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SYMBOLS

difference in weight densities of L
air and 1nflation gas (=0 862 p,); )
1b/ft3 Ly
aerodynamic drag coefficient
aerodynamic lift coefficient q
aerodynamic drag lb

t
aerodynamic drag of balloon 1b

.V

net drag horizontal component of

tension at the top end of the cable v
(for the lower segment 1n a tandem
balloon system this includes the

aerodynamic diag of the middle bal Wg
loon and the horizontal component of
tension at the lowe1 end of the top W,
cable) 1b

w

blowdown distance or distance from
top end of c1ble to boltom end mea a
sured parallel to earth plane ft

B
fineness ralioc o1 ratios of length
to diameter
float altitude above mean sea level Palt
ft
altitude above mean sea level at PO
which cable 1s parallel to earth
plane ft

aerodynamic lift lb

net I1ft of balloon or vertical com
ponent of tension at the top end of
the cable 1b

dynamic pressure (=1/2 paltv2)
1b /ft2

time at float altitude hr
balloon hull volume ft3

wind velocity relative to balloon
knots

total bal oon weight 1b

total weight of cable segment 1b
unit weight of balloon fabric lb/ft2
angle of attack deg

angle be*ween the cable and the
vertical at the bottom end of the

cable segment dee

density of an at {loat altitude
slucs/ft3

density of air at mean sea level
slugs/ft?

Note Pouids in the above | st are pounds force




SECTION I

SUMMARY

An 1nvestigation of the problems related to high altitude tethered balloon systems 1s 1n
progress This report covers the work accomplished during the first quarter of the program

Various te Hered balloon systems were 1nvestigated to determine what combination of
balloons and cables has the greatest potential for high altitude tethering Aerodynamic charac
teristics stress weight and other design factors were evaluated for five different balloon
shapes Cable profile parameters were evaluated considering weight cross section area and
breaking strength of the three cable types Data 1s presented 1n graphic form which relates
balloon quantities to cable profile quantities for operation in winter and summer at two different
geographic locations and float altitudes of 50 000 and 100 000 feet

System concepts were evaluated under ARPA Contracts SD 198 through SD 201 (Referen
ces 1 through 4) Since diffierent wind profiles were assumed for each of these concepts modi
fications to balloon weicht and cable size were made 1n an effort to compare each system on an
equitable basis As a result 1t was found that the systems proposed by Vitro Corporation of
America and Minneapolis Honeywell Regulator Company provided solutions However 1t
should be emphasized that with other modifications the systems proposed by Goodyear Aero
space Corporation (GAC) and General Mills Inc (GMI) may also provide solutions To summar
1ze the comparisons are not too meaningful because each contractor proposed a system for
operation 1n different wind conditions

Results show that balloons can be tethered at altitudes above 50 000 feet but that no one
system 1s best for all wind and altitude conditions Round or natural shape balloons provide
better performance in light winds at high altitudes whereas aerodynamically shaped balloons
provide better performance in hich winds at intermediate altitudes Cables made of glass
fibers and epoxy resin provide better overall performance for all wind and altitude conditions
investicated than either nylon o1 steel In a few cases where net 1ift at the top of the cable 1s (7Y
very small steel wile appears to be better




SECTION II

INTRODUCTION

Various tethered balloon concepts including systems described 1n References 1 through
4 were 1nvestigated During the course of the investigation 1t 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 1importance relative to system feasibility

Therefore the major portion of the investigation thus far was that of determining aero
static and aerodynamic l1ift drag and weight for several balloon shapes as a function of wind
velocity altitude and other factors A second major effort was that of determining cable size
weight blowdown distance and angle at the ground for various loading conditions at the top end
of the cable Variables considered were float altitude wind protile and cable materials

Performance parameters for the balloons and cables are presented independent of each
other For some wind conditions a single balloon system cannot be tethered at altitudes above
50 000 feet but tandem balloon systems could provide a solution

The concepts pioposed in References 1 through 4 were 1nvestigated and compared It was
difficult to make comparisons because each system was designed for a different wind profile
A decision was made to assume a Summe1 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
1in References 1 through 4 This decision necessitated calculations of new balloon and cable

welghts to satisfy the wind loads on the system

When 1t became apparent that the f1equency of occurience of winds and expected fli ht
duiations at the intended operatin locations were vital to the invest:1 ation AFCRL imtated a
study whereby design wind p ofiles were enerated based on p:obability calculations

The AFCRL study provided wind desi n criteria to be used in the sense of a fi1st approx
mmation evaluation of several diffexrent tethered balloon systems The data represents best
fit estimates of inte_rated winds which take 1nto consideration the intexrrelations between winds
at one level in the atmosphere and 2ll levels above and below that level {rom the suiface to
100 000 feet Development of the data was made by matching cumulative [requency distiibu
tions with inte rated wind distributions The 75 percentile frequency distributions showed the
best correlat ons th the 90 perce t le inte rated wind pirofiles and the e are the data 1ven
These data should only be used 1n static evaluations 1 e the tethered system 1s fully deployed
A much lar_er statistically representative sample of wind profiles will be needed to evaluate
the operational efficiency of ascent of the systems to designed flcatin altitude

All balloon and cable parameters are based on wind profiles resultin, from the AFCRL
study These wind profiles aie _iven in Table I Winds fo: summer and winter at Jocation I
were selected for desion calculations The Summer I profile repiesents 2 moderate wind and
Winte:r I the most severe wind Velocity and dynamic pressure profiles are presented 1n
graphic form in Figures 1 and 2 The 18962 U S Standaid Atmosphere was used as the souice
for all other atmospheric data

All design factoi1s such as balloon and cable weight stresses balloon superpressure
and volume are based on a svstem where all balloons are at their design float altitude 1 e
loads on the system durine launch and retiieval have not been considered

Because of the lar_e numbe: of computations required and 1n son e cases due to the type
of solution available digital computer and plotter facilities were used fo1 almost all of the

calculations




Table I Seventy Five Percentile Winds for Summer and Winter

at Three Geographic Locations

Wind Velocity (knots)

Height Winter Location Summer Location

o I IT I I I1 II1
Surface 15 0 10 10 0 10 0 10 0 7

5 000 27 9 20 20 0 22 3 200 12
10 000 44 9 35 15 1 26 5 18 6 16
15 000 82 6 58 18 0 31 9 18 7 19
20 000 80 5 78 21 4 38 0 19 1 20
25 000 99 0 92 25 5 47 1 20 2 19 2
30 000 110 9 105 29 7 56 3 21 3 17
35 000 125 1 111 35 9 64 7 25 8 18 3
40 000 125 4 115 43 2 72 8 32 2 20 2
45 000 113 9 110 38 2 62 8 36 2 20
50 000 10275 | 105 314 50 4 39 8 21 3
55 000 91 4 97 250 37 9 43 1 22
60 000 79 6 75 23 0 25 0 42 9 30
65 000 67 2 47 24 4 2s 1 43 8 34
70 000 60 1 33 27 8 25 0 45 3 40
75 000 50 7 29 33 2 27 3 48 2 46
80 000 48 8 28 37 8 29 8 51 C 51
85 000 09 2 29 41 4 34 8 54 1 55
90 000 35 5 30 40 4 36 8 56 5 61
95 000 34 7 31 39 9 35 1 58 2 68
100 000 35 0 32 42 3 43 9 59 4 72

