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SYMBOLS 

b difference in weight densities of 
air and inflation gas (=0.862 p~u g). 
Ib/ft3 au 

Cd aerodynamic drag coefficient 

Cl aerodynamic lift coefficient 

D aerodynamic drag, lb 

Da aerodynamic drag of balloon, lb 

Dfl net drag, horizontal component of 
tension at the top end of the cable 
(for the lower segment in a tandem 
balloon system, this includes the 
aerodynamic drag of the middle bal¬ 
loon and the horizontal component of 
tension at the lower end of the top 
cable ), lb 

d blowdown distance or distance from 
top end of cable to bottom end mea¬ 
sured parallel to earth plane, ft 

f fineness ratio or ratios of length 
to diameter 

h float altitude above mean sea level, 
ft 

hi altitude above mean sea level at 
which cable is parallel to earth 
plane, ft 

Note : 

L aerodynamic lift, lb 

Lfj net lift of balloon or vertical com¬ 
ponent of tension at the top end of 
the cable, lb 

q dynamic pressure (=1/2 PaitV^). 
Ib/ft2 

t time at float altitude, hr 

¥ balloon hull volume, ft3 

V wind velocity relative to balloon, 
knots 

Wb total balloon weight, lb 

Wc total weight of cable segment, lb 

w unit weight of balloon fabric, lb/ft2 

a angle of attack, deg 

ÖB angle between the cable and the 
vertical at the bottom end of the 
cable segment, deg 

Palt density of air at float altitude, 
slugs ft2 

P0 density of air at mean sea level, 
slugs/ft3 

Pounds in the above list are pounds-force. 

X 
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SECTION I 

SUMM \RY 

shapes. Cable profile parameters were eüalua^Pri rnnlL f111^6^ u°r íive diiferent balloon 
breaking strength of the three cable ty¿s Data Cr0SB section area, and 
balloon quantities to cable profile quantUies for oî^raH« / d !" graPhic form which relates 
geographic locations and flSat altitudes "( 50^000^ IM, OMtêl" “ 'W° dlíferent 

ceslttrMghTCStoceWdÏÏer™“ti^“Sùe^wweCïïwmâforMchtof^l,SD'i°1 (ne,ere"- 

°rr?eir “^rïSTrs^e,?o 
America and Minneapolis-Honeywell Reeulator Comnanv'118 by Vitro CorP°ration of 
s' ould be emphasized that wlZTheí modiííations i0*""’ “ 
space Corporation (GAC) and General Mills Inr proP°sed by Goodyear Aero- 
lee, the compulsons Je J too mcánSl teS *0l““T’ To summ— 
operasiop ín different wind conditions. ^ “oause each contractor proposed a system for 

system is best foTalî windend"altUudí Ïonmti^ns aIRoundSoaibOVî 5°î0?° feet' but that no one 
better performance in light winds at hieh altituripc u,h Und °r natural shape balloons provide 
provide better performance ^ high wÄ ^iMerm.dm,reenf„îe^>d,n%mlCal,í, sha^ ta«°°ns 
fibers and epoxy resin provide bcíle”“nralllrfrn,tL!"d,f', ?bl‘‘s ^ glees 
investigated than either nylon or steel. In a f^ cases where^/iTrt i^ altitUde condition8 
very small, steel wire appears to be better. h 1 lift at the top of the cable is 

jhl' . 4J|, i. .. . ,. .,iN III ,U. .-1:1- . 1.. I 

«HM 



SECTION II 

INTRODUCTION 

Various tethered balloon concepts including systems described in References 1 throueh 

ÍnrStÍgftteÍ' nDuring the cour8e of the investigation, it became apparent that aerodyna¬ 
mic effects on the balloon and cable are the most important and that operating problems tele- 
metry, control requirements, and ground equipment needs are similar for each system and of 
secondary importance relative to system feasibility. y d oi 

, . » Th®refore» the major portion of the investigation thus far was that of determining aero- 

wlMity aSe^a^othpr^’ several ballo°n shapes as a function of wind 
velocity, altitude, and other factors. A second major effort was that of determining cablp «sí™ 
wfeij’ht' Slowdown distance, and angle at the ground for various loading conditions at the ton end’ 
of the cable. Variables considered were float altitude, wind profile,^^ble matértóls " 

.. , Performance parameters for the balloons and cables are presented independent of each 

50h 000 w ShT! WÍnd Cdnf,itions’ a sinfîle balloon system cannot be tethered at altitudes above 
50,000 feet, but tandem balloon systems could provide a solution. 

Hiff<r„TthfpCOnL.eptS prop°sed in References 1 through 4 were investigated and compared It was 
difficult to make comparisons, because each system was designed for a different wind profile 

svftem anri'tn^îi^f !° ass“me a Summer I and Winter I wind profile for the design of each 
system and to calculate performance based on volume, float altitude, and balloon type proposed 
IT R!*erfnces 1 trough 4. This decision necessitated calculations of new balloon and cable 
weights to satisfy the wind loads on the system. ana caDIe 

When it became apparent that the frequency of occurrence of winds and exnprtpH rn.rM 
durations at the intended operating locations were vital to the investigation, AFCRL initiated a 
study whereby design wind profiles were generated based on probability calculations. 

The AFCRL study provided wind design criteria to be used in the sense of a "first annrnv. 
imation evaluation of several different tethered balloon systems. The data represents best- 
fit estimates of integrated winds, which take into consideration the interrelations between winds 

100 OOfffeeV" îîf afmosph.ere. and a11 levels above below that level from the surface to 
100,000 feet. Development of the data was made by matching cumulative frequency distribu¬ 

ons with integrated wind distributions. The 75 percentile frequency distributions showed the 

‘i! 90 perCenUle promos, and S „¿T da°a”.?vÒ„ 
A ^ ln Sta,ic evaluatlons; 1-0-. lhe tethered system Is fully deployed. 
A much larger, statistically representative, sample of wind profiles will be needed to evaluate 
the operational efficiency of ascent of the systems to designed floating altitude. 

» a AIi, b11100" and cable parameters are based on wind profiles resulting from the AFCRL 
study. These wind profiles are given in Table I. Winds for summer and winter at location I 

W^nLreithted ÍOf de8itin calculati°ns. The Summer I profile represents a moderate wind and 
Winter I the most severe wind. Velocity and dynamic pressure profiles are presented in 

T,,e 1962 U S- S,a^ard - ÄS^ourco 

design factors such as balloon and cable weight, stresses, balloon superpressure 
and volume are based on a system where all balloons are at their design float altitude- i e ’ 
loads on the system during launch and retrieval have not been considered. » • • » 

Because of the large number of computations required and in some cases due to the tyoe 

calculation^VaÍ^able* COmputer and plotter facllities were used for almost all of the 

2 



Table I. 3eventy-Fíve Percentile Winds tor Summer and Winter 
at Three Geographic Locations 
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Figure 1. Variation of Wind Velocity with 
Altitude at Geographic Location I 
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Figure 2. Variation of Dynamic Pressure with 
Altitude at Geographic Location I 
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SECTION m 

TETHER CABLE TYPES AND PROPERTIES 

♦ m. Br^,ded nï,!°n rotf' mi8fâile wire» and Glastran were selected as potential materials fnr 
n!í?4r Cfhle®-1 Physical Properties data obtained from three vendors are given in Figures 3 
and 4. The data are representative of the three materials used in cable ronstructinr^ riao 
tran, a stranded E glass fiber construction manufactured by Packard Electric Division of 
General Motors, has the highest strength per weight of any of the three typ^s and U Droves 
better overall design features than the other two types for the wind conditions’assum^H <n 

study Missile wire, a stranded steel cable mamSetured i Araertca^Ctaln aTcaMe c? 
is used or aircraft tow targets. For equivalent breaking stîen^é “ssïïe ^ tos ¿e ' 
smallest cross section, and therefore aerodynamic forces would be expected to be less 

ro^mÄ nXl by SamS°n COrdage W°rl“ ™S 8clected “ ^ representative of 

Figure 3. Cable Weight versus Breaking Strength for 
Various Tether Cable Materials 

6 
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Although nylon rope has a higher strength per weight than steel it in h#»airi«r than ri„o 
tran and also larger in cross section and therefore would not te ex^ctedÎoïro^ie tette^e' 

anouia aiso oe noted that strength per weight is constant for strength greater than ahn..t 'innn 
pounds and that strength per weight Is higher tor strength valoes tolowPOM^s 

ann ï0“!*1 ^ ^P1*812^ that the performance results obtained thus far in this studv 
are ba^d only on broaklng strength, weight, cross section area, and^clf“ Mai co^ltloï 

epHc^rw effklenrv “nd^lS!"8 ^oblem“' ,iUl«"e- >»™slon reslstLe, weatheríbuíty, ' -pacing emciency, and availability of tapered construction need to be investigated. 

designÄrSor^Ce 2 Su°taehlped 8eC“0nS Wer6 n<>‘ ^Iliclent 

anee SuÄÄtor rTà^cïbte.rPer,0rm- 

pe fila- 

Figure 4. Cable Weight versus Cable Diameter for 
Various Tether Cable Materials 
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SECTION IV 

TETHER CABLE PROFILE PARAMETERS 

The profile parameters chosen for representation are angle between the cable and the 
vertical at the bottom end of the cable (63), top end excursion or blowdown distance relative 
to the bottom end (d), and total weight of%e cable segment (Wc). A supplemental factor is 
presented in conjunction with dB to define the altitude at which occurs (hj). These para¬ 
meters are shown in Figure 5. 

Occasions arise where the cable segment tends to become horizontal at points above 
mean sea level, in which case the factor hi could be used to define altitude at which a second 
balloon should be added. 

Parameters relating cable profile quantities to loading forces are presented in Figures 6 
through 19. Abscissas and ordinates for the curves are respectively net lift or vertical compo¬ 
nent of tension at the top end of the cable OUj) and net lift-to-drag ratio or tangent of the angle 
of application of the tension force at the top end of the cable (L^/t^). 

Selection of the parameters shown in the graphs was based on the following information. 
Float altitudes were selected as the extremes of the region of interest, namely 50,000 and 

Figure 5. Tether Cable Profile Parameters 

8 



Wind Profiles Winter I and Summer I were selected from Table I as represent¬ 
ing a moderate and the most severe winds existing at the three locations. Cable types chosen 
were based on the information presented in Figures 3 and 4, which relate cable properties. 

RPfpv^lerÍibÍ1ÍtrAÍ.thfDCwb¿e/,tÍen8Ígn 8olution is made possible by use of the equations given in 
eouations 8 ^ S/360’ MOdel 40 di^itaI C0mputer was used for solutions of tnese 
mpir Jo computer program is flexible in that specific values of cable weight and dia¬ 
meter can be assumed, or cable weight, diameter, and breaking strength can be assumed to 
be a func ion of cable tension. Any float altitude, ’wind profile, ac cable síren^-weS-dia- 
meter relation may be specified. Design curves are then obtained by specifying particular 
fSëhë 0Í Lr?fan? LN/PN- Note that each P°int on d16 curves represents a unique^able design 
cënifant ^ ÍS’ ^ iteration íor a new tapered cable solution, based on a 
constant stress design using a factor of safety as selected, is obtained for each Lm/Dn This 
procedure results in a cable tapering from a maximum diameter at the top to some lesser 
välue below. It should be noted that a tapered cable may not be obtainable in all materials due 
to lack of manufacturing methods and equipment. Nevertheless, results of these profile calcu- 

c°mparative performance, and the data approximates a spliced configuration con- 

pÄJÄfn 0f the dlíferenre eqUati0nS and eqUatÍOnS defining Cable 

Glastran cable was selected because its strength-to-weight ratio is greater than nvlon 
or missile wire cables, as shown in Figure 3, and thus will result in lighter cables for a iriven 
stress. As wind forces increase, however, the diameter of the caWe tecomes important for 

otherëwo0"’ ^ WaS Ch°Sen’ SÍnC6 ltS diameter-to-weight ratio is l^s than the 

fa. . „A ®u™m^ry o£ toe graphs plotted is given in Table II. Each of the graphs is obtained by 
fairing the desired parametric curve through the many LN versus Ln/Dn points plotted fron^ 
individual computer runs. The process involved here is much the same^s^tilized for drawing 
contour maps. For this reason "eyeball" judgment of the curves was used in some areas K 
w ere data points were far apart. These families of curves, however, provide sufficient ac¬ 
curacy for an initial estimate of profile parameters, as is the purpose here. 

meth0d OÍ USing ^üres 6 torough 19 and preliminary conclusions based on data given 
in the figures are presented. It should be noted, however, t at the primary purnose of thr 
curves is to establish a method of making comparisons and provide a method for careful scrutiny. 

