘

Michaels, D.W. (1965) Noctilucent Cloud Research, Foreign Science Bulletin 6, {
3 Library of Congress, pp. 51-55.

4 Murcray, D.G., Murcray, F.H., and Williams, W.J, (1966) Further data con-
| cerning the distribution of water vapor in the stratosphere, Quart. J. Roy.

E Met. Soc. 2_2:159-161. {

' ' Pybus, E.J. (1966) Private communication with attached graphs of frost-point va
{ altitude for Grand Turk Island, Bahamas; McMurdo Sound, Antarctica; Palestine,

,; | Texas.

) SRR S




T o, 2

References

Rangarajan, S. (1963) Secondary source water vapor in the upper atmosphere, Nature
Ni872:1099-1101,

Ratner, B. (1957, 1958) Upper-Air Climatology of the United States, PParts 1 and 2,
U.S. Weather Bureau Tech. Paper No, 32,

Roney, P.l.. (1965) On the influence of water vapor on the distribution of strato-
spheric ozone, J. Atmos. Terres, Phys. 27(No.11,12):1177-1188.
Soberman, R.K. (1963) Noctilucent clouds, Sci. American, June, pp. 51-59.

Suvorov, N.P. (1964) The origin of noctilucent clouds, Priroda 12:114,

Williamson, E.J., Houghton, J.T. (1965) Radiometric measurements of emission
from stratospheric water vapour, Quart. J. Roy. Met. Soc. 91(No. 1):330-338.

it S o d Nt S N B SN A b R e e o prgp— |
-



—

XVIll. Beginning Studies of Balloons at
Off-Design Conditions

Justin H. Smalley
Boulder, Colorado

Notional Center for Atmospheric Research

1. INTRODUCTION

This paper concerns some initial studies of balloons at off-design condition.
The phrase "initial studies" is used advisedly. A balloon is complex and oddly
shaped. The analysis is a very difficult problem and will occupy investigators for
some time. By "off-design conditions' is meant carrying a payload other than the
design payload or floating at an altitude other than the design altitude, A theoretical
examination has been made of the shape taken and the stresses developed by (1) bal-
loons carrying payloads both greater and less than the design value, and (2) balloons
carrying the design payload at altitudes below the design altitude. This later condi-
tion is comparable to a balloon rising to its float altitude.

In this paper consideration has been confined to rotationally symmetric balloons
made of nonextensible material. The studies have been performed by numerical
methods with a computer. In some respects it is a form of numerical experimenta-
tion.
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2. BALLOON STYLES

Several styles of balloons have been considered and are illustrated in Figure 1,
The solid line shows the shape that the balloon achieves at float altitude. When the
gores are cut to this shape with no excess material anywhere, then this style is
known as a fully tailored balloon. The fully tailored balloon is one extreme of
design. The other extreme of design, or style, is where there is excess material
everywhere except at the maximum radius. Such a balloon could also take on the
shape indicated by the solid line. If the end fittings at the top and the bottom were
released and the material expanded outward as far as it could go, however, a plain
tube of material would result. The outer dashed lines indicate the cylindrical shape.
This is known as the cylinder balloon. Historically it was contemplation of the
shape resulting from the use of a tube of material that led to the concept of the
natural-shape balloon. It is apparent that if there is excess material everywhere,
there can be no circumferential stress. Between the two extremes just described

| ) CYLINDER | \
END \—CYLINDER
- — |
| I

s

!
L Figure 1, Styles of Balloons
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lie several other possible styles. Illustrated in Figure 1 is a balloon with cylinder
ends. Between the ends, the balloon is fully tailored. For cylinder-end balloons
the gore pattern is cut with rectangular end sections and then the excess material
is gathered in the end fittings, We will not consider the effects of the end fittings
or the effects of seams or tapes. We will however consider the effects of the
¢ylinder-end sections.

