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Preface

The title problem emerged from early discussions with Dr, Alvin H. Howell

of Tufts University. The desire to pursue a solution was stimulated periodically

by his expressed, continuing concern. Justification for continued pursuit of a

solution is found in the problem's relevancy to current operational needs: new

requirements for a system of this type have surfaced as late as September of this

year.

The flights conducted under this work unit were successful in great part due

to the personnel of the Balloon Instrumentation Branch and Detachment 1 at

Ilolloman AF1B, especially -Mr. Arthur A. Giannetti who managed the instrumen-

tation phase of the program from design through launch preparation, inflight con-

trol, and post-flight performance assessment.

I am truly grateful to Mr. Ralph J. Cowie and Mr. George F. Nolan of AFGIL

for their review of my draft text, a burdensome task at best.

Finally the poet Kahlil Gibran, in speaking of work, said:

"For if you bake bread with indiffr-,nce, you bake

a bitter bread that feeds but half man's hunger."

To the extent that I was able to transcend such inlifference in the task of redrafting

the text to provide a clear and accurate account ol the effort, the credit must go to

Mrs. Catherine I.. l ire for the scientific professionalism, the candor and the

encouragement she brought to the edito rial process.
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The Problem: Instantaneously Effecting Controlled
Balloon-System Descent From High Altitude

1. [NTRODUCTION

The rapability 1 of the present-day, helium-filled, plastic balloon far, exceeds

that demonstratedc by the first balloon launched publicly by the Montgolfier brothers

at Annoinay, France, in 1783. Full realization of today's potential capability,

however, depends on Further technological advances that will be equally as comn-

plex and important as those that established the present state -of -the -a rt. Two

aireas w h~rein significant advanemenints are required are ascent control and de-
'eent c-ontrol. one special example of the latter is the subject of this paper: the

ri, vel' pm ent of a neth d for, achieving a quirk response, controlled descent fromn

h1igh altitudes.

2. H WKGROI ND)

Sc wnt ifc hallrooning utili-zingz large plastic balloons (see Figure 1) had its

begi~fnning s in the 1940s. In those daiys, changes in ascent and descent rates w-,ere

f~fectf hr Y either t inier or pressuro-activated ballast drcops; th,'so, methods were

(l c ,clfor p)Ubli i tin 11 Septembe (r 1980)

rov J. Y. (1974) F:ree balloonl capabilit ies: ac k'itiral pcrspertive, in1
Proeedngs(Supplemn), LEight AlVIll. scienti fic liallomn S oim

30 Septenbecr to 3 Mcoe 94, AVIl-l-409,AT) A008 48!1
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Figure 1. Conventional Modern Plastic Balloon Components
Consist of: 1) inflation or fill tube, 2) apex fitting,
3) strobe light, 4) electric valve, 5) destruct button at
apex of rip panel "V" tapes (two of these are usual and they
are activated by a line which passes from the payload-para-
chute up through the balloon and is secured to them),
6) gore panel (usually about 100 inches wide), 7) load
tapes, 8) pressure relief duct, and 9) base end fitting with
load ring for payload suspension

adequate then because mission objectives did not require complex flight profiles,

dependent on sophisticated vertical control techniques. With respect to terminal

descent, neither the altitudes attainable nor the payload capacities presented a

formidable problem for the conventional recover}y parachute.

Vertical control dating to the very -early aerostats was outinelv ((ntinued in

the manned scientific balloon flights 2 of the 1950s. Contrl .kas acccraplished by

the use of ballast and a valve located in the apex of the balle(n. Ilawever, wher(

the early aeronauts relied on a rope to open and close the valve, modern valv,s

are operated electrically.

2. Schw ,bel, R. L.. (1956) Strato-lab Development, General lills, Inc. , Reoarit
N,a. 16{48, Final Report, Contract No. N()NH 158900(0).
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For the most part, on early unmanned flights into the stratosphere, the pay-

loads were equipped with a recovery parachute flown in a packed configuration.

Transfer of the payload fi om the balloon to the recovery parachute was effected by

a small drogue parachute which extracted the packed parachute when line cutters

severed the line between the balloon and the payload. The use of the packed para-

chute was discontinued in the mid 1950's, partially as a result of the introduction

of multiple-package payloads and partially to ensure parachute opening and payload

recovery in the event of balloon burst. Packed parachute recovery systems were

replaced with parachutes flown fully extended and loaded, in-line between the

balloon and the payload. Parachutes flown in this configuration respond to the

sudden and rapid system descent, at balloon burst, by partially blossoming. This

blossoming action provides the means of activating a circuit to open the load link
between the balloon base and parachute apex.

Interactive control, always desirable, became practical with the development

of reliable airborne telemetry and command systems, but problems still remained.

With the passage of time required for these developments, both altitude and pay-

load requirements had grown. Increased altitudes, of course, reduce the efficiency

of the apex valve, whereas increased payload and altitude combine to place added

demands on the recovery parachute system.

The adverse impact on apex valv. effectiveness follows from the dependence

of flow rate on valving pressure differential and from the variation in the valve

discharge coefficient with reduced pressure differential. The flow rate has been

shown to be proportional to the 2/3 power of the specific lift of the inflatant,

which diminishes almost exponentially with altitude; the valve discharge coefficient

is shown graphically in Figure 2.

Increased requirements produced two recovery parachute problems: (,pening

shrk and parachute stability. With the reduced density at very high altitudes, a

greater descent velocity is required to achieve the dynamic pressure to inflate

the parachute, and this higher descent velocity generates a ireater opening shock.

The instability of the free-falling system at very high altitudes prior to full para-

chute deployment nay result in tumbling and free fall with resultant payload loss.

In this regard, upward looking cameras - on balloon flight number C 72-21 fr,,m

C(hice, California, on 2H (Otober 1972 Cl earclV revealed that th,, falling payl.:id

In the literature, the mechanism that, performs this function is generally found
unr t"e thc title hu.'s switch. "

i. llwyer, J .. (1973) Balloon Apex Pressure Differential, AIA' I I.-[1I-73-0;32,
AID 774 ,9.

I'hes cameras also reveailed that the standa rd i' c'rnw sleevc, d-signed to coiirl
the, deplony ert of balloon film, hung up. This fo)stre',d the developimocl1t of a dis-
u',ntinumous re,-fing slev,, now used on a mairity of lagr' Air l.orce balloons.
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system was inverted du ring part of the recoverly parachuite deployment sequence.

This happened when a, 370-lb payload was released on a Flat circular parachute,

40 ft in d iamnete r, frr(an a bailloon, 47. 8 million cu ft in volume float ing at ai recorrd

altitude of about 170, 000 ft (see also Appendix A).

31. 0111(;IN 0IFTHE PROBLEM

An cc irlv sx-sterr re-qalrerlent (mrphnsi/erl the necd for develpTilIL sodutions to)

riesnt ontri r~ho~rs pecri fiallv, aSensitive tolosc' p( system floatina ;1

thi %' vii10% .'r 1010, 100 0 t tSunrise ha~il he1) 'ee1 jroKV u rot to ahoirrl

-'0, 000 . I hi - d h;te w: S sonl if rl 'A' l'.o l.;' is s: (1) ''t i '!' r Lil Lrid-
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advantage of more favorable wind fields, and (2) the reduced parachute opening

shock achievable at the lower altitude would minimize the time and effort needed

to refurbish and refly the systern.