Table n. Summary of Tether Cable Profile Parameters Plotted 

Float 
Altitude 

(ft) 

Wind 
Profile 

Cable 
Type 

Parameters Plotted 
0B and hj d wc 

50,000 

50,000 

50,000 

50, 000 

100,000 

100,000 

Summer I 

Summer I 

Winter I 

Winter I 

Summer 1 

Summer I 

Glastran 
. 

Missile wire 

Glastran 

Missile wire 

Glastran 

Missle wire 

Fig. 6 

Fig. 9 

Fig. 12 

Fig. 15 

Fig. 18 

Fig. 19 

Fig. 7 

Fig. 10 

Fig. 13 

Fig. 16 

None 

None 

Fig. 8 

Fig. 11 

Fig. 14 

Fig. 17 

None 

None 
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It is not intended that final conclusions be drawn from the curves, but rather that selections of 
different values of the parameters be made for further study. The different values are obtained 
from analyses of other factors, such as realistic safe cable loads resulting from fatigue tests, 
analysis of gust loads on the balloon, etc. It would be presumptuous to assume that a problem 
with as many variables as exist here could be solved with the limited number of curves pre¬ 
sented. Examples of the great number of significant variables to be considered are float alti¬ 
tude, wind profile, cable type, number of balloons, type of balloon, volume of balloon, and 
angle of attack. 

To use the curves, proceed as follows: 

(1) Select the proper group of graphs where float altitude, wind profile, and cable 
type are common to each. 

(2) Choose the value of #b and hi, d, or Wc to be satisfied by interpolating between 
curves for the proper Ln and L-n/Dn values. By choosing one of these para¬ 
meters, a line is defined on the respective curve that shows a continuous range 
of Ln and Ln/Dn that will satisfy the chosen parameter. If one of the other 
parameters is also chosen, a second range of Ln versus Ln/Dn values is de¬ 
fined. If the chosen values are compatible, the lines will intersect and the point 
of intersection give s the only values of Ln and Ln 7Dn that will satisfy both con¬ 
ditions. 

(3) Example 

(a) Given: h = 50,000 ft 
wind = Winter I 
cable type = missile wire 

(b) Required: = 90° at hi = 15,000 ft 

d = 35, 000 ft 

(c) From Figure 15, the line defining ranges of LN and L^ Dn for 0B = 90° at 
hi = 15,000 feet is found, and from Figure 16, the range of Ln and Ln/Dn 
for d = 35,000 feet is found. It can be seen that these lines intersect at 
Ln = 54,000 pounds and Ln/Dn = H. 5. Cable weight (Wc) is now also de¬ 
fined and is given in Figure 17. Cable weight for Ln = 54,000 pounds and 
Ln/Dn = 11. 5 is about 40,000 pounds. This is the total cable weight from 
float altitude to 15,000 feet above mean sea level, the point where it becomes 
horizontal. 

(d) The next step is to determine what balloon size and type, if any, will have a 
net lift of 54,000 pounds and a net lift-to-drag ratio of 12. An example of 
this is given in a later section. 

Other variations for use of these curves can be made by specifying other cable para¬ 
meters or balloon parameters, as discussed in a later section. 

Initial conclusions inferred from a study of the graphs are as follows: 

(1) For Summer I winds and cables extending downward from 50,000 feet above mean 
sea level. 

(a) Single-increment cable solutions are possible for both glass cable and missile 
wire, provided that adequate values of Ln and Ln/Dn are applied at the cable 
top end. The definition of single increment as used here is a length of cable 
having loads applied at each end and only aerodynamic forces and weight ap¬ 
plied over its entire length. 

10 



(b) Glass cable provides solutions with more favorable bottom end cable condi¬ 
tions ( 0Q and h}) than does missile wire for all cases except for very small 
Ln values (less than 5000 pounds). 

For Winter I winds and cables extending downward from 50,000 feet above mean 
sea le^el. 

(a) No realistic single-increment solutions are available for either glass cable 
or missile wire. Reasonable solutions are available, however, if another 
balloon is utilized at an intermediate altitude (e.g., at altitudes from 10,000 
to 30,000 feet). Since a single-increment solution is not possible, no com¬ 
bination of balloons where all balloons are at altitudes above 50,000 feet will 
provide a solution. 

(b) Glass cable provides solutions with more favorable bottom end cable condi¬ 
tions than does missile wire for all cases except for small values (less 
than 5000 pounds). 

For Summer I winds and cables extending downward from 100,000 feet above 
mean sea level. 

(a) No reasonable single-increment solutions are available for missile wire. 
Reasonable solutions are available, however, if another balloon is utilized 
at an intermediate altitude (e.g., at altitudes from 10,000 to 40,000 feet). 

(b) Glass cable provides single-increment solutions if adequate Ln and Ln/Dn 
values are applied. 

Glastran cable (Figure 18) exhibits an unusual series of dips near a value of 
Ln = 5000 pounds. Missile wire (Figure 19) does not exhibit this dip. It is be¬ 
lieved that this dip can be explained by the equation that was used to describe the 
strength-weight relation of Glastran cable (See Appendix I for equations used to 
define cable properties. ) A discontinuity exists at a breaking strength of 9000 
pounds. 
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SECTION V 

BALLOON TYPES AND CHARACTERISTICS 

A. BALLOONS SELECTED FOR STUDY 

To evaluate the merits of various balloon shapes, four aerodynamically shaped balloons 
and a superpressure, natural shape balloon were investigated. The aerodynamically shaped 
balloons investigated were Navy Class C, Vee-Balloon1, modified Mark II, and ram air C. 
These shapes were selected for investigation because a wide range of physical and functional 
characteristics such as aerodynamic lift, drag, fineness ratio, volume per surface area, fin 
size, etc is encompassed. In addition, wind tunnel test data is available for all of the balloons 
except the natural shape, and full-scale vehicles of each except the modified Mark II have been 
flown. Realistic size and weight scale factors can therefore be obtained for analyzing balloons 
designed for many wind velocities and altitudes. 

B. BALLOON DESCRIPTION 

1. General 

A ballonet system for accommodating volume change and maintaining pressure for all 
aerodynamically shaped balloons was assumed. A blower and battery type were assumed for 
all ballonet systems except ram air C. For this type, it was assumed that dynamic pressure 
alone, such as in the barrage balloons, was sufficient to retain pressurization. Additional 
work is required to ascertain the performance capabilities of dilatable-type balloons. In this 
type, elastic fabric or cords are used to retain balloon pressure. 

In order to give relative size of each balloon with respect to a different shape of com¬ 
parable volume, Table m lists the basic dimensions and areas for the various shapes, each 
with a hull volume of 1,000,000 ft3. 

Table in. Physical Dimensions of Various Balloon Configurations 
for a Hull Volume of 1,000,000 Ft3 

Halloon 
Type 

Hull 
Volume 

(ft*» 

I.encth 
(fn 

Max 
Du 
(It < 

Wetted 
Area 
(.,2. 

Fineness 
Ratio 

No. .»f 
Horii 
Fins 

Eaeh Hurt/ Fin 
No. of 
Vert. 
Fins 

Eat h \< i t. Fin 
Total 

Wetted 
Area 
(«2' 

Total 
Volume 

(f,3l 

Projected 
Area 
11,2( 

Wetted 
Area 
((,2) 

Volume 
(/,3i 

Projected 
A rea 
(1,2) 

Wi tted 
Area 
(lt*l 

Volume 
a,3) 

Navy ClasR 
C 

1,000. 000 262 99 2 55. 500 

-- 

2 64 

L 
2 3000 7.000 17.250 1 3000 7,000 17,250 76.600 1.052.000 

Ver- liai- 
loon 

1,000,000 256 64 69. 700 

__ 

4 0 1 7070 15,600 62,400 2 765 1. H00 2. 300 ÖH.900 1,067,000 

Modified 
Mark fl 

1,000. non 352 75 1 67.000 47 

— 

2 7250 16,000 64. H00 2 5 ï 50 12. 500 3». «(.0 106.000 1.207. 000 

Ham Air C 1,000,000 

tc 
1 

~
 

1 
_

 

00.2 55. 500 2.04 2 3000 7,000 17.250 1 3000 7,000 17.250 76,600 1.052.000 

Super- 
pressure . 
Natural 
Shape 

1.000.000 96 >o4 50, 500 0 0 0 0 0 0 0 0 50.500 1,000.000 

•Maximum height 

’Trade-mark, Goodyear Aerospace Corporation, Akron, Ohio 

26 



2. Navy Class C Configuration 

The Navy Class C configuration (Figure 20) was chosen because it represents the typical 
single-hull, streamlined shape, tethered balloon. The basic shape consists of a streamlined 
hull with a Y-type tail. The balloon exhibits the lowest aerodynamic lift coefficient and drag 
coefficient of any of the aerodynamically shaped balloons selected for evaluation. 

3. Vee-Balloon Configuration 

The Vee-Balloon (Figure 21) was chosen because it represents the high aerodynamic 
lilting type tethered balloon. The configuration consists of two streamline hulls joined at the 
nose to form a V. A horizontal tail is connected between the hulls with the two vertical fins 
mounted on the aft end of each hull. The balloon exhibits one of the highest aerodynamic lift 
coefficients and the highest drag coefficient of any of the aerodynamically shaped balloons 
selected for the evaluation. 

4. Modified Mark II Configuration 

The modified Mark II configuration 'Figure 22) was selected because the aerodynamic 
characteristics fall between that of the Navy Class C and the Vee-Balloon. The configuration 
consists of a single hull balloon with large end plate type vertical fins mounted on the horizontal 
fins. The balloon exhibits one of the highest aerodynamic lift coefficients of any of the aero¬ 
dynamically shaped balloons selected for evaluation, and the drag coefficient is between that 
of the Navy Class C and the Vee-Balloon. 

5. Ram Air C Configuration 

The ram air C configuration (Figure 20) is identical with the Navy Class C configuration 
except for the pressurization system. It was assumed that a ballonet was kept full by the stag¬ 
nation pressure of the wind, similar to barrage-type balloons. 

6. Superpressure, Natural Shape Balloons 

A natural shape balloon (Figure 23) was selected for evaluation because it offers possi¬ 
bilities i reefing. These balloons are usually used in non-tethered applications. The basic 
shape is h.at of an inverted teardrop, and the balloons are usually designed to have zero stress 
in the circumferential direction. The aerodynamic drag coefficient of the natural shape balloon 
was the highest of all the configurations evaluated. 

A specific pressurization system was not selected; however, several candidate designs 
as shown in Figure 24, could possibly satisfy the design requirements. 

C. AERODYNAMIC CHARACTERISTICS 

Aerodynamic lift coefficients, drag coefficients, and lift-to-drag ratio versus angle of 
attack for the aerodynamically shaped balloons are given in Figures 25, 26, and 27. The hull 
volume to the two-thirds power was used as a reference area. 

The angle of attack for zero lift was modified slightly for the Vee-Balloon in order to be 
consistent with other wind-tunnel test data for this shape. 

Since no wind tunnel information is available for the natural shape balloon, the aerodyna¬ 
mic characteristics of a sphere of equal volume were assumed. The lift coefficient is zero 
and the drag coefficient versus Reynolds Number is given in Figure 28. The projected area of 
the sphere was used as a reference area, and data was taken from References 5 through 8. The 
drag coefficient for the sphere based on hull volume to the two-thirds power for Reynolds 
Numbers of 300,000 and 500, 000 is plotted in Figure 26 to give a comparison of relative mag¬ 
nitudes. * 
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Figure 20. Class C and Ram Air C Balloon Configuration 

MAXIMUM 
DIAMFTER 

Figure 21. Vee-Balloon Configuration 
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•ALLONET-TAMENT HARNESS TYRE 

ADVANTAGE DISADVANTAGES 

1. UghtVARight 1. Flight durotion limittd by »nsigy 
itorog* copocity lor blower. 

2. Lorge drog of intermediate altitudes 
due to full inflation volume. 

INVERTED TYPE 

MOTOR-GEAR 
ASSEM SI Y FOR 

CONTROLLING 
DISTRIBUTION OF 
TETHER LOAD 
BETWEEN TOR AND 
BOTTOM END FITTING 

3. 