3. DEFINITIONS

The pressure inside a balloon increases from bottom to top. If we fix the
position of the zero-pressure level and fix the circumferential stress variation,
then the only independent variable remaining is the weight of the gas barrier,

The nondimensional form of the gas barrier weight is given by Z (Figure 2), With
the zero-pressure level and the circumferential

stress fixed, Z uniquely defines the shape of the

balloon. The shape Z is determined at the design
condition; that is, where the balloon is carrying

T = NON-DIMENSIONAL FILM WEIGHT
its design payload at its design altitude. Length

w = FILM WEIGHT

units other than A are sometimes used. It is often
(WEIGHT/ UNIT AREA)

more graphic or more meaningful to do so. The
b = UNIT BUOYANCY OR UNIT LIFT

use of A, however, simplifies initial calculations.
(LIFT FORCE / UNIT VOLUME)

A subscript "d" is used to represent design condi-

tions. A YFb
{LENGTH)

P e PAYLOAD WEIGHT

ke YW

4. OFF-DESIGN LOADS

With that as an introduction, let us start experi- Figure 2. Definitions
menting with a particular balloon. We have chosen
a balloon with cylinder end sections, a Z value of
0.2 and with all the payload at the bottom. Now, let us assume that somehow we
can stand beside the balloon as it floats quietly in the air. Let us also imagine that
we have a supply of lifting gas and payload weight., Figure 3 shows what happens as
additional payload is added. If a small amount of payload is added, the balloon will
start to descend and as it moves downward the zero-pressure level will rise. If
nothing more is done the balloon may eventually reach the ground. If, however,
payload is added slowly and at the same time gas to offset the payload is added such
that the zero-pressure level remains at the bcttom of the balloon, our experiments
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Figure 3. Shapes Taken by Balloon as Payload is Increased

on the computer show that the balloon will seek a new float altitude which .3 lower
than the design value. At the same time it will take on new shapes as indicated by
the curves. Shapes are shown for twice the design payload and three times the design
payload. While these shapes in themselves are not of great s!gnificance, it should

be noted that any point on the shape curve mcves inward as the balloon is loaded.

This means that for payloads greater than the design payload circumferential
stresses do not appear. This is an assumption that has been made for some time,
and the numerical calculations confirm it.

Now let us slowly remove the excess payload and valve-off the excess gas
until design condition is again achieved, In fact, let us continue to slowly remove
payload and slowly valve gas, keeping the zero-pressure level still at the bottom
of the balloon. Figure 4 shows the shape the balloon takes under these conditions.
Remember, for both Figures 3 and 4, the balloon is floating at equilibrium — there
is just enough gas to lift itself and the payload. The maximum radius portion of
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Figure 4. Shapes Taken by Balloon as Payload is Decreased.

the balloon is fully tailored. This section cannot expand, so it maintains its original
shape, The top and bottom have cylinder ends and here we see their effect. At

the bottom the effect is particularly noticeable. One of the curves is the shape for

a payload one hundredth of the design value, The excess material in the lower end
section permits the shape to expand. There is also a small amount of expansion of

the curve in the top end section and flattening at the top. Our experiments on the

J computer show that the balloon rises as the payload is decreased. In this particular
o design circumferential stresses develop only in the fully tailored portion. There

| 9 may be some designs where circumferential stresses would also appear in the

cylinder end sections.

The stresses developed are shown in Figure 5. This figure shows the variation
of stress from the bottom of the balloon to the top of the balloon (along a meridian).
The stress is given in percent of the stress experienced when carrying the design
payload. Under this condition there is 100 percent stress, as indicated by the
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Figure 5. Change in Stress With Chan_e in Payload

P-= Pd line. When the payload is doubled the stress rises to between 160 and

170 percent of the design value. When the payload is triplec the meridional stress
is now over 200 percent of the design value. There certainly is danger of over-
loading a balloon. In the same figure two curves show the effect of reducing the
payload below the design value. If the payload is one-half the design value, the
meridional stress at the bottom is about 60 percent of the design value and at the
top is about 75 percent of the design value. With only one hundredth the payload,
the stresses are in the 20 to 50 percent range. The important point here is that
in the fully tailored portion of the balloon there is a discontinuity in meridional
stress and circumferential stress is present. At design condition there is no
circumferential stress, but as the payload is reduced circumferential stresses
develop as shown by the curves at the bottom of Figure 5. There is an important
observation to be made here, In the usual balloon design the seam strength and
transverse strength of the material are normally not less than the design meridional
stress. Since the maximum circumferential stress is only about 20 percent of the
design meridional stress, it is concluded that this particular balloon design does

not have a minimum permissible pavload.
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Figure 6 shows the variation in volume with variation in payload. With just
sufficient gas to float the balloon and the payload at equilibrium and to maintain
the zero-pressure level at the bottom of the balioon, the maximum volume is
approximately 102 percent of the design volume. The volume with three times the
design payload is about 95 percent of the design volume.
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Figure 6. Change in Volume With Change in Payload