Methods of effecting controlled descent were resolved into two exclusive cate-

gories: those in which the initiating sub-system could be returned to its original

state, and those in which it could not. For example, an electric motor-driven

apex valve, as is the conventional model EV-13, is typically in the former cate-

gory. on the other hand, a squib activated frangible plate of comparable size

installed in the apex fitting would produce the same initial effect when activated

under identical conditions, but it could not be returned to its initial state. The

reaction in the latter, case would likewise not be reversible (a requirement for

other than simple up-down flight profiles).

4. THE SIMPLE APPROACH

For three reasons the following described approach was selected for the first

attempt at effective, quick response, controlled descent. First, it potentially

solved the immediate problems of quickly reducing the parachute deploy-ment alti-

tude and of rapidly attaining a lower floating altitude compatible with safe impact

and recovery. Second, the method could accommodate the simple up-down flight

profiles which are the most common profiles due to flight time limits imposed by

acceptable horizontal displacement. Finally, the selected approach was economi-

cally sound (based on proven balloon design and manufacturing practices) and it

would not jeopardize the primary mission of the balloon flights by which it was to

be evaluated.

Given a suitably lcated and reasonably sized hole, the ventina (f a determin-

able volume of inflatant was never considered to be a problem. ()n the contrary, I

even small holes located relatively l()w in the balloon wore considered significantly

detrimental to relatively short duration flights. Establishment of criteria for the

loc-tion and size (of a suitably configured exhaust duct was thus considered to he the

principal component of the selected simple approach,

The lwer portion of a conventional frrec balloon floating at its natural ceiling

altitude has, for practical purposes, a conical shape. It was reasoned that a cylin-

drical duct located in the wall ,f this onical section would, when opened to the

atmosphere, quickly exhrust ;I volu1mec of inlat t n(t "greator than that of the Oni-

ral volume below it. The fItw,' rate was ,xpocted to he comparable to that of a

valve (,f equivalont size and ,c i ', and the lime reqlire d tI oxhausl lht, e olr

[he flight of one balloon de.signe, d to ulilie tlhe selected approach, discussed in
the conclusions, provides so0e intcresting information to, the contrary.

II



0 ,6 expecte to 1e :,".,t ,:, r u ,r pr('I td aII .'r)' i.. Y all,1oa 'yst rf'., r!

,N aas recogni !id, %kwev r that any l ... would cause .dlitrrli-ri f the prir-ssu.

hitiii tin conical vo'lunitr nli(! would thur, linirt flow rate, a furlher" safeguard

against valving too much inflatant,

rs. u.-ing th, g,,,met,'cil cont'igu-atir,n ,," .gure 3 and non-vise s, cnc o;.-

orst't' .l' I s (., V (the o.-Olume (of inrlataat t .e the plan( of the zer, pi'-ssue

1c',el) zid u (the duct discharge velocity in feet per s(,cond) can b( A, ritten as

V r ta1 0((2X - X N 2 + N3 /3) (1)
0 0

U (2)

so that the corresponding volumetric change and flow rate become:

dV -T tan e(X - X )2 dN (3)
0

dV - -CDA D  1 dt (4)

wvhere:

CD is the dimensionless duct discharge coefficient.

AD is the duct c'oss-sectional area in square feet.

These two relationships yield T (the time in seconds) as:

to 2
- ~~ fI f)( - N)jNJd()T tan

o 'DA 1i)V o

1f r tan2 0 X (Kt

\X'he fe r ( wli r i I, -. dr'r l i' I rI r It.- r tir- I ' ' .' ' ri

V 7 In ran 0 N (7)
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Figure 3. Schematic of Balloon Features Related to the Exhaust
Duet Function

T and SD (the lower extremity of the exhaust duct, measured in feet upward along

the gore from the base fitting) become:

T 0. 402 tan 1 '

C DA [) V (8)

and

SD [3V ,!(7r cosO sin o)] 1 (9)

Nm, given the problem of establishing a specified negative lift at a specified

altitude, Eq. (9) could be used to establish the location of the duct's lower extrem-

ity (outlet), and Eq. (8) to yield the minimum exhaust time in terms of the duct

,penmin size and discharge coefficient.

Th,- flexibility needed for in-flight evaluation of the proposed method was

achieve-d by construcling the exhaust duct like a conventional duct (see Figures 1

and 4). (nce a preor value or SI) was determined, the duct could be tied shut at

that level with a squibbed line and the lower portion trimmed off. At the proper

time, the, squib could I fired by command and the exhaust duct would open. Selec-

tion ,f 1his approach to achiovina the desired vertiral location made it possible to

buN ha loons wit Ihut tie havi;,g exact knowledge of tie required negative lift.

When ibis ipprch e was first attempted there was an aIltirnalr explanation of

h, ,1,i i,,at ship bet wren the exhaust duct's location ind the volume to be exhausted.

It sujrosl(d hart t he xhausting process would proceed until the pressure across the

13
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Figure 4. Pictorial Representation of the Flexibility Provided by Construe-
* tion of the Exhaust Duct as a Conventional Ascent Valving Duct

mouth of the duct was equal to ambient pressure, at which point the shape and

volume would conform to the family of classical subpressure shapes, 4 and that the

relationship of S to final volume would be characterized according to Figure 5.D*
In accordance with this explanation, SD for the first two trial applications was
chosen to be 40 ft to create a negative lift of about 5. 5 percent (189 lb). However,

according to the former theory, the resulting negative lift would have been about

10 percent of this value (about 18 lb). In neither of the flights was there any per-

ceptible descent when the duct was opened.

A second experimental verification of the exhausting process was to be made

using balloons, 12.44 million cu ft in volume, floating in the vicinity of 160, 000 ft.

Two flights, 1471-35 and 1171-36, were planned as simultaneous launches, but

1171-35 was aborted on the ground be fore launch. On flight 1171-3i, the radar data

located the balloon initially above 1 ;0, 000 ft, and in the vicinity of 138, 000 ft at

duct activation and flight termination. At 138, 000 ft, the blhon had a classical

subpressure shape and the volume was only 40 percent (if the v,',luln at 110, 000 ft.

The value if S D for the exhaust duct on this balloon I .vo as 189 ft. At terr'i ation

the zero presslr differ,'ntiai location was about 1S Rt I'urtheo t he) h(. ot. Thlis

4. Simallev, J.11. (19I;4) Detemlination ,F the Shape. or A fr,. "B h.ll,.._, A 'lZl.-
(;3-72, S(intiric liport No. 3, ('ontract No. Al l tifl)-27T, .AI 11 23).

'fhe ' first u se( of such , 's et(,< w a i -11 li .lt 1179 - -,1! u ,' 13 ( etIo te r 1 7n, 29id tjh ,
.s,(ond on light 1171-1(; ,n 4 April 1971. In ith s, h all hI li
of 5, 13t;, 000 'u ft and the fhiat ;iltituds %ae, e ahut I 05, r000 Ft.