CONFIGURATION 
AT LAUNCH 

ADVANTAGES 

Low itrtu conc.ntration in balloon. 
Lightw.igM bo! loon malarial duo to 
top loading. 

Roafad oicant and doKant pouibla. 

GUIDE ROLLS 

GAS RETENTION 
SLEEVE 
(ALSO CONFINES 
UNINFLATED 
PORTION OF 
BALLOON) 

CABLE 

TETHER CABLE 

DISADVANTAGE 

I. High datign coat. 

TRACTION STORAGE DRUM TYRE 

ADVANTAGE DISADVANTAGES 

1. Pressurised otcent and descent 
possible. 

la Possibly high stress concentration 
in balloon. 

2. Heavy. 

REEFED TYRE 

ADVANTAGES DISADVANTAGES 

1. Simple design. 

2. Low stress concentration. 
3a low cost. 
4. Lightweight. 

1. Pe-reefing for descent 
not possible. 

2. System reliobiIity poor. 
(Foilure to release any one 
bond causes system failure.) 

Figure 24. Potential Pressurization Systems for Superpressure, Natural Shape Balloons 
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GAC, MEMO T-5618 
TMI-4, SEPT 1, 1964' «0 SINGLE HULL, f=4.7, 

END PLATES ON HORIZ FINS 
MODIFIED 
MARK II 

GAC, MEMO T-6372, 
TMI-4, DEC 13, 1965 A [2 HULLS, f = 4 (EACH), 
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Figure 25 Aerodynamic Lift Coefficient versus Angle of 
Attack for Various Balloon Configurations 
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MARK H 
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Figure 26. Aerodynamic Drag Coefficient versus Angle of 
Attack for Various Balloon Configurations 
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SOURCE OF DATA SYMBOL CONFIGURATION TYPE 1 

G AC, MEMO T-5618, 

TMT-4, SEPT 1, 1964 O SINGLE HULL, f = 4.7, 

END PLATES ON HORIZ FINS 
MODIFIED 

MARK n 

GAC, MEMO T-6372, 

TMI-4, DEC 13, 1965 
A 2 HULLS, f = 4 (EACH), 

HORIZ FIN BETWEEN HULLS 
35-DEG 

VEE 

G MI (UNIV OF 

DETROIT, PROJ 314) 
o SINGLE HULL, f = 2.64, 

Y FINS, RUN 86 
NAVY 

CLASS C 

Figure 27 Aerodynamic Lift-to-Drag Ratio versus Angle of 
Attack for Various Balloon Configurations 
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Figure 28. Aerodynamic Drag Coefficient versus Reynolds Number for a Sphere 

D. WEIGHT ANALYSIS OF AERODYNAMIC ALLY SHAPED BALLOONS 

1. Stress Considerations 

Internal pressure in the balloon at float altitude was based on the following requirements: 

(1) The nose of the balloon should not cup or dimpie in the wind at that altitude, 
which would create a large increase in drag, causing the balloon to loose its 
aerodynamic characteristics. 

(2) The minimum operating pressure for a reliable pressure relief valve should have 
a minimum opening pressure of approximately 1/4 in. H2O. 

Therefore, the required balloon internal pressure was selected to be 1.15 times the 
stagnation pressure at altitude or 1/4 in. H2O, whichever is greater. The critical pressure 
required to prevent buckling of the hull was assumed to be less than that required to prevent 
dimpling of the nose of the balloon. This was based on the assumption that the suspension or 
bridle system can be designed to reduce the bending moment to a negligible level. In most 
cases, the critical pressure to prevent buckling will be less than that required to prevent 
dimpling. However, in any further detailed design study or prototype development, the validity 
of this assumption must be verified. The actual stress used in the weight analysis was the sum 
of the stresses caused by the internal pressure, buoyant lift, and aerodynamic load. 

2. Balloon Material 

At the present time, material for fabrication of the balloon was investigated only on a 
strength-to-unit-weight basis. Figure 29 is a plot of breaking strength versus unit weight for 
various existing materials that are used for fabrication of balloons. The curve of Figure 29 
was used in the weight analysis to determine the hull material weight after the stress (allowing 
a factor of safety of 3) had been determined. 

3. Balloon Weight 

Once the stress is determined for a particular balloon shape, theweight can be estimated. 
The product of wetted area and unit weight where wetted area depends on shape and unit weight 
depends on stress determines the major part of balloon weight. An allowance of 10 percent 
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o DACRON AIRSHIP COATED 
FABRIC FROM DN 59QS889 

Figure 29. Breaking Strength versus Unit Weight for Various Balloon Materials 

was matte for seam weight; i.e., hull weight, fin weight, etc were increased by 10 percent 
Wetted areas were scaled up from existing sizes, or in the case of the modified Mark II, from 
model dimensions. Where a blower is provided for pressurization, blower and battery weinht 
depend on design altitude, balloon volume, differential pressure, and power density of the bat¬ 
tery. Other weight contributions and the detailed method of calculating stress and weight of 
íeí¡nnyíSnÍ«3lly ®haped balloons given in Appendix II. Computer printout data for a 
1,000,000 ft« configuration is given in Table IV. 
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Table IV. Computer Printout Data for a Class C Balloon Configuration 

COMPUTER INPUT DATA : Payload = 500 1b Altitude = 50,000 ft 
Velocity = 85 ft/sec Angle of Attack = 5o 
Volume = 1,000,000 ft3 Operating Time = 48 hr 

Lift and Drag Coefficients = f (angle of attack) 

Hull unit fabric weight (Ib/ft^) . 0.022 
Stagnation pressure (lb/ft2) . ... 1.3184 
Design stress, includes 

safety factor of 3 (Ib/ft).466 
Hull length (ft).262 
Projection area of 1 horiz 

tail (ft2). 3000 
Wetted area of 1 horiz tail (ft2j ... 7031 
Thickness of vert, tail, avg (ft) ... 5.75 
Total volume of balloon (ft3). . . 1,051,800 
Wetted area of spherical 

ballonet (ft2). 44,806 
Volume lost by leakage 
(ftvday)..489 

Volume flow thru blower (ft3) . . l, 973,800 
Aerodynamic stress by tether 

tension (Ib/ft).16.36 
Weight of hull fabric flb).1199 
Weight of Intersect attachments db) . . . 0 
Weight of internal partitions of 

horiz tail (lb).129.6 
Weight of internal partitions of 

vert, tail (lb).129.6 
Weight of exit valve (lb).72.3 
Weight of ballonet seams and 

attachments (lb).31.1 
Weight of suspension system (lb). . . 574 
Buoyant lift (lb).10,610 
Balloon weight (lb). 3292 
Unit lift (Ib/ft3).0.01009 
Internal design pressure 
(!b/ft2).1.516 

Max hull diameter (ft).99.2 
Projected vert, tail (ft2).3,000 
Wetted area of 1 vert, tail (ft2) . . . 7,031 
Volume of 1 horiz tail (ft3).17,253 
Ballonet volume tft3). 890, 730 
Intersect area (ft2)  o 
Volume req'd for temp change 

(ft3/day).105,180 

Blower operating time at 
altitude (min/day).13.4 

Buoyant stress by tether tension 
(Ib/ft). 39 

Weight of hull seams (lb).120 
Weight of 1 horiz tail (lb).152 
Weight of 1 vert, tail db).152 
Weight of blower (lb).127 
Weight of check valve (lb).63 
Weight of mise equip, battery and 

blower (lb).22 
Weight of handling lines and 

catenary (lb).134 
Net lift (lb). 9507 
Drag (lb) . 928 
Wetted hull(s) area (ft).55, 500 
Location of max diameter (ft) . . . . 104.8 
Thickness of horiz tail, avg 
(it).5.75 

Volume of 1 vert, tail (ft3).17,253 
Diameter of spherical ballonet 

(ft3).119 
Volume flow rate of blower 

(ft3/min).15, 790 
Volume to replace each day 

(ft3/day).211,330 
Max stress due to inflation 

(Ib/ft) .100 
Intersect weight (lb).0 
Weight of attachments of 1 

horiz tail (lb). 15.2 
Weight of attachments of 1 

vert, tail (lb). 15.2 
Weight of batteries (lb).44.6 
Weight of ballonet (lb). 311 
Aerodynamic lift (lb). 2689 
Lift coefficient.0.204 
Drag coefficient.0.0704 
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E. WEIGHT ANALYSIS OF SUPERPRESSURE, NATURAL SHAPE BALLOONS 

1. Stress Considerations 

In order to retain the shape of the balloon at float altitude, the minimum internal pres¬ 
sure was assumed to be equal to the stagnation pressure at that altitude. This minimum value 
occurs at the bottom of the oalloon. 

Stress levels were obtained by computer solutions for equations listed in Reference 9 for 
a superpressure, natural shape balloon with 25 percent top loading. A top-loaded design was 
selected because stresses are lower than in a balloon with no top load. 

2. Balloon Material 

Figure 29 was again used to determine material strength versus unit weight for the basic 
balloon material. 

3. Balloon Weight 

Once the stress levels are determined for the superpressure, natural shape balloon fly¬ 
ing at a particular altitude and wind condition, the hull material can be selected. The selection 
of this material is based on a factor of safety of 3 or greater throughout the major portion of the 
balloon. 

The variables that influence the weight of the hull of the balloon are altitude, dynamic 
pressure,cable tension at the bottom and top of the balloon, volume, and unit weight of material 
To obtain the total weight of the balloon the following weights wore assumed: 

Item r¡ of Hull Weight 

Reinforcement weight S'! 
Additional material for 3',’ 

end attachment 
Inflation ducts 1' 
End fittings 6'< 
Reefing system 35'(' 
Seams 10'< 

Table V contains typical total data obtained for a superpressure, natural shape balloon. 

Table V. Superpressure, Natural Shape Balloon Parameters 
(Summer I Wind - 100, 000-Ft Altitude) 

Balloon 
Volume 

(ft3) 

Shell 
Weight 

(lb) 

Material 
Unit Weight 

(lb ft2) 

Total Balloon 
Weight 

(lb) 

Load at Bottom 
of Balloon 

(lb) 

1 

Net Lift. 
Ln 

(lb) ÕÃ 

961,000 
1,681,000 
3,038,000 
4,363,000 
5,659,000 
6,942,000 

13,220.000 
25.730,000 
38,930,000 
52,270,000 
65,770,000 

352 
490 
693 
868 

1017 
1154 
1724 
2810 

456 
6335 
8304 

0.0056 
0.0056 
0.0056 
0.0056 
0.0056 
0.0056 
0.0056 
0.0060 
0.0075 
0.0080 
0.0101 

563 
784 

1. 109 
1,389 
1.627 
1,846 
2,758 
4.496 
7.226 

10.140 
13,280 

500 
1. 000 
2.000 
3. 000 
4. 000 
5. 000 

10.000 
20.000 
30.000 
40, 000 
50.000 

116 
177 
284 
378 
454 
529 
820 

1278 
1688 
2050 
2390 

-211 
206 

1.084 
1.979 
2. 890 
3. 808 
8.466 

17,810 
26. 790 
35,700 
44.520 

1 16 
3. 82 
5. 24 
6 38 
7. 20 

10 32 
13 97 
15. 87 
17.41 
18. 62 
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F. EFFECTS OF VARIOUS DESIGN PARAMETERS ON BALLOON WEIGHT 

1. General 

To determine the effect of varying the angle of attack, altitude, and wind velocity on the 
relative magnitude of the weight for the various balloon configurations, one parameter was 
varied while the others were held constant. Plots of the data available at this time are shown 
in Figures 30 through 33. 

2. Total Balloon Weight versus Hull Volume (See Figure 30.) 

As would be expected, if the hull volume is increased, the weight of the balloon increases. 
Of the aerodynamically shaped balloons, the modified Mark H is the heaviest, the ram air C 
and Vee-Balloon are lightest at the smaller volume range plotted, and the Vee-Balloon is the 
lightest at the higher volume range plotted. One reason the modified Mark II is heavy is be¬ 
cause of the large fin area on the balloon. The Vee-Balloon is light because the stress (and 
therefore material weight) is low due to the radius of the balloon being smaller than a single 
hull balloon of equal volume. Stress is not linearly proportional to radius, but depends on 
buoyant lift and helium pressure head. Equations 18 through 21 of Appendix H show the method 
and assumptions used in deriving design stress. The superpressure, natural shape balloon is 
lighter than any aerodynamically shaped balloon. Note that this is for a 50,000-foot altitude 
and Summer I winds only. 