Note Data was prowde? by AFCRL f
I
3
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SECTION II

TETHER CABLE TYPES AND PROPERTIES

Braided nylon rope mis 1le wire and Glastran were selected as potential materials for
tether cables Physical properties data obtained from three vendors are given in Figures 3
and 4 The data are representative of the three materials used 1n cable construction Glas
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 types and it provides
better overall design features than the other two types for the wind conditions assumed in thas
study Missile wire a stranded steel cable manufactured by American Chain and Cable Co
1s used for aircraft tow targets For equivalent breaking strengths missile wire has the
smallest cross section and therefore aerodynamic forces would be expected to be less
Braided nylon rope made by Samson Cordage Works was selected as beirg representative of

ropes made of nylon
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o]
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WIRE ~ BRAIDED
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T
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600
/

CABLE WEIGHT (LB/1000 FT)

Figure 3 Cable Weight versus Breaking Strength for
Various Tether Cable Materials
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Although nvlon rope has a higher strength per weight than steel 1t 1s heavier than Glas
tran and also larger 1in cross section and therefore would not be expected to provide better de
sign features Design data was therefore prepared for only missile wire and Glastran since
1t 1s obvious that results for Glastron would be better than for nylon 1n all wind conditions It
should also be noted that streneth per weight 1s constant for strength greater than about 9000
pounds and that strength per weight 1s higher for strength values below 3000 pounds

It should also be emphasized that the performance results obtained thus far in this study
are based only on breaking strength weight cross section area and specific wind conditions
Other factors such as cost handling problems fatigue abrasion resistance weatherability
sphicing efficiency and availabmhity of tapered construction need to be investigated

Low drag cables having airfoil shaped sections were not considered because sufficient
design data 1s not available at this time

Single strand glass composite cables are expected to provide somewhat better perform
ance than the stranded type however bend radi will be larger for the larger cables

Another possible improvement is the use of S glass fibers instead of E glass The fila
ment strength of S glass 1s about 665 000 lb/in 2 whereas E glass 1s 500 000 lb/1n
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F gure 4 Cable Weight versus Cable Diameter for
Various Tether Cable Materials




SECTION 1V

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 (GB) top end excursion or blowdown distance relative
to the bottom end (d) and total weight of the cable segment (W¢) A supplemental factor 1s
presented 1n conjunction with §g to define the altitude at which 6g occurs (hy) These para
meters are shown in Figure 5

Occasions arise where the cable segment tends to become horizontal at points above
mean sea level 1n 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 1n Figures 6
through 19 Abscissas and ordinates for the curves are respectively net 11ft or vertical compo
nent of tension at the top end of the cable (LN) and net 11ft to drag ratio or tangent of the angie
of application of the tension force at the top end of the cable (LN/DN)

Selection of the parameters shown 1n the graphs was based on the following information
Float altitudes were selected as the extremes of the region of interest namely 50 000 and

h = FLOAT ALT

CABLE TYPE

Figure 5 Tether Cable Profile Parameteis
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Pl

100 000 feet Wind profiles Wanter I and Summer I were selected fron Table I as represent
1ing a2 moderate and the most severe winds existing at the three locations Cable types chosen
were based on the information presented 1n Figures 3 and 4 which relate cable properties

Flexibihity of the cable design solulion 1s made possible by use of the equations Liven in
Reference 1 GAC s IBM S/360 Model 40 digital computer was used for solutions of these
equations The computer program 15 [lexible 1n that specific values of cable weight and dia
meter can be assumed or cable wer ht diameter and breaking strength can be assumed to
be a function of cable tension Any float altitude wind profile and cable strength weight dia
meter relation may be specified Desion curves are then obtained by speciying particular
values of LN and LN/DN Note that each point on the curves represents a umique cable design
for the specified condition That 1s an iteration for a new tapered cable solution based on a
constant st1ess design using a facto1 of safety as selected 1s obtained for each Ln/DN  This
procedure results in a cable taperin, from a maximum diameter at the top to some lesser
value below It should be noted that a tapered cable may not be obtainable 1n all materials due
to lack of manufacturing methods and equipment Nevertheless results of these profile calcu
lations show comparative performance and the data approximates a spliced configuration con
taining various sizes Derivation of the difference equations and equations defining cable
properties 1s given in Append:x I

Glastran cable was selected because its strength to weight ratio 1s greater than nylon
or missile wire cables as shown in Figure 3 and thus will result in highter cables for a given
stress As wind forces increase however the diameter of the cable becomes important for
this reason missile wire was also chosen since 1its diameter to weight ratio 1s less than the

other two

A summary of the graphs plotted 1s 1ven in Table II Fach of the graphs 1s obtained by
fairing the desired parametiic curve through the many Ly versus Ln/Dy points plotted from
individual computer runs The p1ocess involved here 1s much the same as utilized for drawing
contour maps For tlus reason eyeball judgment of the curves was used in some areas
wheie data points were far apait These families of curves however provide sufficient ac
cuiracy for an 1n tial estimate of pi1ofile parameter1s as 1s the puipose here

A method of using F1 ures 6 through 19 and preliminary conclusions based on data given

in the f1 ui1es are pre<ented It should be noted however that the primary purpose of the
curves 1s to establish a method of making compaiisons and p: ovide 1 method for careful scrutiny

Table I Summary of Tethe:r Cable Pirofile Paranieters Plotted

A};i?tiije ;de Cable Parameters Plotted
(£t) rofile Type R and h1 d W,
50 000 Summer I Glastran Fie 6 Fi 1 Fig 8
50 000 Summer ] Missile wire Fig, 9 F1 10 Fi 11
50 000 Winter I Glastran Fiy, 12 Fig 13 Fig, 14
50 000 Wainter 1 Missile wie Fi, 15 Fi, 16 Fi 17
100 000 Sumimer I Glastran Fic 18 None None
100 000 Summez I Missle wire Fi, 19 None None
3



It 1s 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 he conuidered are float alt;
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)

(2)

Select the proper group of graphs where float altituae wind profile and cable
type are common to ach

Choose the value of g and hy d or W¢ to be satisfied by interpolating between
curves for the proper LN and Ly/DN values By choosing one of these para
meters a line 15 defined on the respective curve that shows a continuous range
of LN and LN/Dv that will satisfy the chosen parameter  If one of the othei
parameters 15 also chosen a second range of LN versus LN/DN values 1s de
fined If the chousen values are compatible the lines will inter.ect and the point
of intersection gives the only values of LN and LN/DN that will satisfy both con
ditions