14
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.1. (19l53) Progress Repori on IH gh Altitude Plastic Balloons,
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being the case, the pressure di','erential at the outlet of the exhaust duct caused

intake of air rather than exhausting of helium.
The inconclusive results of these early "piggy-back" experiments, attributed

to poor duct location on the first two flights and to the subpressure shape configura-

tion at test time on the third flight, prompted the formal study, Work Unit

76591 102.

3. THE SOPHISTICATED APPROACH

Among other things, the simple approach ignored balloon shape change, sys-

tem descent and its aerodynamic characteristics, and the thermodynamic effects

on buoyancy. Further, it seriously underestimated the potential consequences of

subpressurization.

The significance of the subpressure shape, made evident by the perfermance

of flight H71-36, was considered to be an aspect of the problem that should and

could be addressed in a new study. Earlier experience in deflating a balloon during

a hangar test seemed most pertinent. At that time, a large hole in the base of the

balloon was used t, significantly increase the rate of gas flow through the apex

valve (much like the second hole punched in a juice can allows air to flow in and

thereby avoids the tendency toward a vacuum). This approach was considered

both adequate and practical as a means of av,iding sub-pressurization and its

undesired effects.

An axially concentric inlet duct at the nadir (see Figure t), by enabling a;,

to flow in below the lifting gas, would prevent formation of a subpressure shape.

However, the attendant shape changes would require a new model to approximate

the new shapes. The so called parachute shape, an obvious choice, was too

complex and time consuming to be computationally practical. A compromise m,'del

was chosen and is described in Appendix B.

The compromise model is comprised of a "natural shape" and an inverted

cone, co-axial with it and tangentially appended to it. The inflation gas is assuned

to )crupy the volunme above the plane of tangency, and the ingested air is assmli

tor (c'upy the conical volume below the a forementioned plane. Silce the arc lenp Ih

botween apex and nadir in the plane containing the vertical axis is the constant

['h- parachutf shape is hat 6lap( r'sulting from inclusion *,f air (a inbient -
dit' ,na) below the has l,.vel of th,, inflatamt. tithe.rwise tie shape is gov,'rned by
the SmaIller ,dos. This shape %kas usd by the utlior t, amalyz, th f lure of"
a CISP program balloon.

S;. aa ', 3. iI. (1I!;) Del~ el(cr irratin a Ji h ape of a I-ree ,alloon r a aarv),
At.'(tll ,- i-,-92, Final lReport, ('ntrt No. AF190i28)-27t3, A) ;14 ,;10.

I . ...I I i lI '1= Il .. ... . . ... . ... .. . .. . .. . .. I . ..ll llil~ li .. ... .. . ... ..... ... ... . ... .. ..
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5

Figure Gi. Simplified Parachute Shape Model. The com-
ponents are: 1) exhaust duct, 2) inlet duct, 3) load
tapes, 4) ingested air, and 5) lifting gas

balloon gore length, the ratio of the instantaneous volume of inflation gas to the

fixed theoretical maximm volume uniquely deter-ilnes the cone angle at the nadir

and all other balloon shape dimensions. This model is p~ofer,4ble to one' similarly

defined using a spherical shape, if only because of the imvprov,-,d accuracy of dimnen-

sions when the balloon is nearly full-4he condition predominating in this problem.

Consideration of shape changes due to the venting of inflatant and the ingestion

of air, made it desirable and reasonable to account also for, shape and volume

changes due to re -com press ion of the confined gases during descent. This was

accomiplished using three differential equations to describe the, sy-,stemI changes

with respect to timne: velocity change, altitude change and volume change. Perti-

nent atimos pheci c properties were nio deed in a ceo edance %\ ith a single equation,

1. 2. 10 -(3), pa it iof the model for the U'. S. Standa rd Atm-osphere. 7Use of the

Value, 10- 5 o C , /km, (geopotential), frc the gradient (,f the moolecula r scale temper-

ature wxhe reve r that gradient %~as identical lY equal to ze r( made it possible to

reduce the no del to a single Punction.

7(1p962) n.S. tandre 192 published b v
'. S. Committee on Ktension to the Sn d amosphere; UdSA U, NASA,

USWJ3.
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The shape model and exhaust system were analyzed in computer simulated

flights. The ratio of cone volume (see Eq. (7)) to maximum balloon volume was

found to be the maximum possible fractional heaviness (as opposed to fractional

free lift). Faster shape changes with increased descent rates caused the achieved

fractional heaviness to decrease, a favorable relationship limiting the "it loss.

Tables 1 and 2 contain simulated model responses for assumed drag coefficients

of 0. 5 and 1. 0 respectively.

In order to evaluate the exhausting process and the system responses thereto

(including feedback effects) the balloon described in Table 3 was designed and two

units were fabricated for flight testing in the Summer of 1979. Plans for the two

test flights (H79-32, 27 June and H79-34, 15 July) were essentially identical. The

exhaust ducts on these balloons were located to enable a maximum fractional

heaviness of 0. 044 using the upper duct and 0. 027 using the lower duct.

Tables 4 and 5 show the reactions of flights H79-32 and 1179-34 in response to

activation of the exhaust systems. For the former flight, the upper exhaust duct

was opened and for the latter, the lower one.

The results of Flight H79-32 were dramatic, although disappointing. Never,

except in the case of balloon malfunction, have such descent rates been so rapidly

achievable during the morning when the inflatant is subject to solar heating. The

approximate average descent rates in feet per minute (at about 2-min intervals)

over the first twelve minutes were: 870, 580, 475, 390, 315 and 290. Clearly a

significant volume of gas was lost rapidly, and clearly either the flow was stanched

or the magnitude of the thermodynamic effects was unde restimat ed. The answer

was to be found in the analysis of the motion picture films )f the exhaust sequence.

Flight 1179-34 did not exhibit the type of response observed (,n its twin. Its

nondescript reactions were barely distinguishable frw', o i(,rmal sh,,rt-term altitude

variations.

The performances of flights 179-32 and 1179-34 wer, (a ri iid by the up-camer1

films, In neither flight did the base inlet duct pe rfirl as it ,a as do-sigtned tl d(o.

Although the post-flight inspection of the halInuoi rev,'aled tilt ill,, lill. (.utt rs pir-

formed properly, the ducts did not ()),n. "'Ihese failut,'s .,.re :ttribltid lto eottrap-

mont of the respective ducts by thre (li ,sely Sp ccd, hili " t' .s i, : d I t ape's.