3. Total Balloon Weight versus Altitude (See Figure 31.) 

In a constant volume balloon, the weight of each configuration decreases with increasing 
altitude due to decreasing aerodynamic and aerostatic forces. 

4. Total Balloon Weight versus Relative Wind Velocity (See Figure 32.) 

As the wind velocity increases, the weight of each configuration increases due to the rise 
in stagnation pressure. However, since the internal pressure for the aerodynamically shaped 
balloon has a minimum value equal to 1 '4 in. H2O, the weight of the balloon remains practically 
constant for a stagnation pressure times 1.15 lower than 1/4 in. H2O. 

5. Total Balloon Weight versus Angle of Attack (See Figure 33. ) 

The weight of each aerodynamic balloon configuration increases as the angle of attack in¬ 
creases due to the suspension weight becoming heavier with an increase in aerodynamic loads 
and higher stresses in the hull due to higher suspension loads. 

G. NET LIFT FOR BALLOONS OPERATING IN ZERO WIND BUT DESIGNED FOR HIGH WIND 

Net lift for aerodynamically shaped balloons operating in a calm wind condition will be 
reduced from that occurring in the design wind velocity. The net lift remaining is that amount 
remaining after aerodynamic lift is deducted. Furthermore, net lift will vary with the angle 
of attack for which the balloon is designed. For high design angles of attack, the aerodynamic 
loads will be high, and hence a heavier balloon will be required. Although it would be desirable 
to design the balloons for operation at a small angle of attack, gust loads and other transient 
conditions must be accounted for in the structural design. At this time, it is not possible to 
select an angle of attack for which the structure should be designed. 

Figures 34 through 37 show the variation of net lift versus volume, assuming that the 
balloon is operating in a zero wind, but is designed to operate in the Summer I or Winter I 
winds at 50,000 feet. A 500-pound payload at balloon is also assumed. These curves are also 
useful in checking that sufficient net lift is available to lift the cable that is required for the 
times that the balloon is to operate in the maximum design wind. From the curves it can be 
seen that only the ram air C shape has a positive net lift when the design is based on Winter I 
winds, 50,000-foot, altitude and 15-degree angle of attack. 
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A UNIQUE BALLOON DESIGN FOR THAT CONDITION. 

2. ALTITUDE =50,000 FT. 

3. ANGLE OF ATTACK = 5°. 

4. SUMMER! WIND CONDITION (50.4 KNOTS). 

Figure 30. Balloon Weight versus Hull Volume for 
Various Balloon Configurations 
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NOTES: I, EACH POINT ON THE CURVES REPRESENTS A UNIQUE 
BALLOON DESIGN FOR THAT CONDITION. 

2. HULL VOLUME = 1,000,000 FT*. 
3. ANGLE OF ATTACK * 5°. 
4. SUMMER I WIND CONDITION (50.4 KNOTS). 

Figure 31. Balloon Weight 
versus Altitude for Various 
Balloon Configurations 

NOTES: I. 

2. 
3. 
4. 

EACH POINT ON THE CURVES REPRESENTS A UNIQUE 
BALLOON DESIGN FOR THAT CONDITION. 
HULL VOLUME - 1,000,000 FT3. 
ANGLE OF ATTACK* 5°. 
ALTITUDE * 50,000 FT. 

VELOCITY, » (KNOTS) 

Figure 32. Balloon Weight 
versus Wind Velocity for 
Various Balloon Configurations 

NOTES: I. EACH POINT ON THE CURVES REPRESENTS A UNIQUE 
BALLOON DESIGN FOR THAT CONDITION. 

2. HULL VOLUME * 1,000,000 FT3. 
3. ALTITUDE = 50,000 FT. 
4. SUMMER I WIND CONDITION (50.4 KNOTS). 

Figure 33. Balloon Weight versus Angle of Attack for Various Balloon Configurations 
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Figure 34. Net Lift of Class C Balloon Configuration 
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Figure 35. Net Lift of Vee-Balloon Configuration 
Operating in a Zero Wind Condition 
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Figure 36. Net Lift of Modified Mark IT Configuration 
Operating in a Zero Wind Condition 

NET LIFT (POUNDS) 

Figure 37. Net Lift of Ram Air C Configuration 
Operating in a Zero Wind Condition 
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SECTION VI 

BALLOON PERFORMANCE PARAMETERS 

Curve b relating balloon parameters to net lift and drag are presented in Figures 38 
through 43. The abscissas and ordinates chosen for these curves are the same as those used 
in the cable profile curves (Figures 6 through 19); i.e., the abscissa is net lift (LN) or re- 
fn /k ^rodynamic ^ payload, and balloon weight, and the ordinate is net lift- 

ati° oîî 'Da^ or tangent of the angle oi application of the resultant forces acting on 
var^hí00"/ iBtV00f.para,?î?*teiS rePresented are shape, volume (V), and angle of attack (o). 
Variables including float altitude and wind profiles are also indicated in the figures. 

Weight estimates as described in Section V were made, and values of net lift and drag 
for each balloon were determined. Note that each balloon design is made on the basis of car- 
ïSfi? 15,00"p°und Pa.yload- Thus, the net lift of every balloon has been reduced by this amount. 
Each balloon design is unique in that a separate design is made each time any parameter is 
changed. Observe, for example in Figure 38, for a Class C balloon in a Summer I wind 
several values of net lift and drag are represented for a volume of 1,000, 000 cubic feet.’ That 
is, a separate design is shown for each angle of attack as a result of differing stresses which 
cause a different strength and weight fabric. Thus, the hull weight will vary with angle of at¬ 
tack as well as with volume. B «I 

A summary of the graphs plotted is given in Table VI. Note that no curves are presented 
for streamlined shaped balloons at an altitude of 100,000 feet. All aerodynamically shaped 

Table VI. Summary of Balloon Performance Parameters Plotted 

Float 
Altitude 

(ft) 

Wind 
Profile 

Balloon 
Type 

Parameters Plotted 
in Fig: 

50,000 Summer I Class C 

Vee-Balloon 

Modified Mark II 

Ram Air Class C 

Superpressure, 
Natural Shape 

38 

39 

40 

41 

42 

Winter I Class C 

Vee-Balloon 

Modified Mark II 

Ram Air Class C 

Superpressure, 
Natural Shape 

38 

39 

40 

41 

42 

100,000 Summer I 

Winter I 

Superpressure, 
Natural Shape 

Superpressure, 
Natural Shape 

43 

43 

43 
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Table VH. Superpressure, Natural Shape Balloon Characteristics 
(Winter I Wind, 50,000-Ft Altitude) 

Balloon 
Volume 

(it3) 

Shell 
Weight 

0b) 

Material 
Unit 

Weight 
(lb/ft2) 

Total 
Balloon 
Weight 

Ob) 

Load at 
Bottom of 
Balloon 

Öb) 

Drag, 

“ft 

Net 
Lift, 
Ln aw 

Ln/Da 

148,000 

284,000 

414,000 

545,000 

680,000 

1,340,000 

2,644,000 

3,950,000 

5,270,000 

6, 561,000 

438 

757 

1,026 

1,300 

1,615 

3,024 

5,702 

8,406 

11,230 

1 13,790 

0.0240 

0.0290 

0.0322 

0.0350 

0.0378 

0.0481 

0.0594 

0.0684 

0.0760 

0.0821 

701 

1,211 

1,642 

2,080 

2,584 

4,838 

9,123 

13,450 

17,970 

22,070 

1,000 

2,000 

3,000 

4,000 

5,000 

10,000 

20,000 

30,000 

40,000 

50,000 

2,874 

4,072 

5,213 

6,147 

7,002 

10, 690 

16,250 

20,000 

23,960 

27,100 

237 

1,046 

1,884 

2,720 

3,531 

7,686 

16,080 

24,500 

32,800 

41,200 

0.0825 

0.257 

0.361 

0.442 

0.504 

0.719 

0.990 

1.220 

1.367 

1.521 

balloons investigated are too heavy for operation above approximately 80,000 feet in the wind 
conditions assumed. 

Lift-to-drag ratios for the natural shape balloons are small for Winter I when compared 
to Summer I wind at a 50,000-foot altitude, due to increased helium pressure head (which re¬ 
sults in a heavier balloon) required to retain shape and the increase in aerodynamic drag. Typ¬ 
ical values are given in Table VII. 

Maximum Ln/Da ratio for aerodynamically shaped balloons occurs at angles of attack 
less than the angles for maximum aerodynamic lift-to-drag ratio. That is, maximum Ln/Da 
occurs between 0 and 5 degrees for Summer I winci condition and near 10 degrees for Winter I 
winds for all aerodynamically shaped balloons. 

In all cases except for the natural shape balloons at 100,000 feet, the Ln/Da ratio is 
greater in Summer I wind than in Winter I wind. Wind velocity is higher in summer at 100,000 
feet in area I. 

For the aerodynamically shaped balloons, Lw varies nearly directly with volume for all 
cases of wind loading and angle of attack. The Ln/Da ratio, however, exhibits considerable 
varieties. For large volumes, the Ln/Da ratio tends to be constant. For small volumes and 
low winds, the Ln/Da ratio increases greatly with small changes in volume. 

For the wind conditions assumed, only natural shape balloons provide a possible solution 
for tethering at a 100,000-foot altitude. 

From Figure 42, it appears that aerodynamic drag for the Winter I wind is very high, 
thereby reducing Ln/Da- Winter I wind is characterized by a velocity of 102.5 knots at an 
altitude of 50,000 feet. 



SECTION VII 

CABLE-BALLOON SYSTEM OPTIMIZATION 

Curves of cable tension components (Figures 6 through 19) and net lift and drag charac¬ 
teristics of balloon shapes (Figures 38 through 43) have been presented. Each group of curves 
relates cable or balloon parameters and presents them as functions of Lv and Lm/Dm. That 
is, after float altitude and wind profile are chosen, given values of LN and Ln/Dm completely 
define a particular Glastran or missile wire tether line. Additionally, these values of Lm and 
Ln/Dn completely define a Class C, Vee-Balloon, modified Mark n, ram air class C, or 
natural shape balloon, provided that the angle of attack is specified. 

The total balloon-cable system requirements may be defined by noting values of Lw and 
th»4 are common to both balloon and cable. After a particular balloon-cable system is 

defined by this method, it must be checked to determine if the system will be adequate if the 
wind velocity reduces to zero. To make this check, compare the cable weight as determined 
in Figures 8, 11, 14, and 17 to the net lift for the balloon under a zero wind condition as shown 
in Figures 34 through 37. If the cable weight is less than this new net lift, the system will be 
capable of performance in a zero wind condition as well as in its design wind condition. An 
allowance should be made for the reduction in cable length to be lifted in a zero wind but 
provisions for making this check are not presented in this report. 

The curves showing net lift in zero wind are obtained from computer runs of a balloon 
type in which the balloon weight is that weight required for design at a particular wind velocity. 
The net lift in zero wind is the remaining lift available after aerodynamic lift has been deducted. 

The optimum system would be determined by comparing solutions for other balloon-cable 
system combinations. Performance factors including base cable angle and blowdown distance 
must be considered in addition to cost and reliability. 

The design as described above is adequate for system operation at a prescribed altitude 
iLthj pref"ibed wind conditions» and the system can operate at any altitude between float 

altitude and the ground provided that .he design dynamic pressure at intermediate altitude is 
not greater than at the design float altitude. 

The procedure for combined use of the curves is given below. 

1. Determine the following basic system requirements and design conditions: 
a. Float altitude of payload 
b. Wind profile 

2. Select required balloon parameters such as the following: 
a. Balloon type 
b. Design criteria for balloon solution, i.e., angle of attack to be used in design 

3. Select required cable parameters such as the following: 
a. Cable type 
b. Design criteria for cable solution, i.e., minimum angle permitted at base of 

each segment, blowdown distance, or total cable weight 

4. Using graphs representing the above requirements, i.e., one graph giving cable 
parameters and another giving balloon parameters, check various balloon-cable 
systems that satisfy the conditions. Solutions are possible at points on the two 
graphs where LN and Ln/Dn are equal. For a tandem balloon system, calcula¬ 
tions are required to find Ln and Dn at the top end of intermediate cable lengths, 
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i.e., cable tension components Immediately below the lower balloons. Methods 
of comparing performance of tandem balloon systems will be presented In Task 
Report No. 2. 