Example

(@) Given h 50 000 ft
wind - Winte1 I
cable type - massile wire

(b) Required 6 90%ath; 15 000 ft
d 35 000 ft

(c) Firom Figure 15 the line defiming 1an,es of Ly and Ly/Dy for 6g - 909 at
hy = 15 000 feet is found and from Fijure 16 the 1an e of LN and LN/DN
for d = 35 000 feet 1s found It can be seen thal these lines inteisect at
LN - 54 000 pounds and LN/Dy - 11 5 Cabl weirht (W¢) 1s now also de
fined and 1 given in Figure 17 Cable weight for L 54 000 pounds and
Ln/DN = 11 51s about 40 000 pounds  This 1s the total cable weiht from
float altitude to 15 000 feet above mean sea level the point where it becomes
hoii1zontal

{d) The next step 1s to detern 11e what balloon si1ze and tvpe of any will have a
net 11ft of 54 000 pounds and a net 1ift to dia, ratio of 12 An example of
this 1$ 1ven in a later section

Other variations for use of these curves can be made by specily n, other cable para
meters o1 balloon parametei1s as discussed 1n a later section

Initial conclusions inferred f10m a study of the graphs are as follo /s

(1)

For Summer I winds and cables extending downward from 50 000 feet above mean
sea level

(@) Sinele increment cable solutions are possible fo: both _lass cable and missile
wire provided that adequate values of Ly and Ly/DN are applied at the cable
top end The definition of single increment a used rere 1s a length of cable
having loads applied at each end and only aercdynamic forces and wei ht ap
plied over its entire lenoth

10



(3)

(b) Glass cable provides solutions with more favorable bottom end cable condi
tions (g and hy) than does missile wire for all cases except for very small
Ly values (less than 5000 pounds)

For Winter I winds and cables extending downward from 50 000 feet above mean
sea level

(a) No reahstic single increment solutions are available for either glass cable
or missile wire Reasonable solutions are available however if another
balloon 1s utilized at an intermediate altitude (e g at altitudes from 10 000
to 30 D00 feet) Since a single increment solution 1s 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 Ly 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 ballocon 1s utilized
at an intermediate altitude (¢ g at altitudes from 10 000 to 40 000 feet)

(b) Glass cable provides single increment solutions 1f adequate LN and LN/DN
values are applied

Glastran cable (Figure 18) exhibits an unusual series of dips near a value of

Ly = 5000 pounds Missile wire {Figure 19) does not exhibit this dip It 1s 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 1nvestigated were Navy Class C Vee Balloon! modified Marh II and ram air C
These shapes were selected for investigation because a wide range of physical and functional
characteristics such as aerodynamic laft drag fineness ratio volume per surface area fin
size etc 1S encompassed In addition wind tunnel test data 1s available for all of the balloons
except the natural shape and tull 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 batterytype were assumed for
all ballonet systems except am air C  For this type 1t was assumed that dynamic pressure
alone such as 1n the barrage balloons was sufficient to retain pressurization Additional
woik 1s 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 si1ze of each balloon with respect to a different shape or com
parable volume Table III hsts the basic dimensions and areas for the various shapes each
with a hull volume of 1 000 000 ft3

Table III Physical Dimensions of Various Balloon Configurations
for a Hull Volume of 1 000 000 Ft3
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2 Navy Class C Configuration

The Navy Class C configuration (Figure 20) was chosen because 1t 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 lLift coefficient and drag
coefficient of any of the aerodynamically shaped balloons selected for evaluation

3 Vee Balloon Configuiation

The Vee Balloon (Figure 21) was chosen because 1t represents the high aerodynamic
Iafting type tethered balloon The configuration consists of two streamline hulls joined at the
nose to form a VA horizontal tail 1s connected between th 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 aei1odynamically shaped balloons

selected for the evaluation

4 Modified Mark II Configuration

The modified Mark IO configuration (Figure 22) was selected because the aerodynamaic
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 1s between that
of the Navy Class C and the Vee Balloon

5 Ram Air C Conficuration

The ram air C confi uration {Figure 20) 1s 1dentical 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 barrase type balloons

6 Superpilessure Natural Shape Balloons

A natural shape balloon (Fi,ure 23) was selected for evaluation because 1t offers possi
bilities for reefine These balloons are usually used in non tethered applications The basic
shape 1s that of an inverted teardrop and the balloons are usually designed to have zero stress
1n the circumferential direction The aerodynamic drag coefficient of the natural shape balloon
was the highest of all the configurations evaluated

A specuic pressurization system was not selected however several candidate designs
as shown i1n Figure 24 could possibly satisfy the desion requirements

C AERODYNAMIC CHARACTERISTICS

Aerodynamic luift ocefficients diag coefficients and lift to drag ratio versus angle of
attack for the aerodynarmically shaped balloons are given in Figures 5 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 1n orde: to be
consistent with other wind tunnel test data for this shape

Since no w nd tunnel information 1s available for the natural shape balloon the aerodyna
mic characteristics of a sphere of equal volume were assumed The Lift coefficient 15 zero
and the drag coefficient versus Reynolds Number 1s given in Figure 28 The projected area of
the sphere was used a a reference area and data was taken from References 5 through8 The
drag coefficient fo1 the sphere based on hull volume to the two thirds power for Reynolds
Numbers of 300 GO0 and 500 000 1s plotted in Figure 26 to c1ve a comparison of relative mag
nitudes
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Figure 26 Aerodynamic Drag Coefficient versus Angle of
Attack for Various Balloon Configurations
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AERODYNAMIC LIFT TO DRAG RATIO CL/CD

SOURCE OF DATA

SYMBOL CONFIGURATION TYPE

GAC MEMO T 5618
TMI 4 SEPT 1 1964

SINGLEHULL §f 47 MODIFIED
END PLATES ON HORIZ FINS| MARK I

GAC MEMO T 6372
TML 4 DEC 13 196

2 HULLS f-4 (EACH) 35 DEG
HORIZ FIN BETWEEN HULLS | VEE

<
H
O
| | | I
/”T\ . MODIFIED MARK TI
e

GMI (UNIV OF SINGLE HULL f=2 64 NAVY
DETROIT PRO.J 314) Y FINS RUN 86 CLASS C
5
T
4 / CLASs):> \
/ —
3 V4 \<
| \‘\QVEE-BALLOON
2 [1/] N
/ M
] / /
o /
]
x4
5 0 5 10 15 20 25 30 35

ANGLE OF ATTACK (DEGREES)

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 AERODYNAMICALLY 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 dimple 1n the wind at that altitude
which would create a large increase 1n drag causine the balloon to loose its
aerodynamic characteristics

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

Therefore the :equired balloon internal pressure was selected to be 1 15 times the
stagnation pressure at altitude or 1/4 1n HpO whichever 1s greate:  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 assun ption that the suspension or

bridle system can be designed to reduce the bending moment to a negligible level In most
cases the critical press re to prevent buckling will be less than that required to prevent

dimpling However 1n 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 wa 1nvestigated only on a
strength to umt weight basis Figure 29 1s 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 1s determined for a particular balloon shape theweightcanbe 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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Figure 29 Breaking Strength versus Umt Weight for Various Balloon Materials

was made for seam weight 1 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 H from
model dimensions Where a blower 1s provided for pressurization blower and battery weight
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
aerodynamically shaped balloons are given in Appendix II Computer printout data for a

1 000 000 ft3 configuration 1s given 1n Table IV
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Table IV Computer Printout Data for a Class C Balloon Configuration