In both flights the base of thei duct ir it culed thr,,ut tli il, 't, , i , s it Irllch Znod

apparently struyiv d si, thr(aiiihout the fiulit.t

(in flight 1179-32 thet balllrrn mat h;,\,' , lst lift: tllis ndis'., rr :1a' , ,T 'aIl

by the initial rfh scirit re51 t) .- hut ;li, trv the tp-, riir.i film1 .:1, .< 1i'yi isi*cu -

(in re 0rs ef) , the ;isieiits r lv iri ducts fduid,1 lh psi i it 011i NIL 'S ri,"

bith rilini' i tlhla th e Ii' ,l rf ' i1:r ri, SVii iiff'r ii l a .',! p,, a ni ,

poilt i t t tire e ,xiiarsi duct ,utlit st;rl ritr(illi thl fx,, *,f -nis . ,I " 'ir c+tis, i',ns

-f this ;r. dli:-i rissfd in te r',nclusiiris 'F this n-p':

i l',



Table 1. Balloon Performance With a Drag Coefficient of 0. 5. These are the re-
sults of computer-simulated system response of a modified parachute-shape bal-
loon, 2.37 million cu ft in volume with an exhaust duct 30 sq ft in area, with its
outlet approximately 70 ft up the gore from the balloon nadir. The minus Sign
indicates force or motion downward toward the earth

Time (main) Ifead (ft) Force (pct) Alt. (ft) Vel. (fpm)

0.00000E+00 4. 131251+01 0.00000E+00 I.00000E+05 0.00000E+00
5. 00000E-02 3.02971E+01 -1. 76097E-01 9.99999E+04 -4. 50718E+00
1.00000E-01 2.78081E+01 -3.40345E-01 9.99994E+04 -1. 73886E+01
1. 500OOE-01 2.63085E+01 -4.98816E-01 9.99981E+04 -3. 81974E+01
2.OOOOOE-01 2.49162E+01 -6. 53326E-01 9.99955E+04 -6.65195E+01
2.50000E-01 2. 35983E+01 -8. 04040E-01 9. 99913E+04 -1. 01836E+02
3.OOOOOE-01 2. 26668E+01 -9. 52174E-01 9.99852E+04 -1. 43506E+02
3. 500001-01 2.17296E+01 -1. 09868E+00 9.99768E+04 -1. 90780E+02
4.00000E-01 2.07841E+01 -1.24416E+00 9. 99660E+04 -2. 42780E+02
4.50000E-01 1.98301E+01 -1.38930L+00 9.99525E+04 -2. 98521E+02

5. 00000E-01 1. 88705E+01 -1. 53491E+00 9. 99361E+04 -3. 5(;970E+02
5.50000E-01 1. 79110E+01 -1.68180E+00 9.991(;8E+04 -4. 17093E+02
G. 00000E01 1. G9 6;01 E+01 -1. 83081E+00 9. 98944E+04 -4. 79919E+02
6. 50000E-01 1. 60297E2+01 -1. 98271E+00 9. 98690E+04 -5.38581E+02
7.0000E-01 1. 51339E+01 -2. 13821E+00 9.9840E+04 -5.98358E+02
7. 50000E-01 1.42893E+01 -2. 29792E+00 9. 980921E+04 -(6. 56690E+02
8. 0000E-01 1. 35139 1+01 -2. 46238E+00 9.97749E+04 -7. 13182E+02
8. 50000E-01 1.23043E+01 -2. 63194E+00 9. 973791+04 -7. 67594E+02
9. 00000E-01 1. 17494L+01 -2. 80(32(3E+00 9. 969821E+04 -8. 198001E+02
9. 5000E-01 1. 09094E+01 -2. 985;91.00 9. 9(;559E+04 -8. (9782E+02

1. 000001> 00 1. 008221.:401 -3. 170291+00 9.9 G;1131+04 -9. 17 (12L+02
1. 05000t 1-00 9.2(;(;21E+00 -3. :M(008E+00 9. 95642E+04 -9. 63419E+02
1. 10000E00 8.4 k03(31+00 -3. 55505E+00 9. 95149:12' 04 -1. 00737E1>03
1.15000E400 7. ;361E*+00 -3. 75518E+00 9.94;351%+04 -1. 04964E4 03
1. 20000E200 G. 87514L+00 -3. 9;04;+00 9. 94100E04 -1. 090421.>403
1.25000E+00 (;. 094211=E+00 -4. 17087L406 9. 93545E+04 -1. 12991}.:+03
1.30000E-00 5.320151> -00 -4.386391>-00 9. 92970E 04 -1. 1(382(312+03
1.35000E100 4. 55233E+00 -4. (070512f 00 9. 923771,> 104 -1. 2053 3
1. 40000/L+00 -'3. 790191>00 -4. 8328412400 9.9171;51.:+04 -1.24218E+03
1. 450001,+00 3. 0:33 1GE+00 -5.0633791-+00 9. 91135E+04 -1. 278011.±03

1. 500001'-00 2. 2807(31>00 -5. 29994E -00 9. 904871404 -1.31324E+0:3
1. 550001E'.;00 1. 532501-1;00 -5. 541321- -00 9. 898221>'04 -1.3479312+03
1. f;0000E,00 7. 8795512-01 -5. 78799).:!00 9. 891391,-4 04 -1.382251:-03
i. (500011 00 0. 00000E1>00 -G3. 040021: 00 9. 8843912i+04 -1.411;181 903

19

1!



Table 2. :!,n P erformanc Vith a D r' ( ,,efficient ',f 1.0. Th so ;ir, th' . --
suits Of coniputer-simulated sy;teni response of a modified parachute -shap- bal-
loon, 2.37 rnillion cu Ft in volume' with an exhaust duct 30 sq it in area, with its

outlet approximately 70 ft up the gore rrom the balloon nadir. The minus sign
indicates force or moition downward toward the earth

Time (rain) Head (ft) Force (pet) Alt. (Ft) Vol. (fpm)

0. 00000E+00 4. 13125E+01 0. OOOOOE+00 1. 00000>E05 0. 000001>00
5.00000E-02 3. 02971E+01 -1. 76097E-01 9. 99999E+04 -4. 50(;;3i '+00
1. 00000E-01 2. 78081L+01 -3. 40345E-01 9. 999941.04 -1. 737241+01
1. 500OOE-01 2. 63087E+0l -4. 98816E-01 9.999811>04 -3. 808131+01
2. 00000E-01 2.49168E+01 -i. 53324E-01 9. 99955104 -6. G05351":-01
2. 50000E-01 2. 35998E+01 -8. 040271-01 9. 999131:>04 -1. 00485E'>02
3. OOOOOE-01 2.26711E+01 -9. 5211;E-01 9. 9f8531:4 04 -1.4033, 1+02

3. 50000E-01 2. 1739711'+01 -1. 098491-:>00 9. 997721:F 04 -1. 843771>+02
4. OOOOOE-01 2. 08048E+01 --1. 2431;3-E1 00 9. 99 ;;91' 04 -2.3123:7 E02
4. 500OOE-01 1. 98686E+01 -1. 3880';100 9. 993411: 04 -2. 7950 ;I:>-02

5. OOOOOE-01 1. 89356E+01 -1. 532291>:,t00 99. 9891,8914 04 -3. 278f;C;E+02
5. 500OOE-01 1. 80131E+01 -1. fi7;811> 00 9.92131--04 -3. 751921.E02
G. OOOOOE-01 1. 71099E+01 -1. 82201E100 9. 990141.1+04 -4. 20i;271+02
6. 500OOE-01 1. 62362E+01 -1. 968231"+00 9. 98793 EL- 04 -4. 63 G044 02
7. OOOOOE-01 1.54028E+01 -2. 115721+00 9. 985511:; 04 -5. 0382';!> 02
7. 50000E-01 1. 46207E+01 -2. 26469E+00 9. 982901>' 04 -5. 41225E+02
8. OOOOOE-01 1.39005E+01 -2. 41532E+00 9. 980101,04 -5. 759001,-02
8. 500OOE-01 1. 32521E+01 -2. 56776E+00 9. 977141E>i 04 -;.0806;11'+02
9. OOOOOE-01 1. 24091E+01 -2. 72167E+00 9. 97403 Li04 -(;. 379821:+02
9. 500OOE-01 1. 16847E+01 -2. 87704E+00 9. 970771-04 -6. 659351:402