5. Check design for flight capability In a zero wind condition. 

6. Compare workable systems and choose the most desirable. 
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SECTION vm 

REVIEW AND COMPARISON OF CONCEPTS PROPOSED 
IN ARPA CONTRACT STUDIES 

A. GENERAL 

.,, Various concepts to place a 500-pound payload at a 100 000 fnn» „in*, j 

balloon, which was at 100,000 feet), and in one case the tethtt í 06 íl<¡Tn ^except toPmost 
picts the balloon and tether systems proposed * material* Fi^re 44 de- 

18 ^ «- 
ary Importance to syetem feaelblllty. Later In the program whcnTrt'' 8ilKe “ ls ot “'o«1- 
the various systems are more comoletelv definJrf P®Amanee capabilities of 
be considered as well as costs. Brief descriptions iatUities requirements will 
section. aesenptions of the variouf. concepts are giver in this 

B. CONCEPT PROPOSED UNDER ARPA CONTRACT SD-198 

the system consists of a 215,000 cubic foot natural share hwraifSm The balloon Portion of 
ascent and a 12,360,000 cubic foot naturïShaoe main teiííün h Ík1?01^0 ** jettisoned during 
spliced cable made from missile wire of 11 different h^110*0”' The tether lln® Proposed was a 
inch in diameter. 1 diiferent diameters, varying from 0.106 to 0.230 

and «'«»ed from an exptodlng shelter 
of the ascent rate of the talïï When uS Í»V„ M"íh “Sieels cable al a ral' '^<“1 to that 
still « 5000 feet, 1, m£ved by a helîc^ aïï T 'eel' *he «'»Ich is 
alte where the remainder of the cable IswlihedM m ‘,s*“Md "> “>« tethering 
winch is attached to the ground, and the ballon asrinní « tel°W 15 knots’ the airborne 
retrieval, the payload is released and stSrln ^ fh ir! he conven«onal memer. During 
is winched down to 50,000 feet, where it is rootured atliea by a The balloon 
winched in faster than the parasaü dweebs Ä haand the cable i® 
parasail opens and depositsthe cable in á^redfteí m í^Íhw. in ruptuAreld f00^ 50‘000 ^et, the 
such as a thermal conductivity cell was nrLníííT1 d 1°fation- A helium detection device 
presenre lncrea*s, dm L" ^ ^ 
pressure relief valve. US a 8wltch to cióse, thereby opening a 

C. CONCEPT PROPOSED UNDER ARPA CONTRACT SD-199 

¡mrtloí^^^m Pc^f.mTfZ0n£K.eds4uord t Tha 

- altitudes, „ 
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. The fir8f baboon launched is the No. 2 balloon. Each successive balloon Is then attached 
at the appropriate location to the tether line until the No. 2 balloon reaches an altitude of ao- 
proximately 40,000 feet. At this time, the top balloon with the payload attached is released ami 
ascends to the required 100,000-foot altitude ateneo is released and 

- uPf fecovered by letting it free fall in a projectUe shaped body until it reaches 
an altitude of 15,000 feet, where a parachute is deployed. 

0,r . Whi1« toe Payload is being retrieved, the balloons are reeled in and removed from the 

Ä“ S ^ t0P h‘“°0n 18 POS8ib‘y ‘te8,r°,e<l “ “ de8Centl8 l,,to 

. , ^“toe balloons except the top balloon are equipped with ballonets, pressurized bv ram 
tha/?latî°n‘ The is tobricated in such a way that the outer skin is in radia? folds 
that peel away as the balloon ascends to altitude, thus keeping the balloon pressurized. 

D. CONCEPT PROPOSED UNÇER ARPA CONTRACT SD-200 

. Minneapolis-HoneyweU proposed a two-balloon system. A 5,370,000 cubic foot natural 
shape balloon was proposed for the top balloon, and a 715,000 cubic foot single-hull aerody- 
namically shaped balloon for tethering at an altitude of 50,000 feet. A tapered nylon rooe was 
proposed for the tether cable between the balloons and a tapered missile Sdre between toe 

posité scrh^mateilalfr0Und* ^ ^1°°118 Were to ** constructed oi 8 plastic film/fiber com- 

. , Tíf. Paylo^ is retrieved by letting it slide down the cable and then retrieving it with the 
lower balloon. The upper balloon is cut free in high winds. 

Launch and ascent techniques were not described. 

A roll diaphragm pump was suggested as a possible means of pressurizing the aerodvna- 
mically shaped balloon and the natural shaped balloon was to be reefed. 

E. CONCEPT PROPOSED UNDER ARPA CONTRACT SD-201 

,Vitl'° Corporation also proposed the use of a multiballoon system. The balloon oortion 
of the system consists of three balloons stationed at various altitudes; the top two balloons are 
of the natural shape design, and the bottom balloon is a single-hull design. Fourteen segments 

fromOS !21^82flCtacMnCdTar„XrCSUSl!e8,ed ^ ^ '**** ^ Wlre 

i« 18 laurched fitrst with the payload attached, and each successive balloon 
tode oï îoo ooo feet aPPr°P ate locati°n to the tether line until toe payload reaches an alti- 

,, „ For retrieval, the balloons are reeled in and removed from the system as they reach 
the ground. In an emergency, the payload would be ejected and recovered by parachute while 

to and recorered ball00n ^ 06 Thc loWer ,,aIloon wouÄn te reeled 

,, c P-fSuriZatio!í for toe "ato**81 shape balloons is achieved by reefing bands that are cut 
descmi^ 00naSCendSt0a^tltUde’ N° pressurizati°n system was proposed for use during 

F. COMPARISON OF CONCEPTS 

In °fder t0 make an e(luitaWe comparison of system proposals, modifications were made 
to the systems Proposed by the various contractors. Each contractor had assumed a different 
design wind profile; therefore, comparisons cannot be made without changing the balloon arid 1 
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Figure 45. Altitude versus Wind Velocity Assumed by the ARPA Contractors 
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cable proposed designs In some way. For this reason, all systems are compared on the 
basis of the same wind profile rather than the various profiles proposed. Figure 45 shows the 
wind profiles assumed by the contractors. Other changes In proposed quantities concern the 
weight of balloon and cable components. Balloon weight of streamlined balloons is obtained as 
df-cribed earlier In this report. Weight of natural shape balloons is obtained by assuming that 
the balloons have zero circumferential stress, zero superpressure, a flat top, and are deslened 
in accordance with the design sigma tables given in Reference 9. Balloon surface area was as¬ 
sumed to be the theoretical value from the sigma tables, and end reinforcements were assumed 
where load in the material exceeded the design strength. 

Cable weight is also computed as proposed previously: a tapered constant stress cable is 
generated as part of the computer solutions for cable profile. With these changes, care should 
be exercised in the conclusions drawn, since the balloon systems proposed by the contractors 
may be subjected to a loading condition entirely different from that assumed by the contractor. 

Tahi» ÎSwuY?1 ï,a 8Ui?IÜlai7 0Í ‘b* ARPA contractor proposed concepts. It is seen from 
TaWe Yra that a Class C balloon was assumed where a single-hull streamlined balloon was 
specified. The Vee-Balloon was used for specific cases of the GAC concept. Design angles 
of attack of 6 degrees for the Class C and 4 degrees for the Vee-Balloon were selected so that 
Lr/Dn is maximum for each type. 

For the sake of comparing the effects of certain changes in cable type and number of 
balloons in the systems proposed, modifications are included in Table VIII. 

G. CABLE-BALLOON SYSTEM SOLUTIONS 

From the data in Table Vin, cable-balloon system solutions were performed for each 
system. Observations and comparisons of the system solutions are described in the following 
paragraphs. ^ 

1. Balloon Weight 

heights of natural shape balloons were calculated to be greater than those proposed by 
GM! and Honeywell by approximately 58 percent and 17 percent, respectively. The two natural 
shape balloons of the Vitro study were, however, too heavy by 15 and 36 percent. For the study 
presented here, the weight of natural shape balloons is the same for Winter I or Summer I 
winds. In reality, the weight should be slight'y different due to the different winds and there¬ 
fore the superpressure requirement. 

in al! cases, the weights proposed for the streamlined balloons were heavier than those 
proposed by the contractor. Here, allowance for heavier balloons was made as the wind condi¬ 
tions became more severe. Note that at 100,000 feet, a more severe design condition occurs 
for Summer I wind than for Winter I wind. 

2. Net Lift 

Values of net lift given in Table VIII are the summation ui lift at the top end of each 
cable segment. This lift not only includes forces acting on the balloon but also the cable load 
from segments above the cable section of interest. Note that in the case of GAC balloon No 1 
the weight proposed resulted in a negative net lift. Using the contractor’s proposed weight ’ ’ 
however, a positive net lift was obtained. To obtain a solution, this contractor’s proposed’net 
n» hÎVÏ yS’ , 8 ?aS?ned thaí by choosine a slightly larger natural shape balloon, this 
net lift could be realized. A natural shape balloon would have resulted in a larger drag. This 
fact was not accounted for here. As will be shown later, the result of this solution will be use¬ 
ful for the sake of comparison; however, the reservation of this assumption mus’ be kept in 
mind. r 
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Table Vm. Summary of ARPA Contract Studies (Sheet 1 of 2) 

Balloon 
Alt Vol 

(ft3) 

Angle 
oí 

Attack 
(deg) 

Weigh! Ob) Net Uft Qb) Total 
He* Vnl Total wt, 

All Balloons Contractor 
Pniposed 

Re-Estimated Proposed Re-Estimated at All ■ O', 
No Type <k) 

Summer 
1 

Wittier 
1 

Summer 
1 

Winter 
1 

Summer 
I 

Wittier 
I 

All Ballonna 
ttt>) 

Summer wintir 
! 

B
A

L
L

O
O

N
 D

A
T

A
 

GMI 
1 

2 

Natural 

Natural 100,000 

215,000 

12,360,000 -• 

400 

3000* 4,747 4,747 7870 — 6,123 6,123 172,100 3,000 1,000 

Honeywrt' 

1 

2 

Natural 

Cía*» C 

100.000 

50,000 

5.370,000 

715,000 6 

1440 

2000 

2,018* 

2,335* 

2,018* 

5.600* - - 

2,412 

8, 552 

2,412 

12 809 
184,200 4,353 4,627 

Vitro 

1 

2 

3 

Natural 

Natural 

CIauk C 

100,000 

80,000 

20,000 

1,000,000 

5.000.000 

200.000 6 

4040 

2920 

IMO 

2,910* 

2 , 543* 

1,259* 

2,879* 

2, 543* 

3,208* 

- - 

3,880 

11,576 

9, 358 

3,880 

13,047 398,000 24,814 28,503 

GAC 

1 

2 

3 

4 

3 

C las» C 
(mod) 

Class C 

Vie 

Vic 

V<" 

100.000 

41,000 

24,000 

I'J.OOO 

ii.ooo 

2,000,000 

3,000,000 

500,000 

500,000 

500,000 

6 

6 

4 

4 

4 

1220* 

1620 

2210 

2170 

2170 

1,842 

22,947* 

3,150* 

3.053* 

3, 111* 

1,787 

48,405* 

8, 544* 

7,152* 

4,983* 

561 440 -51 

45,506 

48, 170 

66,080 

78,172 

-128 

1,650,000 33,556 70,304 

MODin ED abp A SYSTEM COMPARISONS (To Compare Cable Paramet rrs Only 

t.Al 

1 

2 

Clash C 
(1111411 

Class C 
(nnal) 

100.000 

41.000 

2.000.000 

3. 000. 000 

Ù 

i' 

1220 

22,947 — 

561 

-- 45,306 .. - 24,167 - 

Vltn> 1 Natural 100.000 8.000,000 -- - 2.910 - - - 3,880 — -- .. • • 
Honeywell 1 Natural KM). 000 5. 370. 000 — -- 2,011 - -- 2,412 - - -- - 

"iftlloon weights used to nMaiii l alilr profili i»o|uti<»na. 

3. Cable Data 

A discussion of the cable profile solutions is presented so that those systems that pro¬ 
vide solutions may be determined before examining total weight of all balloons. In Table VIII 
note that certain weight values represent the balloon weights chosen for use in the profile study. 
In all cases, the weights as proposed in this report were used except for the case as noted 
above and for the GMI single balloon. This GMI exception is made to show that no profile solu¬ 
tion exists, even though a balloon of underestimated weight was utilized. 