COMPUTER INPUT DATA

Volume

Payload - 500 ib
Velocity - 85 ft/sec
- 1 000 000 ft3

Altitude = 50 000 ft
Angle of Attack = 50
Operating Time - 48 hr
Lift and Drag Coefficrents - f (angle of attack)

Hull unit fabric weight (1b/ft2)
Stagnation pressure (Ib/ft2)
Design stress 1includes
safety factor of 3 (1b/ft)
Hull length (ft)
Projection area of 1 hornz
tail (ft2)
Wetted area of 1 horiz tail (ft2)
Thickness of vert tail av§ (ft)
Total volume of balloon {ftv)
Wetted area of spherical
ballonet (£t2)
Volume lost by leakage
(it3/day)
Volume flow thru blower (ft3)
Aerodynamic stress by tether
tension (1b/it)
Weight of hull fabric (1b)

Weight of intersect attachments (Ib)

Weight of internal partitions of
horiz tail (Ib)

Weight of internal partitions of
veirt tail (Ib)

Weight of exit valve (lb)

Weight of ballonet seams and
attachments (lb)

Weight of suspension system (lb)

Buoyant hift (lb)

Balloon weight (1b)

Unit 1ift (1b/ft3)

Internal design pressure
(1b/ft2)

Max hull diameter (ft)

Projected vert tail (ft2)

Wetted area of 1 vert tail (ft2)

Volume of 1 horiz tail (ft3)

Ballonet volume (ft3)

Intersect area (ft2)

Volume req d for temp change
(ft3/day)

0 022
1 3184

466
262

3000
7031
5 175

1 051 800

44 806

489

1 973 800

16 36
1189
0

129 6

128 6
72 3

311
574
10 610
3292
0 01009

1 516
99 2

3 000

7 031
17 253
880 730
0

105 180

Blower operating time at
altitude (min/day)

Buoyant stress by tether tension
(Ib/ft)

Weight of hull seams (1b)

Weight of 1 horiz tail (Ib)

Weight of 1 vert tail (Ib)

Weight of blower (1b)

Weight of check valve (Ib)

Weight of misc equip battery and
blower (1b)

Weight of handling lines and
catenary (1b)

Net Lft (lb)

Drag (lb)

Wetted hull(s) area (ft)

Location of max diameter (ft)

Thickness of horiz tail avg
(ft)

Volume of 1 vert tail (ft3)

Diameter of spherical ballonet
(ft3)

Volume flow rate of blower
(ft3/min)

Volume to replace each day
(ft3/day)

Max otress due to inflation
(1b/1t)

Intersect weight (lb)

Weight of attachments of 1
horiz tail (1b)

Weight of attachments of 1
vert tail (1b)

Weight of batteries (Ib)

Weight of ballonet (lb)

Aerodynamic lift (1b)

Lift coefficient

Drag coefficient

13 4

39
120
152
152
127

63

22

134
9507
928

55 500
104 8

5 75
17 253

119
15 790
211 330

100
0

15 2

15 2
44 6
311
2689
0 204
0 0704
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E WEIGHT ANALYSIS OF SUPERPRESSURE NATURAL SHAPE BALLOONS

1 Stress Consiwderations

occurs at the bottom of the balloon

2 Balloon Material

balloon material

3 Balloon Weight

ing at a particular altitude and wind condition

balloon

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

Item

Reinforcement weight

Tn order to retain the shape of the balloon at float altitude
sure was assumed to be equal to the stagnation pressure at that altitude

Additional nraterial for
end attachment
Inflation ducts

End hittings

Reefin, system

Seams

4 of Hull Wejont

5¢/
3

1/

6/
35
10

the minimum 1nternal pres
This minimum value

The variables that influence the weight of the hull of the balloon are altitude dynamac
pressure cable tension at the bottom and top of the balloon volume and unit weight of material
To obtain the total weiecht of the balloon the following weights were assumed

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

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

Once the stress levels are determined for the superpressure natural shape balloon fly
the hull material can be selected The selection

of this material 1s based on a factor of safetyof 3 or gieater throughout the major portion of the

lable V.  Superpiessure Natural Shape Balloon Parameters
(S ne IWiixd 100 000 Ft Alt tude)
Balloon Shell Material Total Balloon | Load at Bottom | Draec | Net Laft Ly
Volume Weight | Unit Weir ht Weight of Balloon I Da LN i
(£t3) (1b) (b 1t2) (Ib) (Ib) () | (v) Da
961 000 352 0 0056 563 500 116 211
1 681 000 490 0 0056 784 1 000 177 206 1 16
3 038 000 693 0 0056 1 109 2 000 284 1 084 3 82
4 363 000 868 0 0056 1 389 3 000 378 1 979 5 24
5 659 000 1017 0 0056 1 627 4 000 454 2 890 6 38
6 942 000 1154 0 0056 1 846 5 000 529 3 808 7 20
13 220 000 1724 0 0036 2 758 10 000 820 8 466 10 32
25 730 000 2810 0 0060 4 496 20 000 1278 | 17 810 13 97
38 930 000 456 0 0075 7 226 30 000 1688 |26 790 15 87
52 270 000 6335 0 0080 10 140 40 0060 2050 | 35 700 17 41
65 770 000 8304 0 0101 13 280 50 000 2390 | 44 520 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 1if the hull volume 1s increased the weight of the balloon increases
Of the aerodynamically shaped balloons the modified Mark II 1s the heaviest the ram air C
and Vee Balloon are hightest 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 1s heavy 15 be
cause of the large fin area on the balloon The Vee Balloon 1s light because the stress (and
therefore material weight) 1s low due to the radius of the balloon being smaller than a single
hull balioon of equal volume Stress 1s not linearly proportional to radius but depends on
buoyant 1ift and helium pressure head Equations 18 through 21 of Appendix II show the method
and assumptions used 1n deriving design stress The superpressure natural shape balloon 1s
lighter than any aerodynamically shaped balloon Note that this 1s 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
1in stagnation pressure However since the internal pressure for the aerodynamically shaped
balloon has a mimimum value equal to 1/4 1n H20 the weight of the balloon remains practically
constant for a stagnation pressure times 1 15 lower than 1/4 1n H,O

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

The weight of each aerodynamic balloon configuration increases as the angle of attack 1n
creases due to the suspension weight becoming heavier with an increase in aerodynamic loads
and higher stresses in the hull due to hi#her suspension loads

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

Net Iift for aerodynamically shaped balloons operating in a calm wind condition will be
reduced from that cccurring in the design wind velocity The net lift remaining 1s that amount
remaining after aerodynamic lift 1s deducted Furthermore net 1ift will vary with the angle
of attack for which the balloon 1s designed For high design angles of attack the aerodynamic
loads will be high and hence a heavier ballocon will be required Although 1t 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 1n the structural design At this time 1t 1s 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 1s operatine 1n a zero wind but 1s designed to operate in the Summer I or Winter 1
winds at 50 000 feet A 500 pound payload at balloon 1s also assumed These curves are also
useful 1n checking that sufficient net 1ift 1s available to 1ift the cable that 1s required for the
times that the balloon 1s to operate 1n the maximum design wind From the curves 1t can be
seen that only the ram air C shape has a positive net 11ft when the design 1s based on Winter I
winds 50 000 foot altitude and 15 degree angle of attack
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Various Balloon Configurations

39

m—— — .