1. 00000E+00 1. 09805E+01 -3. 03391E+00 9. 9G7371+04 -6. 9211412-02
1.05000E+00 1. 02942E+01 -3. 19227E+00 9. 963851> 04 -7. 170131.1> 02
1. 10000E+00 9. 62367E+00 -3. 35213E+00 9.96G0201, 04 -7.40,;1(t1,02
1. 15000E+00 8. 96732E+00 -3. 51348E400 9. 95 6441>+04 -7. G3 1.1-,: -02
1. 20000E+00 8.32370E+00 -3. 676)321+00 9. 952571>04 -7. 849121.'02
1. 25000E+00 7. 69153E+00 -3. 840(;8E+00 9. 94859L-04 -8. 0.9001.i02
1.30000E+00 7. 06974E+00 -4.00657E+00 9. 944511.1',04 -8. 2691202
1.35000E00 (;. 45736E+00 -4. 17402E00 9. 940331:-+C4 -8.4f,1081:4 02
1. 40000E+00 5. 853 54E+00 -4. 34305E+00 9.93G051:' 04 -8. ; 4881: 02
1. 45000E+00 5. 25753E+00 -4. 513691:+00 9.93 1681., 04 -8. 844;91:'02

1. 50000E+00 4.6 864E+00 -4. 68597E+00 9. 927211+04 -9.03 1001>,02
1. 55000E+00 4. 08629E+00 -4. 85993 1>00 9. 922G51:4 04 -9. 214201L> 02
1. 60000E+00 3. 50993E+00 -5.035;11-00 9. 917991.>404 -9. 394 ;3 1': 02
1. 65000E 00 2. 93908E+00 -5. 21302E00 9. 913251'04 -9. 72) 7 i 02
1.70000E+00 2. 373301+00 -5. 392221:+00 9. 90842E 104 -9. 7482-:. 02
1. 750001+00 1.81219E+00 -5. 573241> 00 9. 903501: t04 -9. !21901.- (2
1. 80000 1: 00 1. 25391>i 00 -5. 75G11>E 00 9. 898501:04 -1. 009:-;7 1:-(,:
1.85000E,00 7. 02589: -01 -5. 9408;1: 00 9. 8934 11'1 04 -1 02;2i1; 0 3
1. 900001-00 1. 534751-:-01 -. 127541,00 9. 888241, 04 -1. 043231-1:
1. 912 501>00 0. 000001. 00 -. 17448E00 51. 88 W1,:>4 04 - t. 0474341'03
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Table 3. Characteristics of Pligh' Test Balloon, Al GI. Mdel
No. LTV-02ti, Equipped W ith Stub Ixhaust Ductb

Cha ract f: -i -t ics Value, Units

Volune 2, 370, 000 cu ft

Gore length 2 0 ft

0.15 -

Film thickness 0.0015 in

Number of gores G7 -

Number of ducts (valving) 2

Duct area (valving) 25 sq ft

Number F e oxh(aust ducts 2

Exhaust duct area 30 sq ft

Upper exhaust duct 70. 5 ft

Lower exhaust duct 67. 5 ft

Table 4. Time-Altitude Systen lesponse ,f Flight 1179-32

Time Altitude Time Altitude
(local) (M) (local) (ft)

8:46: 8 98932 8:53:13 P5887
8:49G:25 98759 8:53:30 95887
8:4(i:42 98371 8:33:47 9591 G
8:4 6:59 98170 8:54: 4 95815
8:47:1G 97854 8:54:21 95873
8:47:33 979G39 8:54:38 95772
8:47:50 97:380 8:54:55 95858
8:48: 7 97194 8:55:12 9587:3
8:48:24 99G935 8: 55:29 95873
8:48:41 9(;792 8:55:49; 95901
8:48:58 96G05 8:56: 3 95786
8:49:15 9(;34 8:56:20 95729
9:49:32 9(;(;34 8:56:37 95729
8:49:49 99G9634 8:5;:54 95;43
8:50: t; 99905 8:57:11 95514
8:50:2 3 99G523 8:57:28 9 5528
8:50:40 9964 G1 8:57:45 915485
8:50:57 9 ;30:3 8:58: 2 95470

P 8:51:14 96i30 8:5 8: 19 954.5
8:51:31 9919(0 8:,8:3t; 95514
8:51:48 9;131 8: 58: ):3 95470
8:52: 5 90f;074 8:59:10 95470
8:52:22 9G;002 8:59:27 95499
8:572 03 P 002 8: 59: 44 954:o;
8:52:59; 95901 9: 0: 1 9)49
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Table 5. Time-Altitude System Response of Flight H79-34.
The asterisk at the time entry 9:09:00 indicates the time
when the second duct was opened

Time Altitude Time Altitude
(local) (ft) (local) (ft)

8:58:41 98888 9:13:15 9657 6
8:58:58 98917 9:13:32 96490
8:59:15 98903 9:13:49 9;476

8:59:32 98874 9:14: G 96447
8:59:49 98874 9:14:23 96490
9: 0: 6 98616 9:14:40 96461 
9: 0:23 98486 9:14:57 96375
9: 0:57 98099 9:15:14 96404
9: 1:14 97998 9:15:31 96375
9: 1:31 97926 9:15:48 96390
9: 2: 5 97610 9:16: 5 96404
9: 2:23 97582 9:16:22 96361
9: 2:58 96964 9:16:39 96375
9: 3:48 97452 9:16(:56 96390
9: 6: 3 97251 9:17:13 96332
9: G:20 97151 9:17:30 96332
9: 7: 0 97050 9:17:47 96390
9: 7:18 97050 9:18: 4 96375
9:7:35 97079 9:18:21 96318
9: 7:52 96978 9:18:55 96318
9: 8: 9 96993 9:19:12 96318
9: 8:26G 96978 9:19:29 96246
9: 8:43 96964 9:19:46 96131
9: 9: 0* 96G935 9:20: 3 96088

9: 9:17 9950 9:20:20 96031
9: 9:34 96907 9:20:37 96002
9: 9:51 96892 9:20:54 96031
9:10: 8 9680(; 9:21:11 96002
9:10:25 96749 9:21:28 96059
9:10:42 96662 9:21:45 9603 1
9:10:59 96677 9:22: 2 96045
9:1 1:1i 96634 9:22:19 96016
9:11:33 96591 9:22:3 G 9601
9:11:50 96605 9:22:53 96074
9:12: 7 96591 9:23:10 9601G
9:12:24 966 19 9:23:27 96002
9:12:41 96447 9:23:44 96031
9:12:58 96548 9:24: 1 95786
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To eliminate its entrapment on the next series of balloons designed to test the

descent method, the inlet duct, after being equipped with its squib-operated line

cutter, was inverted upward for its entire length into the balloon envelope. In this

manner, the duct would be held during ascent, first by the undeployed film and

then by the subpressure, until the conical cage of load tapes radiating from the

base end-fitting was positioned and fully tensioned. The duct, it was hoped, could

not then be pinched off or held by the cage of rigid tapes.