4. Summer I Wind Solutions 

Elements of the cable profile solution are self-explanatory. It can be observed that the 
only systems that provide solutions in a Summer I wind are the Vitro and the modified GAC 
systems. The system proposed by Honeywell would require only a slight modification to pro¬ 
vide a solution. Presently, the lower end of the bottom segment becomes horizontal approxi¬ 
mately 4000 feet above the ground. For purposes of making comparisons, it was assumed that 
the cable reached MSL. The GMI system would result in the cable becoming horizontal approx¬ 
imately 18,000 feet above MSL. 
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T*Me vm. Sanmary of ARPA Contract SMlo, (Sheet 2 of 2) 

5. Winter I Wind Solution 

■UttJ “ÄSTr SÄZ.Äte„Xea^r°"‘ w‘"*' 1 con- to provide a workable system. neywell and GAC systems would be required 

6. Total System Blowdown 

ballool VUr^system"resuL^^rieTeT^^ofi^rf1'1 Wind indicates ^ the three- 
is second with 43,900 feet, and Honeywell is third with ^"oxTma^Æ 600 feeï GAC 8y8tem 

7. Total Weight of All Cable Segments 

imately 9000 pounds, Vitro Mcoííd at ls lightest at approx- 

TabieiyvTn 8 ri ïhe nylon rope proposed by Hone^ell la no? tL* iS with aPProxi- 
Vm, Glastran cable provides a lesser blowdown distance anía Ughte^cabie,^ ^ZVn. 
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8. Total Weight of All Balloons 

For the Summer I wind condition, the Honeywell system is lightest at approximately 
4,400 pounds, Vitro is second at approximately 24,800 pounds, and GAC third at approximately 
33,600 pounds. 

H. COMMENTS AND CONCLUSIONS 

Choice of balloon volume, altitude, and number of balloons in the system is very criti¬ 
cal. A suitable method of making these selections has not as yet been determined. 

A modified solution of the GAC proposal is provided in Table VIII. The lower three bal¬ 
loons were removed without changing the volume of the upper two balloons or the cable type. 
The new solution indicates that total balloon and cable weights reduce significantly, while 
blowdown increases, as would be expected. This modified GAC concept is still many times 
heavier than the Honeywell system. The significant differences in the systems are the bal¬ 
loon volumes. That is, the top balloon of the GAC system is 2,000,000 cubic feet, whereas 
the Honeywell balloon is 5,370,000 cubic feet. The intermediate balloons are 3,000,000 and 
715,000 cubic feet, respectively. 

The comments presented herein do not compare any design condition except those at 
float altitude. Launch and retrieval problems must be considered before a final comparison 
can be made. 

Although the balloon volume proposed for a single-balloon system did not provide a solu¬ 
tion, selection of a larger balloon, 25,000,000 to 30,000,000 cubic feet, will provide a solution, 
as can be seen from Figures 18 and 43. This system appears to be least complex. Of the sys¬ 
tems that provided solutions, the two-balloon system proposed by Honeywell appears better 
than any other system proposed from the standpoint of system complexity, balloon weight, 
cable weight, and system loads. This judgment is made even though net lift available is insuf¬ 
ficient to lift the cable when aerodynamic lift is reduced to zero. 

Performance characteristics are better for the Vitro and GAC systems when total blow¬ 
down is considered. 

Best performance, as measured by small blowdown distances, is obtained from a system 
of many balloons and favorable base cable angles for each segment. Compare the blowdown of 
the lower four segments of the GAC system (d = *12,200 feet, h = 41,000 feet) with that for 
the lower segment of the Honeywell system (d = *53,500 feet, h = 50,000 feet). 

To obtain a minimum weight solution, proportioning of balloon volumes appears to be 
such that the lower end of each cable segment becomes nearly horizontal. 

Tapered missile wire appears to be a good choice of cable, whereas nylon provides no 
apparent advantage for the conditions assumed in this study. Tapered Glastran cable provides 
a slightly better solution for the single comparison made, that of the Vitro concept. 
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SECTION IX 

CONCLUSIONS AND RECOMMENDATIONS 

Investigation of methods for determining optimum single and multiple balloon systems 
will be continued. A method for determining a workable balloon system has been established 
with a multiple balloon system the only solution in many of the wind and altitude conditions 
considered. However, a method for optimizing the number of balloons, float altitude, and 
balloon siz*i has not yet been developed at this time. 

Equations of motion of the balloon and cable system during ascent and descent should be 
derived and computer solutions obtained. 

Methods of penetrating the region of high dynamic pressure without structurally over- 
designing the balloon for operation at float altitude should be investigated. Launch as a free 
balloon and means of containment in a second balloon are methods that merit further study. 

A review of all potential balloon pressurization systems is needed, particularly methods 
of reefing a natural shape balloon. 
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APPENDIX I 

CABLE PROFILE ANALYSIS* 

A. MATHEMATICAL ANALYSIS 

The mathematical analysis of a cable-balloon system subjected to a wind-vector profile 
Involves techniques similar to those used In the solution of related cable studies arising in a 
variety of engineering disciplines. These studies include problems on towing cables, mooring 
lines, supporting cables in bridges, cable-car lines, electric power lines, submarine cables, 
etc. Problems of this type in their greatest generality involve determination of cable tension 
as well as three-dimensional cable shape for a transient condition, i.e., time-dependent cable 
configuration; while reduced problems involve determination of above parameters in two dimen¬ 
sions for transient as well as steady-state condition and also three-dimensional steady-state 
configuration. 

Many problems have been worked out in two dimensions for a flexible cable for a steady 
as well as transient motion of a cable. The shape and tension of a cable subjected to a fluid 
flow have been studied by H. dauert (Reference 10) for a steady condition on the assumption 
that the cable is uniform and the speed of the fluid is the same at every point of the cable. In 
this study, only the normal component of cable drag was considered, neglecting tangential or 
a frictional component; while a study which incorporates both the normal and the tangential 
components was performed by L. Landweber and M. H. Protter (Reference 11). A transient 
cable motion has been studied by F.O. Ringleb (Reference 12) and by T.S. Walton with H. 
Polacheck (Reference 13). In the former work, the change in cable tension was investigated 
due to a sudden impulse, while in the latter, an extensive analysis has been performed on 
cable tension due to a periodic motion of one end of the cable with the other end fixed. 

The techniques developed for the above two-dimensional problems are useful for the three- 
dimensional problem at hand. The prime objective of these studies is to select appropriate 
balloon-cable designs such that they will be operable at a desired altitude under a variety of 
wind vector profiles, as well as to determine the "operative envelope", i.e., to indicate the 
optimum configuration of different parameters for various operative conditions. 

B. STEADY CONDITION 

The problem for a steady-state condition is to determine the tension in a cable as well 
as the shape, with one end of the cable attached to a free balloon at a given altitude and the 
other end fixed at the ground. From this then, it is possible to determine the elevation re¬ 
quired at tether site. In the solution of the problem, the variation of the following parameters 
is considered: 

(1) Wind-vector profile in the operating range 
(2) Wind-vector at float altitude 
(3) Float altitude 
(4) Terrain height at tether side (determined parameter) 
(5) Cable geometry - diameter as function of cable length 
(6) Cable weight/length as function of cable length 
(7) Cable weight 
(8) Balloon buoyancy and drag at float altitude. 

To evaluate the effect of these parameters on cable form and tension, a mathematical model is 
developed incorporating th^se quantities. 

aSubsections A through D of this appendix are excerpts from Reference 1. 
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C. MATHEMATICAL MODEL 

In developing a mathematical model for the steady-state condition, a set of assumptions 
are imposed so as to make the problem tractable. It is assumed that the only forces acting on 
a cable element are the gravity force, pressure drag force, and tension. The gravity is as¬ 
sumed to be uniform in the operating range in the light of the fact that the change is approxi¬ 
mately 1.0 percent. The skin-fraction drag is neglected due to the fact that the skin-fraction 
drag coefficient is smaller by two orders of magnitude as compared to basic drag coefficient 
(see Reference 14) and the fact that the cable is nearly vertical. The buoyancy on the cable is 
negligible compared to other forces and also is not taken into account. It is assumed that the 
moments are not transmitted in the cable, thus implying that the cable is perfectly flexible. 
A physical assumption made is that the drag force on the cable element normal to the element 
can be determined using the wind vector component normal to the element. This is so-called 
cosine or sine principle, depending on the definition of angle of attack. 

Selecting the origin of the coordinate system at the balloon (see Figure 46) and equating 
the sum of the forces on an infinitesimal cable element to zero, three equations are obtained. 

(ds) F'unx - (T sin «J cos 0)B + (T sin 0 cos 0)s + ds = 0 J 

(ds) F'uny - (T sin 0 sin $)B + (T sin 0 sin 0)|, + ds = 0 ( (1) 

(ds) F'unz - (T cos 0)g + (T cos 0)s +ds - w(ds) = 0 J 
where 

T is cable tension 

s is length of cable from the origin to the element 

ds is infinitesimal cable length 

0 and 9 are spherical coordinates that determine the direction of tangent 
vector to the cable at position s 

u is weight of cable/.length as function of s 

u is magnitude of wind-vector as function of z 

a is direction of wind-vector horizontally as function of z (the vertical is neglected) 

F'unx drag force on cable element/length in x direction 

F'uny is drag force in y direction 

F'unz is dra6 f°rce in 2 direction. 

To evaluate the drag forces, a normal component of the wind-vector has to be computed 
(as mentioned above) from which the drag force normal to the element can be evaluated, lead¬ 
ing thus to the desired results, which become: 

F'unx = D [cos a - sln^ ó cos 9 cos (d - o)] 

F'uny = D [sin a - sin2 ó sin 0cos (9 - a)] 

F'unz = "D [sin 0 cos ó cos (6 - a)] 

with 
I 1/21 

D = 1/2 PCpd J [ 1 - sin^ 0 cos^ (¢-0)] | u^, 

where 

u is wind speed 

P is air density as function of z 

(2) 
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Figure 46. Coordinate System 

X 

BALLOON AT 

FLOAT ALTITv î 

y 

T + dT 
U 

Cjj is cable drag coefficient 

d is diameter of cable as function of s. 

Dividing each of the equations in set 1 by (ds) and in the limit as ds—►O, the followine 
differential equations are obtained: 

(T sin 0 sin 0) + F'uny = 0 
(3) 

- (T cos 0) + F’unz - w = 0 

with the boundary conditions T = T0, 0 = 0O, and 0 = 0o at s = s0. It is of interest to note 
at this point that for u = o everywhere (except at float altitude) and independent of s, the 
above three differential equations simplify to a simple equation, which is the equation of a 
catenary: 

where A is arbitrary. 

To find an analytical solution to the three differential equations is an extremely difficult 
if not impossible, task since the diameter of a cable and the linear density are arbitrary func¬ 
tions of s as well as wind-vector profile and air density are both functions of z. In the light of 
these facts, an approximate technique has to be developed. This is accomplished by represent¬ 
ing the differential equations by a set of difference equations which can easily be evaluated by 
means of a digital computer. Denoting the position s on a cable by i and the position s + ds bv 
i + 1, the following set of equations result from set 3: 

0i+l = 0i + arc tan 
Ti sin pi - ias; r unxi cos 0i - (d8)FUnyi sin 0i 
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¢1+1 = + arc tan 

. 

Ti sin sin «i - (ds)F,unyl - sin 01+1 tan Ji cos + W^ds) - (ds) Funzl 

sin 0i+1 ’Ti cos + 0¾ (ds) - (dsiF'u^i + tan ^[Ti sin sin ^ - (ds) Funyl' 

i+l 
Wi(ds) + Ti cos 0i - (ds) F'unsi 

cos 0i+i 

1 

zi+1 = (ds) cos dk 

k=0 

i 

xi+l = (ds) sin djj cos $k 

k-0 

i 

yi+l = (ds) sindjjSinöj 

k=0 

This set of six equations together with boundary conditions are used to compute cable 
form as well as the tension for a given wind-vector profile and a given cable hence known 
d - d(s) and w = a (s). It is of importance to get an approximate error resulting from the 
difference equations. An estimate of this is presented below. 

D. ERROR ANALYSIS 

The errors in the cable form and tension resulting from approximate computing tech¬ 
nique depends, of course, on the magnitude of cable increment chosen for the computation - the 
smaller the increment the greater the accuracy in the two quantities. However, with decreas¬ 
ing increment the computation time Increases, thus leading to a trade-off between accuracy 
and cost. Preliminary analysis Indicates that the ratio (ds)/ (cable length) in the range 1/200 
to 1/240 is quite satisfactory to satisfy the two requirements. 

The comparison of the approximate solutions is possible with an exact one in special 
cases, i.e., when the differential equations can be solved analytically. Such a comparison 
has been made with the result that the errors in cable position and tension increase with cable 
length, as would be expected, with maximum errors of 0.75 and 0.45 percent, respectively, at 
approximately half of the required length. The maximum error for the entire cable would be 
nearly double these numbers. 