Py




T P SV Y U T VAU " 1 W P ¥

oy S e TS dnT "t

BALLOON WEIGH1 WB (POUNDS)

(POUNDS)

=]

BALLOON WEIGHT W

NOTES 1 EACH POINT ON THE CURVES REPRESENTS A UNIQUE
BALLOON DESIGN FOR THAT CONDRITION
2 HULL VOLUME 1 000 000 F13
3 ANGLE OF ATTACK 5
4 SUMMER I WIND CONDITION (50 4 KNOTS)
12 000 ‘
JVE[ BALLOON Figure 1 Balloon Weight
8 000 ~RAM AIR C versus Altitude for Various
- CLASS C Balloon Configurations
“\(MARK T
N
.| -
0G0 SUPERPRESSURE
N [ NATURAL SHAPE
N —]
N "-—1}
0
0 20000 40000 60 000 80 000 100 000 120 0QO0
AL ITUDE h (FEET)
NOTES 1 EACH POINT ON THE CURVES REPRESENTS A UNIQUE
BALLOON DESIGN FOR THAT CONDITION
2 HULL VOLUME 1 000 000 FT3
3 ANGLE OF ATTACK 5
4 ALTITUDE 50 000 F
12 000
MARK I \; »
8 000 - CLASS C /Z
VEE BALI CON \ )A - Figure 32 Balloon Weight
[EE BALI DL o versus Wind Velocity for
RAM AIR C %
\ | L2 Various Balloon Configurations
4 000 é Z—"1 _ SUPERPRESSURE -
:‘ﬁ/ NATURAL SHAPE
== Py
T
0 - .
0 20| 40 60 80 100| 120
213 50 4 102 5
SUMMER I SUMMER WINTER ]
VELOCITY  (KNOTS)
NOTES 1 EACH POINT ON THE CURVES RFPRESENTS A UNIQUE
BALLOON DESIGN FOR THAT CONDITION
2 HULLVOLUME 1 000 000 F13
3 ALTITUDE 50 000 FT
a 4 SUMMER [ WIND CONDITION (50 4 KNOTS)
% 10000 T T
o vV E BALLOON
S 4t
= RAM AIR
S V E BALLOON
. 6000 j[[ CLASS C 3
T F MARK IT
O / /
= 4 000 - r :
> I
Z 2000 S S — .
o SUPERPRESSURE NATURAL SHAPE
C ol Tt T—tt
2 0 2 4 6 8 10 12 14 16
[+e]
ANGLE OF ATTACK o {DEGREES)
Figure 33 Balloon Weight versus Angle of Attack for Various Balloon Configurations

40

Az

b ».-«ﬂu..i— i




i
" 7 000 000
| I 7 77
, |' ' , a4
/
6 000 000 [ ! - 1, A
t f 7
HE [; > /o V V/
4 f &
T T
5 000 000 }
1 7
' ! / / L—a 10
J / 4
. A
L 4 000 000 / / AL/
§ I f’ II /A
O !
> 3 000 000 }— Y A /
- f /
3 o/ y
I _{ ,’ // /y/
VY Y
2 000 000 7
P/ / SUMMER T WIND
7 L/ ———— WINTER I WIND
Y
| 000 000 H—oA.
k’ 17
ya
% 8 000 16 000 24 000 32 000 40 (00 48 000 56 000
NET LIFT (POUNDS)

Figure 34 Net Laft of Class C Balloon Configuration
Operating 1n a Zero Wind Condition

7 000 000 | 7 . 7
_I. ]/ ,1) A/A /
o /
6 000 000 (——1 ———{| *,'l.,, / / /
%l d ,’ ° //d,Q ’ /
500G 000 ,, ' f/ / A/ é“afls
I " : / //é L—l 10
T IR RN A7 A
= 000 000 |—f y Ve V/Z—
é f, r/ I'/ 7 /7A ¢
; 3 000 000 ;’ ,t/ __//' /VA
2 g /Z 74
A
2 C00 000 ,’ ,l/ ,1/ V/A/
1’ / /%/ SUMMERT IND
Y ———— VINTERI\ IND
| 000 000 H—4 ,/ / i :
|/ | :
% 8 600 | 16 000 24 000 32 000 40 000 48 000

NET LIFT (POUNDS)

56 000

Figure 35 Net Lift of Vee Balloon Configuration

Operating 1n 2 Zero Wind Condit

41

ion

[ e—
-~ ==
murm o e e




Aoande b,

—

AT

ATTALINE Gy NEYRrds

HULL VOLUME (FT9)

HULL VOLUME (F13)

7 0GQ 000

6 000 0CC

5 000 000

4 000 000

3 000 000

2 000 000

¥ 000 000

' P
4 7 7
i Ill'o ‘/ Z /Zﬂ
| / N A ) 7. /7/
l / / // /
!_ ’! ﬁL/ / //%r—a 15
II l y/ / /O' 10 |
ﬁ — | =
/
r / 8
~
/! / )// ]
/ s
rll 1// /(/
/ ///// SUMMER [ WIND {__J__J
1’ L/// —~——— WINTERI WIND |
/) I
7 4
|
0 8 00 16 000 24 000 32000 40000 48 000 54 0u0

NET LIFT (POUNDS)

Figure 36 Net Lift of Modified Mark 1T Coniguration

7 000 000

Operating 1in a Zero Wind Condition

T 7 /
L i / / { // //
e T 17717 7 / ]
6 000 000 r_ll 2o e *c‘” f / LA -
| '_l _ / jog L
] T7T / 7 74 '
l ! ’ / / / a 10
5 000 000 +— L4 1 4 -+
NN A7/ 72
1l ! / /7 //’////-a o
000 000 £
| /| 7 // 4 ]
R VAR WA W/ /4 L
It ] 17 1
| / y
3 000 000 it A ;
IBNEVAVAV/4 B
JI // ’/ / I
[y 4/
2 000 000 4 7-‘7/ ﬁ [ i %
,’ / ! SUMMER | WIND |
4 ‘. —_———— WINTZR IV IND I
1 000 000 '
|
0
0 8000 16 000 24 000 32000 40 000 48 00C 56 000

NET LIFT (POUNDS)

F gure 37 Net Lift of Ram Air C Configuration
Operating 1n a Zero Wind Condition

42



SECTION VI

BALLOON PERFORMANCE PARAMETERS

Curves relating balloon parameters to net 11ft and drag are presented in Figures 38
through 43 The abscissas and ordinates chosen for these curves are the same as those used
1n the cable profile curves (Figures 6 through 19) 1 e the abscissa 1s net lift (LN) or re
sultant of buoyancy aerodynamic lift payload and balloon weight and the ordinate is netlift
to drag ratio (Ly /Da) or tangent of the angle of application of the resultant forces acting on
the balloon Balloon paiameters represented are shape volume (¥) and angle of attack ()
Variables including float altitude and wind profiles are also indicated in the figures