5. LOCATION OF CENTER OF GRAVITY AND CENTER OF BUOYANCY

During the calculation of balloon shapes a question occurred: Where is the
center of gravity and the center of buoyancy? Figure 7 shows these for natural
shape balloons. The weight parameter T varies from zero to one. The dashed
lines show the center of buoyancy and the center of gravity for a cylinder style
balloon. Here we see that for all values of T, the center of gravity remains be-
low the center of buoyancy. Remember that only a perfect balloon is being con-
sidered. Also the payload is not considered. Something very interesting develops
when the fully tailored balloon is analyzed. For T equal to zero, the center of
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Figure 7. Position of the CB and the CG in a Natural-Shape Balloon

gravity is just below the center of buoyancy. For a Z of 0.2 and greater, the
center of gravity is actually slightly above the center of buoyancy. As I increases
to one and beyond, the balloon becomes more and more symmetrical — top and

bottom — and the CG and CB approach each other at a location of one-half the
height of the balloon.

6. OFF-DESIGN ALTITUDES

Returning now to the balloon at off-design conditions, consider a balloon as it is
launched and slowly rises to its float altitude. This time we shall consider a fully
tailored balloon without any excess material and a £ value of 0.2. Figure 8 shows
the variation of shape as the balloon floats at Aifferent altitudes between the surface
and its design altitude. In this case the payload is constant at the design value.
This study has not considered the effects of the rate of rise. They would be small.
Neither has the study considered the effect of free lift, but it could be easily in-
cluded. For all of these shapes the payload is located at the bottom apex. By
using multiples of the design buoyancy the results are generalized but numerical
values can be attached to them. If the balloon took on the fully inflated shape at
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Figure 8. Shape of a Balloon Below its Design Altitude (Z = 0. 2)

140,000 ft, then for a sea-level launch the unit buoyancy would be one~thousand
times the buoyancy at 140,000 ft and the shape would be as indicated by the top
envelope. If instead the design altitude was about 107,000 ft, then at launch the
unit lift would be one-hundred times the value at float and the shape would be as
indicated by the second envelope. At 107, 000 feet the shape would still be as show
by the largest envelope. Recall that we have been dealing with the rotationally
symmetric balloon only. However, it is certainly apparent that these curves

bear a resemblance to what is seen in a balloon rising to its float altitude.

The computer gives not only the shape of the balloon but the stresses as well,
Figure 9 shows the meridional stress in the balloon from the bottom to the top of
the balloon. Again the stress is given in terms of the design value experienced at
float altitude. This value is, of course, 100 percent and is not seen in the figure.
It is easier to think of these results as if the balloon were descending from its float
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Figure 9. Meridional Stress in a Balloon Below Altitude

altitude. If the balloon were designed for 100, 000 ft and descended, for example,
from that altitude down to about 95,000 ft (b = 1.2 bd) the meridional stresses would
have dropped to about the 70 percent level. At the bottom of the balloon the meri-
dional stress continues to decrease until we reach an altitude, in this case of about
60,000 ft (b = 6 bd). Here the apex angle at the bottom of the balloon is essentially
zero and the stress no longer changes. The meridional stress at the top of the
balloon decreases until an altitude is reached of ab»out 80,000 ft (b = 2.5 bd). At
lower altitudes the meridional stress u:t the top of the balloon rises slightly. Even
when the unit buoyancy is much greater than the design value the meridional stress
at the top of the balloon reaches a maximum value of about 72 percent of the design
value. At this point, a conclusion can be made but it must be done with "tongue in
cheek'. The conclusion is that, based on stress considerations, the float condition
is the worst condition for the balloon. Such things as temperature, material deploy-
ment, and winds have not been considered.