E. SOLUTIONS OF DIFFERENCE EQUATIONS 

The differential equations in subsection C lead to difference equations in unknowns 6, o, 
and T. The difference equations were derived as follows: 

Ti+i sin bi+l cos «i+i - T| sin Oj cos öj + F'y^ AS = 0 

Ti+i sin bi+i sin di+i - Tj sin öj sin ^ + Ffuny AS = 0 

Tj+i cos dj+i - Ti cos bi + F'u,^ AS - w AS = 0. 
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Solutions for unknowns 9, ¢, and T are found sequentially. 

tan 0i+i 
Tt sin (¾ sin 0i - AS 

Tj sin cos Öj - F'unx AS 

tan 0i+1 
sin 

(Tj cos <>i - F unz AS + w AS) sin öj+j 

For small values of 0i+1 where sin 0i+1—'0, an alternate equation is used. 

tan 0i+1 
Tt sin0tcos0t - F*unx 

(Tt cos dt ” F unz AS + w AS) cos 0t+j 

Then to avoid angle adjustment due to quadrant variations, the solutions for 0 and d are 
changed to difference equations by the identity 

tan (a - b) tan a - tan b 
1 4 tan a tan b 

Tan (0t+i - 0t) and tan (dt+i - dt) are therefore computed before solving for 0i i and d. i 
Then 1+1 

Tl+1 
Tt cos dt - F'uia AS + u) AS 

cos dt+i 

unless dt+i—► 90 degrees where cos di+i—*0. But if di+i —90 degrees, the computation is 
terminated, since at dt+l = 90 degrees, the cable is parallel to the ground plane. 

F. DESIGN OF CONSTANT STRESS CABLE 

1. General 

An optimum cable design would, of course, be one where stress was constant over its 
entire length, lor instance, sections at the higher end must have adequate strength to lift the 
lower end and therefore must be of larger size provided that the cable has homogeneousprojier- 
ties. In a like manner, cable size should be tailored in accordance with distribution of aero¬ 
dynamic load. Therefore, in solving the difference equations, the cable properties as shown 
in Figures 3 and 4 were assumed to be representative of the types of cables available in order 
to calculate parameters such as blowdown distance, cable angle, and total cable weight for a 
tapered constant stress cable. The equations defining physical properties were derived by 
fitting the curves of Figures 3 and 4 to the data provided by manufacturers of the three cable 
types. These equations are given in the following paragraphs. 

2. Glastran 

a. CableWeight Foot (lb ft) 

u> = (0.001) (5.6 4 0.662 s2) for 0 < S < 9 

B. S. F. S. X tension where S = 

w = 
S 

153 

1000 " 1000 

for S > 9. 
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b. Diameter (feet) 

1 / a) \1/2 
d = 12(096) ior 0<u <0-150- 

, 1 /w- 0.009\1/2 , „ ,e ^ . ^ „ 
d = lî (OTS ) ior 0,15 < w - °- 

3. Missile Wire (Acco, 1 x 37 x 7) 

a. Cable Weight/Foot (lb/ft) 

582. 

o» = for 0 < S < 9. 112.5 

).001^vv - 0.0772 

b. Diameter (feet) 

u> = 0.001(80 + 1 for S > 9. ) 

= 12(17555) 
1/2 

for all values of w. 

4. Sampson Braided Rope (Nylon) 

a. Cable Weight/Foot (lb/ft) 

it) = 0.001 ( 0 1^05 ) i°r values. 

b. Diameter (feet) 

1 / \1/2 
d ' IT 15356 j lor all values. 
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APPENDIX U 

DETAILED ANALYSIS OF TETHERED AERODYNAMICALLY SHAPED BALLOONS 

A. GENERAL 

This appendix contains additional information on the physical dimensions, stress analy¬ 
sis, and weight analysis of the aerodynamically shaped balloons. 

B. PHYSICAL SHAPE 

For geometrically similar balloons, the linear dimensions are proportional to the one- 
third power of balloon volume, and the surface area is proportional to the two-thirds power 
of balloon volume. Therefore, the various lengths and surface areas for various balloon shapes 
can be obtained by determining the appropriate proportionality constants. These scaling fac¬ 
tors (proportionality constants) for the Class C, ram air C, and modified Mark II balloons 
were based on wind tunnel models, and the scaling factors for the Vee-Balloon were based on 
actual balloon designs. 

Table IX, which contains scaling factors, and the relationships listed below were used in 
the computer program to determine the physical size for each balloon shape. 

Hull Length (ft) 

L = Ki V1/3 

Maximum Hull Diameter (ft) 

(4) 

(5) 

Wetted Hull(s) Area (ft2) 

Ah » K3 V 2/3 

Projected Area of One Horizontal Tail (ft^) 

Apht = K4 V2 /3 

Projected Area of One Vertical Tail (ft3) 

Apvt = K5 V 2 3 

Location of Maximum Diameter (ft) 

Lmax d = KL L (9) 

Wetted Area of One Horizontal Tail (ft2) 

Awht = Kh Apht (10) 

Wetted Area of One Vertical Tail (ft2) 

Awvt = Ky Apvt (11) 
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Table IX. Proportionality Constants for the Physical Dimensions of 
Various Aerodynamlcally Shaped Balloons 

Proportionality 
_Constant 

Hull Length 

Fineness Ratio 

Wetted Hull(s) Area 

Projected Area of One Hori¬ 
zontal Tail 

Projected Area of One Verti¬ 
cal Tall 

Location of Maximum Diameter 

Wetted Area of One Horizontal 
Tail 

Symbol 

Kl 

f 

K3 
K4 

k5 

Kl 

Kh 

Used 
in 
Eq 

Balloon Type 

Vee- 
Balloon 

Mod 
Mark 

n 

Navy 
Class 

C 

4 

5 

6 

7 

8 

9 

10 

2.56 

4.00 

6.97 

0.707 

0.0785 

0.45 

2.21 

3.53 

4.70 

6.70 

0.725 

0.515 

0.400 

2.21 

2.62 

2.64 

5.55 

0.30 

0.30 

0.40 

2.3439 

Ram 
Air 

C 

2.62 

2.64 

5.55 

0.30 

0.30 

0.40 

2.3439 

Wetted Area of One Vertical 
Tail 

11 2.32 2.41 2.3439 2.3439 

Tail Thickness 

Number of Horizontal Tails 

Number of Vertical Tails 

Hull Intersect Area 

Gas Leakage Rate Constant 

Ratio of Temp Difference 
over Avg Temp at Altitude 

Kt 

nht 

nvt 

Kint 

Kle 

Ktemp 

12 

16 

16 

20 

21 

22 

0.105 

1 

2 

0.336 

0.105 

2 

2 

0 

0.105 

2 

1 

0 

0.00639 ft3/ft2/day 

0.1 

0.105 

2 

1 

0 

0.1 0.1 0.1 

Average Thickness of Horizontal Tail (ft) 

hhta = Kt \/Apht (12) 

Average Thickness of Vertical Tail (ft) 

hvta = Kt y Apvt (13) 

Volume of One Horizontal Tall (ft3) 

^ht * tyita^pht (14) 

Volume of One Vertical Tail (ft3) 

*vt = Nrta^pvt (15) 

Volume of Total Balloon (ft3) 

vtot = * + nht vht + nvt Vvt (16) 
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Ballonet Volume tft3) 
~ / ^¡t\ 

vbnt (17) 

Diameter of Spherical Ballonet (ft) 

Dbnt = ^24 (vbnt)1,/3 (18) 

Wetted Area of Spherical Ballonet (ft2) 

Abnl-4.M(vbnt)2/3 (19) 

Hull Intersect Area (ft2) 

Aint = ^int V273 (20) 

Volume of Gas Lost by Leakage (ft2/day) 

^leak = Kle (^h + nht^wht + ‘Vt^vt) (21) 

Volume due to Temperature Change at Float Altitude per Day (ft3/day) 

^temp * Ktemp vtot (22) 

C. STRESS ANALYSIS 

1. General 

As noted in the text of the report, the design stress used in the balloon analysis was the 
sum of the stresses caused by the internal pressure, buoyant lift, and aerodynamic load with 
the appropriate factor of safety. Bending moment was neglected. Therefore, 

^des = F.S.^Ni + Nb + Na^ (23) 

where 
Ndes iB design stress for selection of balloon material (Ib/ft) 

F.S. is factor of safety 

Ni is stress due to internal pressure (Ib/ft) 

Nb is stress due to buoyant lift (Ib/ft) 

Na is stress due to aerodynamic loads (Ib/ft), 

Maximum stresses on the balloon due to Internal pressure and buoyant lift occur at the 
maximum diameter of the balloon. Maximum stresses due to aerodynamic loads occur some¬ 
what forward of the maximum diameter, but for this analysis, were conservatively assumed 
to act at the maximum diameter. Therefore, the location of maximum stress occurs at the 
maximum diameter just above the attachment points of the balloon suspension (bridle) system 
which were assumed to be attached near the equator of the balloon. The calculations given in’ 
the following paragraphs determine the stresses in the balloon skin at the equator. 

2. Stress due to Internal Pressure 

The required balloon internal pressure at altitude, as explained in Section V,was selected 
to be 15 percent greater than the dynamic pressure at altitude, or 1/4 in. H2O = 1.3 lb 'ft2 
whichever is greater. Therefore, Pi = 1.15q or 1.30 Ib/ft2, whichever is greater. This 
pressure was assumed to be at the bottom of the balloon. 
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Figure 47. Internal Pressure Occurring in the Balloon 
at the Maximum Diameter 

Referring to Figure 47, the prensure at the balloon equator is 

Peq = Pi + 0.862 pat g . 

The second term represents the helium pressure head at altitude between the bottom of the 
balloon and the equator. 

The maximum internal pressure stress is 

Ni = PC<1 -f- 

= (Pi t 0.862 Halt S -f ) y lb/ft. 

3. Stress due to Buoyant Lift 

From Figure 48, the maximum stress 
due to buoyant load at altitude acting on a one- 
foot sectior of the hull is 

Njj = ^Lb(one"í°ot section)J 

where 

Lb = buoyant lift of helium at altitude 

= b X volume of the section. 

Therefore, 

Nb 

(24) 

Figure 48. Buoyant Force on Balloon 
at the Maximum Diameter 

(25) 

4. Stress due to Aerodynamic Loads 

From wind tunnel tests on the General Mills Aerocap Model Balloon (Reference 15), the 
maximum local pressure was determined to be approximately 

X = 0.Iqo 

0 
0 
B 
3 
3 
3 
3 
I 
3 
3 

3 

! 
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where 

X is maximum local pressure (Ib/ft^) 

q is dynamic pressure (lb/ft2) 

a is angle of attack (degrees). 

This occurs at approximately 30 percent 
aft of the balloon nose. However, for this 
analysis, it was assumed to act at the maxi¬ 
mum diameter (see Figure 49). 

Therefore, the total aerodynamic force 
acting on the one-foot section (assuming a linear 
load distribution) is 

F = ix)('^)= 01<ïoy lb. 

This load is reacted by the suspension 
lines of the balloon. Therefore, the stress 
in the fabric directly above the suspension 
lines is 

Na = y F = O.OSq lb/ft. 

Figure 49. Assumed Aerodynamic Loading 
on the Maximum Diameter of the Balloon 

(26) 

D. BALLOON WEIGHT 

1. Balloon Material 

°"ce ,he deslsn slress has determined, the unit fabric weight can be determined to 

w = 0.463 X 10-4Ndcs lb/ft2 

or 

0.01041, 

whichever is greater. 

matel/a“ Xe fo^.h^Älem'r 'Xf ^ epproxi- 
(0.01041 lb/ft2) was assumed tn ill ^ f’ a minimum WP1Sht material of 1.5 oz yd2 
balloon would be fabricated ightest material from which an aerodynamically shaped 

2. Hull, Tail, and Ballonet Weights 

(».00695 b^.inc. ‘C.“ 

X* ÄalÄt,te comïïte sÄ„m!.re'as 

Weight of Hull Fabric (Ibi 

Whf = WAj; 
(28) 
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Table X. Proportionality Constants for the Weights of the 
Components of Various Aerodynamically Shaped Balloons 

Proportionality 
Constant Symbol 

Used 
in 
Eq 

Balloon Type 

Vee- 
Balloon 

Mod 
Mark 
n 

Navy 
Class 

C 

Ram 
Air 

C 

Factor of Safety on Fabric Stress 

Seam Weight 

Unit Weight of Tail Fabric 

Unit Weight of Partition Material 

Unit Weight of Ballonet Material 

Power Density of Battery 

Miscellaneous Equipment Weight 

Total Balloon Weight 

Suspension Line Weight 

Handling Line and Catenary 

F.S. 