Weight estimates as described 1n Section V were made and values of net lift and drag
for each balloon were determined Note that each balloon design 1s made on the basis of car
rywng a 500 pound payload Thus the net l1ft of every balloon has been reduced by this amount
Each balloon design 1s unque 1n that a separate design 1s made each time any parameter 1s
changed Obseirve for example in Figure 38 for a Class C balloon 1n 2 Summer I wind
several values of net 1ift and drag are represented for a volume of 1 000 000 cubic feet That
1s a separate design 1s shown for each angle of attack as a result of differing stresses which
cause a different strength and weight fabric Thus the hull weight w11l vary with angle of at

tack as well as with volume

A summary of the graphs plotted 1s given 1n 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 Wind Balloon Parameters Plotted
Altitude
Profile Type 1n Fig
(ft)
50 000 Sammer I Class C 38
Vee Balloon 39
Modified Mark II 40
Ram Air Class C 41
Superpressure 42
Natural Shape
Winter I Class C 38
Vee Balloon 39
Modified Mark II 40
Ram Air Class C 41
Superpressure 42
Natural Shape
100 000 Summer I Superpressure 43
Natural Shape
Winter I Superpressure 43
Natural Shape
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Table VII Superoressure Natural Shape Balioon Characteristics
(Winter I Wind 50 000 Ft Altitude)

Balloon Shell Material Total Load at Drag Net
Volume | Weight Wg.?lflt ‘%aélllolcl)tn ngtlcig:)r? ‘| Da Ililﬁ Ln/DA

(tt9) )| o/e2) b} (1b) (Ib) ()
148 000 433 | 0 0240 701 1 000 2 874 237 0 0825
284 000 757 | 0 0290 1 211 2 000 4072 | 1 046 0 257
414 000 1026 | 0 0322 1 642 3 000 5213 | 1 884 0 361
545 000 1300 | 0 0350 2 080 4 000 6 147 | 2 720 0 442
680 000 1615 | 0 0378 2 584 5 000 7002 | 3 531 0 504
1 340 000 3024 | 0 0481 4 838 10 000 | 10 690 | 7 686 0 719
2 644 000 5702 | 0 0594 9 123 20 000 16 250 | 16 080 0 990
3 950 000 8 406 | 0 0684 13 450 30 000 | 20 000 | 24 500 1 220
5 270 000 | 11 230 | ©0 0760 17 970 40 000 3 960 | 32 800 1 367
6 561 000 | 13 790 | 0 0821 | 22 070 50 000 | 27 100 | 41 200 1 521

balloons 1nvestigated are too heavy for operation above approximately 80 000 feet in the wind
conditions assumed

Lift to drag rauios for the natural shape balloons are small for Winte: I when compared
to Summer I wind at a 50 000 foot altitude due to increased helium pressure head (which re
sults 1n a heavier balloon) required to retain shape and the increa e in aerodynamic drag Typ

1cal values are given 1n Table VII

Maximum Ly/DA ratio for aerodynamically shaped balloons occurs at angles of attack
less than the angles for maximum aerodynamic Iift to drag ratio That 15 maximum Ly/Da
occurs between 0 and 5 degrees for Summer I wind 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 Lpn/Da ratio 1s
greater 1n Summer I wind than in Winter I wind Wind velocity 1s highe: in sum ner at 100 000

feet 1n area |

For the aerodynamically shaped balloons L)y varies nearly directly with volume for all
cases of wind loading and angle of attack The Ly/Da ratio however exhibits considerable
varieties For large volumes the Ly/Dgy ratio tends to be constant For small volumes and
low winds the LN/Da ratio increases greatly with small changes 1n volume

For the wind conditions assumed only natural shape balloons provide a possible solution
for tetherino at a 100 000 foot altitude

From Figure 42 1t appears that aerodynamic drag for the Winter I wind 1s very high
thereby reducing Ly/Da  Wanter I wind 1s characterized by a velocity of 102 5 knots at an
altitude of 50 000 feet
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SECTION VII

CABLE BALLOON SYSTEM OPTIMIZATION

Curves of cable tension components (Figures 6 through 19) and net 11ft and drag charac
teristics of balloon shapes (Figures 38 through 43) have been presented Each group of curves
relates cable or balloon paiameters and presents them as functions of Ly and Ly/Dy  That
1s after float altitude and wind profile are chosen given values of Ly and Ly/Dy completely
define a particular Glastran or missile wire tether line Additionally these values of Ly and
Lyn/DN completely define a Class C Vee Balloon modified Mark I 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 LN and
L,;/Dy that are common to both balloon and cable After a particular balloon cable system 1s
de%med by this method 1t must be checked to determine 1if 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 Iift for the ballcon under a zero wind condition as shown
in Figures 34 through 37 If the cable weight 1S less than this new net lift the system will be
capable of performance 1n a zero wind condition as well as 1n 1ts design wind condition An
allowance should be made for the reduction 1n cable length to be litted in a zero wind but
provisions for making this check are not presented in this report

The curves showing net 11ft 1n zero wind are obtained from computer runs of a balloon
type 1n which the balloon weight 1s that weight required for design at a particular wind velocity
The net 11ft 1n zero wini 1s the remaiine hift available after aerodynamic 11ft has been deducted

The optimum system would be determined by comparin solutions for other balloon cable
system combinations Peiformance factors includin base cable an_le and blowdown distance
must be consideied in addition to cost and reliability

The design as desciibed above 1s adequate fo1 systen operation at a prescribed altitude
for the prescribed wind conditions and the system can operate at any altitude between float
altitude and the ground provided that the design dynamic pressure at intermediate altitude 1s
not greater than at the design float altitude

The proceduie for combined use of the curves 1s given below

1 Dctermin the follovi, basic syste 1equirements and design conditions
a Float altitude of payload
b  Wind profile

2  Select requited balloon parameters such as the followin,
a Balloon type
b Desion criter1a for balloon solution 1 e angle o attack to be used in design

3 Select required cable par ameters such as the following
a Cable type
b  Design ciiteria for cable solution 1 e minimum ancle permitted at base of
each segment blowdown distance or total cable weight

4  Using ,1aphs repiresenting the above requirements 1 e  one graph giving cable
parameters and another g:ving balloon parameters check various balloon cable
systems that satisfy the conditions Solutions are possible at points on the two
graphs where Ly and Ly/Dy are equal  For a tandem balloon system ralcula
tions are required to find Ly and Dy at the top end of intermediate cable lencths

01




i J

L NS e

Yo b S B R L P o A il B

.- T0 gl

T

ke ath iy R NI R, e

L, M2 el SRS Tk gl TVE i Lab B Gt TR

e e rmve, il ek b T ST AN ) T T 0TI L ¢ S Ia E

t e cable tension components immediately below the lower balloons Methods
of comparin® performance of tandem ba.loon systems will be presented 1n Task
Report No 2

5 Check design for flight capability 1n a zero wind condition

6 Compare workable systems and choose the most desirable
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SECTION VIII