From the standpoint of maximum stresses these calculations may not be par-
ticularly realistic. However, some information derived from the same calculations
is realistic and will be of particular use to designers of tandem balloon systems.
The height of the zero-pressure level above the bottom of the balloon is shown in
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Figure 10. With a lift ratio of one, the zero-pressure level is at the bottom. As
the lift ratio increases the zero-pressure level rises rapidly. An increasing lift
ratio corresponds to a descending balloon. The zero-pressure level in a cylinder
balloon is higher than in a comparable fully tailored balloon, but then of course for
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Figure 10. Subpressure Head in a Balloon Below its Design Altitude

a given X, the balloon is bigger. If we change from A units to gore-length units,
in effect we take out the size of the balloon. This change in units is shown in
Figure 11. Only two curves are shown. When Z =0, the style of balloon is im-
material and the subpressure level varies as shown by the solid line. The dashed
line is for a very heavy cylinder balloon with T =0,92. All zero-pressure balloon
designs with T approximately 0.9 or less lie between these two curves. For many

practical purposes a single curve may be used for any balloon.




—

e bttt o

214

SUBPRESSURE MHEAD 05
{GORE LENGTH UNITS )

e ALL CONFIGURATIONS

w=mee CYLINDER

o] 1 1
| 10 100 1000
UNIT LIFT

UNIT LIFT @ DESIGN ALTITUDE

Figure 11. Subpressure Head in a Balloon Below its Design Altitude

7. SUMMARY

It has been shown how the stresses and volume vary for a particular balloon as
the payload is changed from essentially no payload to a payload three times the

design value. For overloaded balloons there is no circumferential stress. Circum-

ferential stress develops in the fully tailored portion of subloaded balloons. How-
ever, it is only on the order of one-quarter the design stresses of present-day
materials and seaming methods. This should not prove to be of serious magnitude.
We have found a variation of the zero-pressure level in a balloon as it rises to its

float altitude, at least i .-e rotationally symmetric, static case. In the static
case, stresses in the rising balloon do not exceed the stresses in the balloon at
float,
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XIX. Fifty Millibar Balloon Trajectories

Iver A. Lund

Air Force Combridge Research Laboratories
Bedford, Massachusetts

Abstract

Twice daily 50-mb grid-point height data were used to objectively estimate
trajectories of superpressure balloons. The computed trajectories were regarded
to be sufficiently representative of actual trajectories and streamlines to conclude
that a useful climatology of 50-mb balloon trajectories could be derived from grid-
point height data of the type generated by the Third Weather Wing.

1. INTRODUCTION

Large superpressure balloons (payloads of 50 to 100 1b) are being constructed
8o they will drift for at least one month without deviating more than a few hundred
feet from a constant density surface. Such surfaces lie quite close to constant
pressure surfaces for which wind fields can more easily be specified from standard
upper air data. These balloons often carry costly data~gathering instruments,
Scientists need to know the paths the balloons are likely to follow in order to select
launch sites and recovery areas. A typical altitude of interest is the 50-mb surface,




Feoiimabe. oy

216

about 67,500 ft. An insufficient number of superpressure balloons have been flown
at 50 mb to obtain a trajectory climatology from actual flights. This paper presents
evidence that balloon trajectories computed from 50-mb height data can be used to
develop the needed climatology.

Many different methods for estimating trajectories ana trajectory dispersion
are described by Angell (1961) and authors referenced in his article, More recent
papers on the subject include articles by Lally (1965), Nolan (1965), Charney (1965),
and Angell and Hass (1966).,

2. DATA

Twice daily (00Z and 12Z) 50-mb height data at 1977 grid points for the three-
year period 3 January 1962 (00Z) through 2 January 1965 (12Z) were used for this
study. The data were made serially complete by assuming eny missing map was
the same as the map twelve hours earlier. If two successive maps were missing
the first was assumed to be identical to the preceding map and the second was
assumed to be identical to the succeeding map. Only twice during the three-year
period were more than two successive maps missing. On these two occasions maps
were missing for 2-1/2 days and 5-1/2 days, respectively. The last available map
was substituted during the first half of the period and the remaining half of the
period of missing data was filled in with the first available succeeding map, The
dates and hours when maps were missing and for which maps were substituted in
their place are shown in Table 1. (None of the trajectories presented in this paper
involved more than one missing map.)

3. 50-mb HEIGHT ANALYSIS

The 50-mb height values were obtained from the Global Weather Central, Hq
3rd Weather Wing, Offutt'AFB, Nebraska. This section is derived from their
descriptions of the computer programs used to generate the height values.