In addition to the aforementioned change, both the height and construction of

the exhaust ducts were changed. The lower exhaust duct was constructed as a

"horse tail" type (see Figure 3) with its envelope wall opening centered 67. 5 ft up

the gore from the base end fitting. The upper exhaust duct was constructed as a

standard attached duct, entering the envelope 100. 7 ft up from the base end fitting.

Where the outlet of the lower duct was fixed at a height 6 ft below its envelope entry

point, the outlet of the upper duct could be set just before balloon inflation at any

distance between 66. 5 ft and 90. 5 ft, measured along the gore from the base end

fitting. (See Figure 4.)

The first of two redesigned balloons was launched as flight number H80-05 at

1401Z on 2 February 1980. The upper duct, ,,ith its outlet located 77 feet up from

the base end fitting, was activated at 1(09:30Z; 6 minutes later the balloon started

its descent from 98, 662 ft. After an irregular descent for 10 minutes, the system

started to float at 95, 352 ft. For practical purposes, the experiment had failed.

The up-camera film confirmed the suspicion that the base inlet duct had once

again failed to open. At that time it was decided to eliminate the engineering

problem-inlet duct design to prevent entrapment. The flight preparation plan for

unit number two was thus amended to include removal of the inlet duct, thereby

creating an open base balloon. The modification was effected with no difficulty,

and the balloon was launched as flight 1180-07 on 5 February 1980 at 1344Z. As the

balloon ascended and filled out, its nadir cone angle increased to the extent that the

opening in the base became a free passage between the balloon interior and the

atmosphere. At that time air ingestion resulting from subpressurization began to

influence the ascent rate. Ascent rate data, in feet per minute, taken over succes-

sive intervals (20-min) between 45, 000 ft and float altitude were, 780, 700, G00,

360 and 195, behavior not common to conventional closed-base balloons.

At 1702Z, with the balloon system floating at 99, 3G(; ft, the experiment was

initiated. It was more than 6i minutes before any trend was discernible, even

though the second (lower) exhaust duct had been opened at 1705Z. At 17257Z the

system ontered a 5-main float at 94, 919 ft and subsequently dropped to 94, 51(; ft at

1732:30Z where it remained for about 4. 5 main. At that tinie the perlformance

The open base balloon, unusual today, was comnmonplace in the early 1950's before
the invention of the ascent valving duct.
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suggested that the thermodynamics of the ingested air was probably the dominating

factor, and that the purpose of the descent system could not be accomplished.

According to a contingency plan, the apex valve was latched open at 1737Z to

gather data on system response to valving under the uniquely different situation

provided by an open-base balloon. The valve was held open for 23 min, during

which time the system descended slightly more than 4, 100 ft. The descent rate

at the time of termination, 1806Z, was little more than the 200 ft per min experi-

enced during the valving exercise.

The final useful information was provided by vertically oriented flight cameras.

The relative contrast in the appearance of the open base on this flight left no doubt

that the inlet ducts on the previous flights were in fact closed. Although the outlet

ends of the exhaust ducts were not visible due to sunlight reflecting from the balloon,

the overpressure relief ducts were quite distinct. Full when the experiment was

started, the relief ducts gradually collapsed as the zero pressure differential plane

moved from the plane of the base opening to the plane of the outlets of the exhaust

ducts. From a mechanical standpoint, the modified system worked as designed.

6. CONCLUSIONS

The indisputable result of this study is that there still exists no technique to

initiate balloon system descent from high altitudes: descent at rates that are pre-

dictable, controllable and, within physical limitations, instantaneously achievable.

It is essential to remember that the loss of lifting gas is not, in itself, sufficient

to effect descent. The necessary and sufficient condition is that the weight of air

displirced by the system be less than the gross weight of the system. Thus, the

requirement that the desired descent rate be, for practical purposes, instantaneously

achievable means that either the gross weight of the system or the "effective volume"

of the balloon be instantaneously alterable.

The results )rF flight 1180-7 indicate thai t h. "effective volume" w as not d.ramat-

irally ()r significantly altered. If the air ingested int(, the base c, ne had folh,,,wed

the ambient te periture, the ''effective vo()hjlule" o)f tIhe hallo(on waid have been

rertuc( ed by the' %-(,luire (,r the rcone and the buoyant fC(rce would have been dim nishcd

prpor-ti,,nate!y . The perfr, rmance indicated that the ingested air 'erriined :it or

abov, the intograted average temperattire ot its original ievel(s) as the hhill,,n

s cnk'' into i codder, dcns," environrcent. This hohavi 'r was n, doubt influenced by

the warning 'f the air' ;s it compressed durilra tie. desco nt.

Flight 1180-7 proved thait it ent practical to use air ingestion to effect a free

lifting gas surface at the nadrir and Ihereby ct a ihieve a dc'sired discharge v Lcitv

which is proportional to the square root 'f tht velocitv head.
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7. TIlE NEXT STEPS

An "effective free surface' at the nadir is th(oretically attainable by having

the conical surface detached from the load tapes for the length of its slant height.

This would allow the cone envelope material to (so to speak) "float" upward as the

gas flows out. Thereby the balloon's shape and volume would be changed, and the

formation of a subpressure region would be avoided. ttowever, when the system

passed below the altitude at which the cone would ba exhausted, the envelope would

be drawn upward by the recompression of the remaining lifting gas, and would be

blown upward and inward by descent ram air pressure. The resulting forces would

probably be sufficient to cause the balloon envelope to rupture at its juncture with

the detached conical surface.

If we assume (but not necessarily concede) that achievement of a "free surface"

at the nadir is not practical, we face the problem that an unforced exhausting proc-

ess must work against a developing subpressure region. The initial response of

the balloon system in flight 1179-32 supplied evidence of the kind of response that

might be expected with such a system.

When evaluated in con junction with the motion picture film, a hich showed the

upward progress oif the level of zero pressure differential, the resultant descent

rites for flight 1179-32 force the conclusion that some air was ingested. Specifically,

the final Dosition of the l,v( I of zero pressure differential assures that the final re-

lative location of the outlet of the exhaust duct was in the sub-pressure region.

Although the film provided no proof that air a as ingested, i1 likewise provided no

proof that air was not ingested. Iinally, the drop off of the descent rate is con-

sistent with the behavior of such a svsteni tter having ingested air.