REVIEW AND COMPARISON OF CONCEPTS PROPOSED
IN ARPA CONTRACT STUDIES

A GENERAL

Various concepts to place a 500 pound payload at a 100 000 foot altitude using a tethered
balloon system were originated from studies conducted under ARPA Contracts SD 198 SD 199
SD 200 and SD 201 These studies are reported 1n References 1 through 4 Each system
proposed varied 1n the number of balloons used volume of each balloon the shape of the bal
loons tether cable strength altitude at which each balloon was to be flown (except the topmost
balloon which was at 100 000 feet) and in one case the tether line material Figure 44 de

picts the balloon and tether systems proposed

An extensive description of handling equipment and facihities 1s given 1n two of the re
ports A discussion of these requirements 1s not included 1n this report since it 1s of second
ary importance to system feasibility Later in the program when performance capabilities of
the various systems are more completely defined equipment and facilities requirements will
be considered as well as costs Brief descriptions of the various concepts are given 1n this

section
B CONCEPT PROPOSED UNDER ARPA CONTRACT SD 198

General Mills Inc proposed the use of a single balloon system  The balloon portion of
the system consists of a 215 000 cubic foot natural shape launch balloon to be jettisoned during
ascent and a 12 360 000 cubic foot natural shape main balloon The tether line proposed was a
spliced cable made from missile wire of 11 different diameters varying from 0 106 to 0 230

inch 1n diameter

In moderate winds the balloon and arrborne winch are released from an exploding shelter
and allowed to rise At an altitude of 5000 feet the winch unreels cable at a rate equal to that
of the ascent rate of the balloon When the balloon reaches 80 000 feet the winch which 1s
still at 5000 feet 1s retrieved by a helicopter and the entire system 1s towed to the tethering
site where the remainder of the cable 1s winched out In winds below 15 knots the airborne
winch 1s attached to the sround and the balloon ascends in the conventional manner During
retrieval the payload 1s released and steered to the launching area by a parasail The balloon

1s winched down to 50 000 feet where 1t 1s ruptured A parasail op ns and the cable 1s
winched 1n faster than the parasail descends I the balloon 1s ruptu ed above 50 000 feet the

parasail opens and deposits the cable in a predetermined location A helium detection device
such as a thermal conductivity cell was proposed for mounting 1n an open duct so that when the
pressure increases the sensor 1n the duct will cause a switch to close thereby opening a

pressure relief valve
C CONCEPT PROPOSED UNDER ARPA CONTRACT SD 199

Goodyear Aerospace Corporation proposed the use of a multiballoon system The balloon
portion of the system consists of five balloons stationed at various altitudes the top two bal
loons are of the single hull design and the other three are Vee Balloons Spliced missile

wire was proposed for the tether cable

To protect the topmost balloon from the high dynamic pressures at the lowe: altitudes 1t

1s 1mbedded 1n the top of the No 2 balloon which 1s substantially more rugged
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The first balloon launched is the No 2 balloon Each successive balloon 1s then attached
at the appropriate location to the tether line until the No 2 balloon reaches an altitude of ap
proximately 40 000 feet At this time the top balloon with the payload attached 1s released and
ascends to the required 100 000 foot altitude

The payload 1s recovered by letting it free fall 1n a projectile shaped body until it reaches

an alt: ude of 15 000 feet where a parachute 1s deployed

While the payload 1s being retrieved the balloons are reeled i and removed from the
system as they reach the ground The top balloon 1s possibly destroyed as 1t descends 1nto
regions of high dynamic pressure

All the balloon except the top balloon are equipped with ballonets pressurized by ram
air inflation  The top balloon 1s fabricated in such a way that the outer skin 1s 1n radial folds
that peel away as the balloon ascends to altitude thus keeping the balloon pressurized

D CONCEPT PROPOSED UNDER ARPA CONTRACT SD 200

Minneapolis Honeywell 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 rope was
proposed for the tether cable between the balloons and a tapered missile wire between the
lower balloon and the ground The balloons were to be constructed of a plastic film/fiber com
posite scrim material

The payload 1s retrieved by letting 1t slide down the cable and then retrieving it with the
lower balloon The upper balloon 1s cut free in high winds

Launch and ascent techniques were not described

A roll diaphragm pump was surgested as a possible means of pressurizing the aerodyna
mically shaped balloon and the natural shaped balloon was to be reefed

E CONCEPT PPOPOSED UNDER ARPA CONTRACT SD 201

Vitro Coiporation also pi1oposed the use of a multiballoon system The balloon portion
of the system consists of three balloons stationed at various altitudes the top two balloons are
of the natuial shape design and the bottom balloon 1s a single hull design Fourteen segments
of missile wire spliced together were suggested for the tether cable Wire diameter varied
from 0 121 to O 251 inch 1n diameter

The top balloon 1s launched first with the paylcad attached and each successive balloon
1s then attached at the appropriate locationtothetether line until the payload reaches an alt
tude of 100 000 feet

Fo1 retrieval the balloons are reeled 1in and removed from the system as they reach
the ground In an emergency the payload would be ejected and recovered by parachute while
the cable above the bottom balloon would be severed The lower balloon would then be reeled
1n and recovered

Pressurization for the natural shape balloons 15 achieved by reefing bands that are cut

as the balloonascendsto altitude No pressurization system was proposed for use during
descent

F COMPARISON OF CONCEPTS
In order to make an equitable 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 and

55




ALTITUDE (FEET)

100 000 Y,
”
/ Z
| Y
I\ /|
$0 000 ] 7
\
| /
// | /
N /
80 000 . N/
f
N
77T
70 000 ] AN
| N
. N
. N
\
60 000 L&
\\“ \ \\'\\
NN
N L -
50 000 NS \
~ GAC
e AN \\ /
\ NN HONEYWELL N wINTERT e
40 000 N A NP4 \n’
VY ‘5
’?
VITRO 7 _
- / ’
30 000 v A - o
J/ / ] //
7 4 7 >
’/J / / /
20 000 va e —
SUMMERT~ /| ¥ //
VARY B
SN A
10 000 e 7 7 >
,1‘ 2 / /V
/J
0 20 40 60 80 100 120 140 160 180
WIND VELOCITY (KNOTS)
Figure 45 Altitude versus Wind Velocity Assumed by the ARPA Contractors

56

s sl

T4

sidhy

i desta W AR




cable proposed designs 1n some way For this reason all systems are compared on the

basis of the same wind profile rather than the various profiles propcsed Figure 45 shows the
wind profiles assumed by the contractors Other changes inproposedquantities concern the
weight of balloon and cable components Balloon weight of streamlined balloons 1s obtained as
described earlier 1n this report Weight of natural shape balloons 1s obtained by assuming that
the balloons have zero circumferential stress zero superpressure a flat top and are designed
1n accordance with the design sigma tables given 1n Reference 3 Balloon surface area was as
sumed to be the theoretical value from the sigma tables and end reinforcements were assumed
where load 1n the material exceeded the design strength

Cable weight 1s also computed as proposed previously a tapered constant stress cable 1s
generated as part of the computer solutions for cable profile With these changes care should
be exercised 1n the conclusions drawn since the balloon systems pioposed by the contractors
may be subjected to a loading condition entirely different from that assumed by the contractor