The upper air analysis program used at the Global Weather Central (GWC) is
based on the procedures developed by Gilchrist and Cressman (1954), Bergth6rssen
and Dsds (1955), and D88s and Eaton (1957), This program produces a grid-point
analysis by successive modifications of a first-guess field. The GWC program dif-
fers from those referenced above in the method of obtaining the first-guess fields
and in some details of the correction procedure.,

The analysis program uses raobs, pibals, and aircraft reports to derive the
50-mb heights, The first-guess field is developed systematically from the lowest
level to the desired level, in this case the 50-mb level. In general, a temperature
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analysis is performed first for a given level, then this temperature analysis is
used with the height and temperature analysis at the level immediately below to
produce an extrapolated height field at the level being worked on. This is then
blended with the first-guess offered by extrapolation from the surface, a prognostic
chart, or regression equations from a lower level, to produce the first-guess for
the height analysis. The temperature first-guess for the next higher level is then
modified by a fraction of the difference between analysis and first-guess tempera-
ture at the level last analyzed. The cycle is then repeated.

Since the GWC 50-mb analysis involves the use of extrapolation equations from
surface analysis, prognostic charts from the JNWP mesh model, prognostic charts
from the GWC 6-level program, regression equations developed by the United
States Navy, error checks, analysis equations, smoothing procedures, and methods
to boost the vorticity after smoothing, it would require a book to explain, in detail,
the derivation of the grid-point height values. The purpose of this section of the
paper is to stress the fact that the 50-mb heights used in this study were not simply
plotted values of the observations as they are reported, but rather they are obtained
by methods developed in extensive theoretical and empirical studies,

4. WIND COMPUTATIONS

The wind fields were generated from 50-mb height values with a computer pro-
gram obtained from the Global Weather Central. This program computed the geo-
strophic wind components with respect to the GWC grid and then corrected the wind
speeds for curvature of the contours. The correction factor was determined using
a slightly modified form of the method of Endlich (1961).

5. TRAJECTORY COMPUTATIONS

The wind components with respect to the grid were converted from units of knots

to grid interval units per three hours and then the balloon trajectories were com-
puted in three-hour time steps assuming a linear change in the wind field during
the twelve-hcur period between observations.,

! Each balloon trajectory was started at the midpoint between three hourly maps.
The trajectori+s were computed from winds interpolated in space, after Thomasell
and Welsh (1962) and others, to the balloon position,
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The U component at the balloon position (a) is

) + Y(U,

) joit+l -U

U = U + X(U,
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where the grid points and the balloon position are as shown below,
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The interpolation of the V component is of similar form.

6. TRAJECTORY EXAMPLES

6.1 Flight |

The first trajectory was computed to simulate a launch from near Bermuda on
1 June 1962. The simulated launch point matched the location of a superpressure
balloon which had been released from Bermuda on 31 May 1962% The actual balloon
drifted at approximately 68,500 ft for a period of 19 days. The simulated flight
was extended for 15 days. A comparison between the observed and computed
trajectories is shown in Figure 1, The agreement is not good since the computed
trajectory is north of the actual trajectory and the balloon travelled faster than the
computed speeds. A streamline map of the winds reported between 2 and 3 June
showed winds from the southeast in the vicinity of the balloon, but these observa-
tions must have been in error since the balloon floated with northeast winds. The
computer program appeared to have operated properly.

The computer program was restarted at the reported position of the balloon on
3 June 1962 and a new trajectory was computed. This trajectory is also shown in
Figure 1. This time the agreement between the observed and computed trajectories
was good for the first four days, but between 8 and 9 June the computed trajectory
headed much too far south. The streamline map showed divergence over Mexico and
the possibility of the balloon proceeding westward or taking a turn to the south.

*This balloon was launched by the Aerospace Instrumentation Laboratory of AFCRL,
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The computer program was restarted from the reported balloon positions on
6, 9, and 11 June. The trajectory after 6 June closely resembled the trajectory
following restarting on 3 June. The 9 and 11 June trajectories are shown in
Figure 1. There was no agreement between the actual track of the balloon and the
computed trajectory after 9 June. After 11 June the agreement might be described

as fair.

6.2 Flight 2

The procedure followed for Flight 1 was used for Flight 2, which was also
flown from Bermuda, This flight was launched on 10 June 1962* and the balloon
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