The principal unanswered question with rest (,ct to performance of the latter

type 'if system is then: what is the rolati 'nship between the volume of inflatant

, xhaust-d and the length of arc between the nadir and the location of the zero differ-

,.ti ml pressur, level" The performanc+ cor flight 1179-32 suggests that the relation-

s ip sh(i,.n in F.igure 5 is not unique and that therr, are other equally valid relat irn-

ship.-; hot .,(,n the( dimensioniless aire length, Sl) and the fractional fillness. Vere

lhi: n0r s(,, th zcr, pressure differential lev.l could not have moved as hi-h as it

,rid. The' rin-uaiqtoness (,f 1he r elationship is ft'rther suggested by the perfror anc,

, r i s,.;I ii, t Ii,,s Iht, ,.hien rising rapidly, failed t(, level off at altitudes c(onsiste:it

.ilh th-'et" ;rI! i f"] dut l ta hs: the actual p.jfr'nianees were. hi ver (,', c(nsistent
• " , ,riri ,,.-,tin ri least ,, wair... of fractional fullnoss fr a singl,

value, ,, >D

<"-u'a <-ar d'velmiirent ,f at qui,,k r ,lia nt sytec , indpenrient if the need both

1 , i'i'. ~i,.,r.r r ar ii, o :,t nshi :nd ', cindut v liditin t(5,t lights

.rld , , e - t' r" up,,r the bilit t i vot air ingestion with ts rttcnlad nt
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adver-se theirexodynam ic effects. Fut-ther, since it is the lo cat ion of the exhaust

duct outlet that conti-ols the lift loss r-ate and amiount, the re atce advanta g-S toi he

gained by having the duct's opening mechanism (assum-ed to be a line and line

cutter-) located at or, neajr' the balloon wall opening (the duet inlet). o ne advantage

is that the installation can be made during the balloon manufactur-ing process rte

than during balloon launch pr-epa rat ion: ther-eby the possibility of dania ge ti the

balloon is r-educed. A second advantage is that the ability t, aihjust ai duct's out let

location is rn t corni iie bytis dcsign. It is, teiir ioieodtHit

this design feature( be used for simil-ic balloon duct aipplearins in tieo fwuri'.

A pertiner. fact evidenced by these flights 6-(ixejt l180-07) is tha;t the. ducts

collapsed, meaning that the lifting gas that had Iit it, fhii r: ehaust id back

thr-ough the halIloon as it must also hi \%hen uisirt a ox ' Iv Th is pheni men ai

POwith respect to valving has not been r~coe ted in the litel tt or a ad has imitp1 icatjions

with r-espect to nernt-ma apex valving as well as to the quick descent pit blemi

8. SUPPLEMENTARY RESULTS

Two additional bits ofT informnation ace( wi i-th rlocutninting,. tine was the r-esult

of an accident and the other- was (ibtnine(. as a by -pit d.fuct d'eatedc to thi hAle n
! P shape selected for- the flight test units.

In 1972, due to tepeated problems with vixtanglioxent FJ the internal ;apex

per-tion irf the btalloon (lesti-ct line system, thre athori de'si gned a webbed va r-ititl

based on the principle that webs anid r-ibbons bave a natucal aintisna clIing tendency,

not commotn to lines, tables, or strings. The systemn was pr-oved ti he' reliable arn]

is new used r-outinelyv (n Ait' lo ccc hallItons. Such a w ebid sYstrxx w -as inst a liedi

im pioper cly in the halloon used on flight 1180 -05.

'Thi misloration of the destr-iet buttons in the halitort usedl fi flig ht 11180-0-,

caused the rip pane ls toi be seve relx' Iloaded duiring irxfhitiin. Subhsequi ml~y lx', len

the hialirn was rinased Front the, lattach plntfrormn, the butinsw %%ietlniiu

londid toi thi' ixti nt thttt n(- button wais t-ipped Fii thi hlliin wAl, ia'n.

bienpi'ixtnt'x-4 sq in in ara nd 20 ft radiallyv iut\wti'd finni~ t, ;ttN fittig.

Suo ti ingx',the, bobf did 11"I ip!- ptiti', zirxdl did not dis' 'itiibly a fi'i' Flght lii' I-

it ti An it nix r111 1,;-js [m, i , iF kitnptsih, used ti xi' Ia, blt t~a fi'

''rom i~i*' ie' lb nrI , j'dnly, Jmi lit(,5lii5

117i-:12, 117'-34, H8d -0) , nird i 111-07. !hi s 'pnli' ' rol Olli 14 ,

tenrde-d ti hi ight titanti osititl' ''S i o h tiis, riat nt' i tl

'i, id i~zr



r-0 4ii -1e It, Ix to. a ijir I ' pl it a i , f ti 11. tU , i I

(-A 'in- 'la Lt -nt Itv" % ~i iiiai liwer than usual,. z i gn t, th. - 1ighit

cttiizI II sa Iee ih t i nc, sil rot' ( o the v iiieit rm ill., Jitr- tle

L ilesigri the balliiton li ' f(It. ic! ill 'ni 1111MNM !()' doi'i and ;i 'lii the' !;ii n ha Il

-;1 110t1i-0 fir the( tttiItItiit iityi'iod. This pratctice' was ifljtt itd tfit "heoteticaIlv"

tpuaiitt e )that the cir itilliff-titial st tess wiould be vzevo vwet the -nt ice de(sign

pavitIl -itigi (usitt-es of this ate excess crcumifercttjal watet-jal and

hf4iiient vim tio zi pfly payad gr-eater than the design minimnum.

hiti( ffl~lleibeen a ontinuing etifleerin to thotse studying the vertical

()r /(I " pro-uti balloons (see References 10 and 11 for early examiple-s).

It is hel ievu thait a zie balloon shape (as in this study) will elititinate volumnetric

changes that tend ti o mask the rmod-nant i e and a( todynam ic influences on yereticalI

mot ions at "fhiat' altitude.

Excess citeunifecential niaterial" cmeans e~nvelope)( material, at aill levels, in
-xi o55 if the, lteal halloon citi-umfetence. "Deficient vilunte' to ans thait the
a1chieva"ble full volumec is less thtan the f.abicated tiaxitrutollili vidume.

8i. l)., vcr, J . V (19r79i) ZA'~ iii iresute balloiin shapes, paist, present and future,
nt F'*" fi-cedings, Syroptiosiu tittI the Scientific I se (f Ihillirints (tSPAlR

B* I ilh, 1I. fII. (19 (WtI A\n Ilavest I gat i tn (Ir Il gli -A It i t, a I t i 11 ns (I Sha pes \'il it
Ar- \,t1,tli tt i l)I I Sym tit ret Iie, (,(,1tebtni; I n i %t-i t.", Imaz I R ilii, rt,
( mntiti No. N(int 2fil;(87).

it' 1((1, ,LL 1l I -I k,,, IT z i; it p p t it_7 1 1 1g ltt.i

I1 "~f -I: Sec Iit t IIP -I i Iih AI

11:1 oo ls V . 1!:iI , tt%.27 !
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Appendix A

Notes on Flight C72-21

The record-setting performance of balloon flight C72-21, using a balloon

47.8 million cu ft in volume, was made possible by the development of a truly

balloon-grade polyethylene film, 0. 00035 in. thick. This development took place

under Air Force contract number F19628-71-C-0042 with Winzen Research,

Incorporated. Film suitability was determined under a subcontract performed by

Dr. Harold Alexander and Mr. Dan Weissmann at an Air Force contract test

laboratory at Stevens Institute of Technology, loboken, New Jersey.

The conclusion of the unpublished subcontract report on uniaxial and biaxial

testing of the film is transcribed below.