Ko 

w. 

WP 
Wb 

Kbat 

Kme 

Ktb 

Ksus 

Khl 

21 

27 

30 

32 

36 

45-47 

48 

54 

55 

56 

3 3 

0.10 0.10 

w w 

2wt 2wt 
0.00695 
lb/ft2 

3600 watt minutes /lb 

0.00695 
lb/ft2 

3 

0.10 

w 

2wt 

0.00695 
Ib/ft2 

0.5 

1.791 

0.000591 

0.234 

0.5 

1.791 

0.000591 

0.234 

0.5 

1.791 

0.000591 

0.234 

3 

0.10 

w 

2wt 

0.00695 
Ib/ft2 

Not ap¬ 
plicable 

0 

1.791 

0.000591 

0.234 

Weight of Hull Seams (lb) 

whs = KSWM 

Intersect Weight (lb) 

Wint = w Amt 

Weight of Intersect Attachments (lb) 

Wint a = -g- Wint 

Weight of One Horizontal Tail (lb) 

Wht = wt Awht 

Weight of Attachments of One Horizontal Tail (lb) 

whta = KsWht 

Weight of Interior Partitions of One Horizontal Tail (lb) 

wiha = WpApht 

Weight of One Vertical Tail (lb) 

Wyt = Wt Awvt 

Weight of Attachments of One Vertical Tail (lb) 

Wyta = KgWyt 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 
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Weight of Interior Partitions of One Vertical Tall (lb) 

wiva = wp Apvt 

Weight of Ballonet (lb) 

wbnt = wb Abnt 

Weight of Ballonet Seams and Attachment (lb) 

wbnt, s = Ks Wbnt 

3. Blower, Battery, and Exit Valve Analysis 

(37) 

(38) 

(39) 

»ir*Vn i^UmeandV0lUme Flow of Air trough an Exit Valve or Rlnw.r The volume of 

The weight of a certain volume (V) of air at an altitude (h) is given by 

Wh = yhVhlb 

where ^ is the weight density (lb/ft3) of air at float altitude h. Also, at altitude h - dh, 

Wh-dh = (Vh + dy) Vh.dh, 

wh = Wb.rtb. 

Therefore, 

yhVh = (yh + dy)Vh_dh 

or 

Vh-dh = (iw?) Vh • 
Let Qt be the volume filled during the change In altitude from h to h-dh. Therefore, 

d(Qt> = V„ - Vh.dh 

= Vh(.-^— \ 
\ ^h + dy ^ 

= Vh TiTTdT 

Neglecting second-order effects, 

d(Qt) = Vh-|^-. 

However, Vh = constant = Vtot. 
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Therefore, 

Qt 

Qt 

fO dy 
hJ Vh 

where 

Qt is volume filled oy blower (ft^) 

Vtot is total volume of balloon (ft3) 

(40) 

>Íq is weight density of air at sea level launch altitude (lb/ft**) 

yh is weight density of air at float altitude (lb/ft3). 

To determine the volume flow rate (Q) through the exit valve or blower, an ascent and 
descent rate of 400 ft/mln was assumed. 

Q = Qt ft3/min (41) 
or 

2000 ft3/min, whichever is greater, (h is again the float altitude of the balloon.) 

b. Blower and Check Valve Weight. An empirical relation based on information listed in 
a blower catalog (Reference 16) is given in Figure 50. The plot contains blower weight versus 
differential pressure for blowers rated at 4000 ft3/min. Blowers used in this plot include 
rated flow rates from 500 to 4000 ft3/min, which were modified to an equivalent rate of 4000 
ft3/min by use of the following relation: 

Wbl° = Wactual (¾¾) 

where 

WjjIq is blower weight equivalent (lb) 

Wactualis blower weight listed in catalog (lb) 

Qrated ls ilow rate °f blower, as listed in catalog (ft3/min). 

Ratings for these blowers are for standard atmospheric conditions. The resulting ex¬ 
pression based on Figure 50 is 

Wbl° = 40Üïr (7-3Pio + 17.8) lb 

where 

PjO is the differential pressure at sea level in in. H2O. 

Use of this blower at higher altitudes will result in differential pressures that vary with 
the density of the air being blown. That is, 

pi = 7Çr~ pio lb/ft2 (42) 
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Figure 50. Blower Weight versus Differential Pressure for 
Volume Flow Rate of 4000 Ft^/Min 

where 

Pi is differential pressure at altitude 

Thus, 

ratio of air density at altitude to sea level. 

W bio = 4000 1.442 P° \ 
PÜT p‘ + l7-8)lb (43) 

where Q is the desired flow rate of the blower (ft3 min). 

The check valve is mounted on the blower, and therefore its weight was assumed to be 
proportional to the blower weight. Previous experience has shown that this constant of pro¬ 
portionality is approximately 1/2. Therefore, the weight of the check valve is 

wchk = 2 ^blo lb' (44) 
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c. Battery Weight. Battery power Is required to operate the blower at altitude to account 
for daily temperature changes and leakage losses and to operate the blower during descent to 
maintain a full ballonet. The typical equation for battery weight is 

Wbat 
Pt oper 

where 

Wbat Is the battery weight (lb) 

P is the power required (watts) 

t0per is the operating time of the blower (minutes) 

Kbat is the power density of the battery (watt min/lb). 

By plotting battery power versus sea level differential pressure for equivalent 4000 
ftVmin blower capacity, an empirical relation for power required to operate the blowers can 
be determined to be 

P = 1000 Pj0 watts 

where Pjq, as previously defined, is the differential pressure at sea level in in. H2O (see 
Figure 51). 

Battery weight required at altitude is that required to operate the blower at an equivalent 
sea level pressure of 

palt 1 
' p0 pio 0.1922 ’ 

as defined in Equation 42. Thus, the power required is 

P' = 1000 (0.1922) Pi lb/ft2. 
palt 

However, this power would operate the blower at sea level, whereas the power required 
at altitude varies directly with the density of the air being blown. Thus, the actual power re¬ 
quired for the battery is 

'0 

P = (1000) (0.1922) -3l_ Pi 
p0 palt 

= 192.2 Pi watts. 

The battery weight was analyzed as that required while at float altitude and that required 
during descent. Therefore, 

Wbat = Wbat>a + Wbat^d (lb) 

where 
Wbat, a ls amount of batteries required at altitude (lb) 

Wbat,d is amount of batteries required during descent (lb). 
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Figure 51. Required Blower Power versus Differential Pressure 
for Volume Flow Rate of 4000 Ft^/Min 

The equivalent time of operation of the blower at altitude is equal to the volume of air to 
be replaced each day (V repl) divided by the 4000 ftVmin blower rate and multiplied by the 
number of days at float altitude (t 24). Thus, the battery weight required at altitude is 

192.2Pi (VreDl) (t/24) 
Wlvif o — -zrz-T-.m~  - nnnnHe 

" i^bat i'iuuui r  - (45) 

Note that Vrepi is modified in the computer program to provide a factor of safety of 2. 

The work done on the gas during descent is equivalent to the work done on the gas if en- 
‘irely a* sea level. It will be assumed that the differential pressure to be maintained in 
the balloon at all times is Pj, the pressure that was required at altitude. This assumption 
neglects the fact that dynamic pressure at lower altitudes will probably be greater than that 
designed at altitude. 

However, the fabric in the balloon is also designed for conditions at altitude while neg¬ 
lecting conditions below so that the assumptions are consistent. Thus, 

Pi0 = Pi (0.1922) lb/ft2, 

which is identical with Equation 40 when 

^alt = PQ 
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The operating time of the blower during descent is that time required for a 4000 ftVmin 
blower to fill the ballonet, or (Vbnt/4000). 

Therefore, with a safety factor of 2, 

wbat, d = (2) 

192.2Pj vbnt 
_4000 

^bat 

= (2) 
192-2Pi ^bnt 
Kbat (4000) lb. 

The total battery weight is 

wbat = wbat, a + wbat, d 

(46) 

Wbat = 
192.2 Pj f /t\ ... !.. 

Kbat (4000) [¥repl \ 24 / + 2 ¥bntJ lb (47) 

where 

Pj is differential pressure at altitude (lb/ft2) 

¥repl is volume of air that blower has to replace at altitude (ft3/day) 

t is float time at altitude (hr) 

Vbntis balloon ballonet volume (ft3). 

The weight of the miscellaneous equipment for the blower and battery is 

wme = K|ne wbat* (48) 

which was included to cover the weight of the battery heater, wiring, etc. See Table Xfor the 
values of Kbat and Kmea 

d. Weight of Exit Valve. The volume rate of flow through an orifice is given in any fluid 
mechanics book (e.g., Reference 17) as 

Q = CA >/ 2gZ 

where 

Q is volume rate of flow through orifice (ft3/min) 

C is discharge coefficient 

A is exit area of orifice (ft3) 

Z is pressure head on the fluid at the orifice (ft). 

The pressure head (Z) may be written as 

Z = -P 
y 
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where 

p is pressure head (lb/ft2) 

y is weight density of the fluid (lb/ft3). 

Therefore, 

Q = CAyß^I 

Q = CAyfcX. (49> 

its exU area.^That the weight of assume that the weight is proportional to 

W2 ' A2 ' (50) 

Solving Equation 49 for Ai, and adding the subscripts 1, we have 

(51) 

irur ^lscharge coefficient may be obtained using data from an 
ing valve, since C is a constant for a particular orifice type. Thus, exist- 

(52) 

Substituting Equations 51 and 52 into Equation 50, 

or 

W1 W, [h /fT 
V V P1 

Si 
Q2 

Values for a typical exit valve are as follows: 

Size = 28 inch in diameter 

A2 = 4.24 ft2 

Q2 = 8500 ft3/min 

p2 = 3 in. H20« 15.62 lb/ft2 
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W2 

P2 

W1 

= 31.0 lb (aluminum) 

= Pg at sea level 

To compute the weight of a value required at float altitude, note the following changes in 
notation: 

p\ = Palt 

PI = Pi • 

Therefore, 

W, = 0.01445^!- ^ . (53) 

e. Suspension (bridle) System Weight. The weight of the suspension system is proportional 
to the length of the balloon and the tetner tension in the bridle. 

Wgus * LT, 

or from Equation 4, 

W8us « V1/3 T. 

However, to obtain the tether tension, the weight of the balloon (which we are trying to 
estimate) has to be known. Therefore, an initial estimate of the total weight is made by 
summing the already estimated parts of the balloon, which include everything except the sus¬ 
pension system, handling line, and catenary weights, and multiplying by an appropriate factor. 

The initial estimate of the tether tension is 

Tib = j[La + I* - P - (Ktb) Wi(tot)]2 + Db2j (54) 

where 

La, aerodynamic lift, = Cj/jV3 3 (lb) 

Ljj, buoyant lift, = 0.862gVt0t Palt (lb) 

P is payload package weight (lb) 

K^b is the factor to obtain total balloon weight 

wi(tot) is 016 Initial estimate of weight, which includes all weight except the sus¬ 
pension, handling line, and catenary weight (lb) 

Db> aerodynamic drag on balloon, = CDqV2/3 (lb). 
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Therefore, the weight of the suspension system is 

wsus ~ ^sus Tib (Vtot)1 ^ lb. (55) 

The weight of the handling line and catenary is 

Whl = KhlWsus lb. (56) 

See Table X for the values of Ktb, Ksus and Khi. 

f- Total Balloon Weight. The total balloon weight can be obtained for a particular balloon 
type (Vee-Balloon,Class C, etc) from the previous equations by imputing the following informa¬ 
tion: 

Payload weight,? (lb) 

Float altitude, h (ft) 

Wind velocity, v (knots) 

Angle of attack, a (degrees) 

Hull volume, ¥ (ft^) 

Operating Time at altitude, t (hr) 

The total balloon weight is equal to the following: 

wtot = Wbf + Wh8 + Wint + Wlnt a 

+ Wht + Whta + Wiha + Wyt 

+ wvta + wiva + wblo + wbat 

+ Wya] + Wchk + Wbnt + Wbnt, s 

+ wme + wsus + whl (pounds). (57) 
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