"This 0. 35 mil StratoFilm was found to be superior to nl
previous StratoFilms, except for its room temperature elonga-
tion and its creep strength at high temperatures. As a balloon
film it will probably perform cxc ellently at cold temperatures.
Tropopause failures should not be ai problem. It will, however
be very sensitive to) overloading at launch. A long hold, while
inflated at high launch temperatures could be fatal to a balhb on
of this material. It is the opinion (,f the authors that, if that
eventuality is prevented, a balloon fabricated of this material
could be fiown success fully, barring design and rabrication
faults. "

[i, signiriranre of this dvlp)Pntlent ('an 1)e seen in the hist,,rical treads

reported aarlierA 1  ,nd here represented as ,igure Al.

A1. DAver', J.F. (1979) R-equired, a new /''ro pressure btIn -hape, in Proceed-
in gs, Tenth A 1'GI, Scientire Balhirn Svynipsium , 21 August to 2: August
197.... , A 'GI,-TIA-79-0053 ) A).\71446 , pp 1(;5-170.
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Appendix B

The Simplified Parachute-Shape Model

Figure BI shows the essential features of the simplified parachute shape model

created to approximate the shape of a balloon with ingested air in a layer below its

inflation gas. There are two principal invariants that fix the shape. First, there

is the assumed generator shape with its nadir located at the origin of the indicated

r-z cordinate system. Second, there is the co-axial cone of ingested air, tangent

to the generator shape in the plane of the air-inflation gas interface.

Let a and S be the gore lengths of the generator shape and full size model re-

spectively. Further, let each be comprised of two complementary segments a I

and q2 and S I and S2 respectively, the lower subscripted variables being the lengths

below the air-inflation gas interface plane. Clearly 02 and S2 are identical and S
2 2 1

is the .slant height of the air-filled conical volume. Finally, let a bar over any
n

genmetri(cl dimension indicate non-dimensionalization with respect to o , n being
equal to 1 or 3 dependine o)n whether the variable is a length or volume.

"he a ir-inflati(,n gas interface plane divides the generator shape volume, Vm,

int,, an uppi.r and a lower volume, V2 and V1 rcspectively, and establishes 7 such

that the va riables r', F '2 V V VW and H are uniquely determined. Theta,

the cone angle, is the tangent angle in the plane oif the generator shape axis of sym-

me.ty o easured at the so-called interface diane.

"lih- generat.or shape used for the predici ive portion of this stud,y corresponded to
an I pso) natural shape (L 0. 15). This value was selected to corr'espond to the
manufactured test balloon shapes.
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Taking the cube of both sides of Eq. (B3) and niultiplying by V2 /V ax (where

Vmax is the maximum volume of the full size balloon), we obtain the fractional

fullness (V 2 /Vmax ) as

(V 2 /V ax )ax (l/,)(2)/(G"2 + r/sin '), (B4)

where:

V V max/S 3 = constant for the specified Z2

Now, since " has a maximum value, 7max' for the given generator shape, the

depth of the inflation gas, d., is also uniquely determined by:

d=o(Z -) -' (B5)
0 max

Finally, for a given S (the location of the exhaust duct with respect to its dis-

tance down the gore from the theoretical apex), the geometry of the constant gen-

erator shape allows one to use the non-dimensionalized position to solve for the

vertical separation, dl, between the generator shape nadir and the horizontal plane

of the exhaust duct. One can now solve for the head of gas, h, effecting the flow

through the exhaust duct as

h = d - d (136)0

Based on the unique relationship between F and 1 for the given generator shape

and from the foregoing, it is seen that the model provides a unique relationship

between the depth of the inflation gas and the fractional fullness of the balloon

(independent of balloon size and shape), and further allows for the determination of

the gas head.

The diameter and exposed surface area can likewise be determined for the

consideration of aerodynamic and thermodynamic effects.

Mathematical representation of the model (Figure B2) relating F'to V2/Vmax

required the use of the eleven functions described in Table Bl. The useful range

of each function was selected to minimize the relative error in the computation of z7.

In the computation process, the proper function is determined by comparison of the

input value of V 2/Vmax with the sequentially smaller values of the lower limit of

V2/Vmax for each succeeding segment.

Table B2 lists the power series coefficients for computing ' (degrees), F, and

G1 as functions of 7 and for, computing d1 as a function of 7'3a where:
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3 a (s s 3  ) 1 a  (B 7 )

and where a3 and S3 are the distances between the nadir and the exhaust duct loca-

tion on the generator shape and full-size model, respectively.
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Figure B2. Plot of Data Points Used in the Functions that Model F
in Terms of V 2 /Vmax
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T.I: B! . Ft. Cu:Q ~ahg Model t. .~.ve ~b. " as a F.ui .) , I' 'T
max

FUNCTION AIA DR A *I _ LINEAR _ LINEAR
LIMIT 0.999685 0. 998704865 0.99637ri

AO 1. 00000000003E+00 1, 4753263873E+0! 5. 70116144770E 00
Al -5, 3S2'U,188560E-03 -1. 3453 15043735 9+00 6r80024324p 0c

A2 -2. 46383176955E-01

FUNCTION LINEAR POWER QUADRATIC
LIMIT 0.99216 0.963 0.83035916

AO 3. 17395699766E+00 1. 57355741497E+01 9. 24723778760E-01

Al -3. 13250803076E+00 -6. 76591645350E+01 1. 83075490637E+00

A2 9. 06791946390E+01 -1. 38588229434E+01

A3 -3. 87067763930E+01

FUNCTION POWER LINEAR POWER

LIMIT 0.488 0.27218 0.0508769

AO 3. 10918051082E-01 3. 40858423 189E-01 3. 62984275675E-01

Al 2. 77406825360E-01 -1. 84925216085E-01 -4. 37916794366E-01

A2 -2. 63309861357E+00 1. 02361964267E+00

A3 7. 40613248360E+00 -1. 44464774489E+00

A4 -1. 10644856995E+01

A5 8.48105265334E+00

A6 -2. 69143362928E+00

FUNCTION QUADRATIC LINEAR
LIMIT 0.00524869 0.00015

AO 5. 33921340740E+00 3. 83179458027E-01

Al -2. 81122836054E+01 -2. 58720408811E+00

A2 3. 70145051127E+01

*The coefficients AO, A1, and A2 correspond to the usual C, B, and A in the quad-

ratic formula, and the sign of the radical is negative. The numerical index of the
linear and power series coefficients corresponds to the exponent of the independent
variable.
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Table B2. Power Series Coefficients for Equations
Defining Certain Relationships Between Elements of
the Simplified Parachute Shape Model

Relationship Coefficients

AO 56. 151674
Al 36.869415
A2 -863. 384153

0 f f(-) A 3 4340. 60078
A4 -23751. 1652
A5 60663. 6084
A6 -55452. 3401

AO 0. 00012929
Al 1.491118
A2 0. 89926756885

T f f(-Z A3 -12. 4916446722
A4 15. 759250787
A5 10. 1738213142
A6 -26. 2026060888

AO 0. 000128
Al 1. 791098667
A2 0.901115015

CF 1 (7)A3 -1.8939

AS -8. 8057025141
AG -8. 229525203 9

AO 0.
Al 0. 550552495986
A2 -0. 011969020353

d f(-3A3 0.30392629417
A4 0. 20603025668
A5 3. 13781572
A6 -4. 61057125867
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