Table VIII 1s 2 summary of the ARPA contractor proposed concepts It 1s seen from
Table VIII 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 fo1 the Class C and 4 degrees for the Vee Balloon were selected so that
Lyn/Dpn 1s maximum for each type

For the sake of comparing the effects of certain changes 1n cable type and number of
balloons in the systems proposed modifications are included 1n Table VIII

G CABLE BALLOON SYSTEM SOLUTIONS

Fiom the data in Table VIII cable balloon system solutions were performed for each
system Observations and comparisons of the system solutions are described 1n the following
paragraphs

1 Balloon Weight

Wei hts of natural shape balloons were calculated to be reater than those proposed by
GMI 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 1s the same for Winter I or Summer I
winds In reality the weight should be slightly different due to the different winds and there
fore the superpressure requiiement

In all cases the weights proposed for the streamlined balloons were heawvier than those
proposed by the contractor Here allowance for heavier balloons was made as the wind condi
tions became moie severe Note that at 100 000 feet a more severe desion condition occurs
for Summer I wind than for Winter I wind

2 Net Lauft

Values of net 1ift e1ven 1in Table VIII are the summation of 11ft 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 1n a negative net 1I1ft Using the contractor s proposed weight
however a positive net lift was obtained To obtain a solution this contractor s proposed net
I1ft was utilized It 1s reasoned that by choosing a slightly larger natural shape balloon this
net 11ft 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 »f comparison however the reservation of this assumption must be kept 1n
mind
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3 Cable Data

A discussion of the cable profile solutions 1s 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 1n 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 s ngle balloon This GMI exception 1s made to show that no profile solu
tion exists even though a balloon of underestimated weight was utilized

4 Summer I Wind Solution

Elements of the cable profile solution are self explanatory It can be observed that the
only systems that provide solutions 1in a Summer I wind are the Vitro and the modified GAC
systems The system proposed by Honeywell would require only a shght modification to pro
vide a solution Presently the lower end of the bottom segment becomes horizontal approxi
mately 4000 feet above the giound For purposes of making comparisons 1t was assumed that
the cable reached MSL The GMI system would result in the cable becomine horizontal approx

imately 18 000 feet above MSI
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5 Winter I Wird Solution

None of the proposed systems was capable of providing a solution in a Winter I wind con

dition although only minor modifications to the Honeywell and GAC systems would be required
to provide a workable system

6 Total System Blowdown

Total blowdown of all cable segments in the Summer I wind indicates that the three
balloon Vitro sy tem results in the least amount of blowdown with 39 400 feet the GAC system
1s second with 43 900 feet and Honeywell 1s third with approximately 73 600 feet

T Total Weight of All Cable Segments

For the Summer I wind solution the two cable system of Honeywell 1s lightest at approx
imately 8000 pounds Vitro second at approximately 14 000 pounds and GAC third with approxi
mately 54 800 pounds The nylonrope proposed by Honeywell 1s not the bestchoice As shown 1n
Table VIII Glastrancable provides a lesser blowdown distance and a lighter cable 1n addition
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8 Total Weight of All Balloons

For the Summer I wind condition the Honeywell system 1s lightest at approximately
4 400 pounds Vitro 1s second at approximately 24 800 pounds and GAC thira at approximately

33 600 pounds

H COMMENTS AND CONCLUSIONS

Choice of balloon volume altitude and number of balloons 1n the system 1s very criti
cal A suitable method of mal ing these selections has not as yet been determined
A modified solution of the GAC proposal 1s 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 1s still many times
heavier than the Honeywell system The significant differences 1n the systems are the bal

That 1s the top balloon of the GAC system 1s 2 000 000 cubic feet whereas

loon volumes
The 1intermediate ballocons are 3 000 000 and

the Honeywell balloor 1s 5 370 000 cubic {feet
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 pi1oposed for a single balloon system did not prowvide 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 Fioures 18 and 43 This system appears to be lea t complex Of the sys
tems that provided solutions the two balloon system proposed by Honeywell appears better
than any other system proposed firom the standpoint of system complexity balloon weight
cable wei_ht and system loads This judgment 1s made even though net lift available 1s insuf

ficient to lilt the cable when ae1odynamic 1ift 1S reduced to zero

Pei1formance character stics aie better for the Vitro and GAC systems when total blow
down 18 considered

1s obtained from a system

Compare the blowdown of
41 000 feet) with that for
50 000 feet)

Best performance as measured by small blowdown distances
of many balloons and favoiable base cable ancles for each segment
the lower four seoments of the GAC system (d ~12 200 feet h
the lower se ment of the Honeywell system (d 53 500 feet h

To obtain a mimimum wel ht solution proportioning of balloon volumes appears to be
such that the lower end of each cable se_ 1 ent becon es nearly hoiizontal

Tapered missile wire appears to be a good choice of cable whe eas nylon provides no
apparent advantage for the conditions assumed 1n this study Tapered Glastran cable provides
a sli htly better solution for the sinole comparison made that of the Vit o 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 1n many of the wind and altitude conditions
considered However a method for optimizing the number of balloons float altitude and
balloon s1ze 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

Mettods 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 1s needed particularly methods
of reefing a natural shape balloon
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APPENDIX 1

2
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 i1n the solution of related cable studies arising 1in a
variety of engineering disciplines These studies include problems on towing cables mooring
lines supporting cables 1n bridges cable car lines electric power lines submarine cables
etc Problems of this type 1n their greatest generality involve determination of cable tension
as well as three dimensional cable shape for a transient condition 1 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 1n 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 Glauert (Reference 10) for a steady condition on the assumption
that the cable 1s uniform and the speed of the fluid 1s 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 1ncorporates 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 i1nvestigated
due to a sudden impulse while 1n 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 pirime objective of these studies 1s to select appropriate
balloon cable desions such that thev will be operable at a desired altitude under a variety of
wind vector profiles as well as to determine the operative envelope 1 e to indicate the
optimum configuration of different paramete:rs for various operative conditions

B STEADY CONDITION

The problem for a steady state condition 1s to determine the tension in a cable as well
as the shape w tl one end of the cable attached to a free balloon at a g1ven altitude and the

other end fixed at the ground Fiom this then 1t 1s possible to determine the elevation re
quired at tether site In the solution of the problem the variation of the following parameters
1S considered

Wind vector profile in the operating range

Wind vector at float altitude

Float altitude

Terrain height at tether side (determined parameter)
Cable geometry diameter as function of cable length
Cable weight/length as function of cable length

Cable weight

Balloon buoyancy and drag at float altitude

[c =B e S 1 N NN JURN N S

To evaluate the effect of these paraimeters on cable form and tension a mathematical model 1s
developed incorporating these quantities

2Subsections A through D of this appendix are excerpts from Reference 1
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C MATHEMATICAL MODEL

In developing 2 mathematical model for the steady state condition a set of assumptions
are imposed so as to make the problem tractable It 1s assumed that the only forces acting on
a cable element are the gravity force pressure drag force and tension The gravity 1s as
sumed to be uniform 1n the operating range in the light of the fact that the change 1s approxi
mately 1 0 percent The skin fraction drag 15 neglected due to the fact that the skin fraction
drag coefficient 1s smaller by two orders of magmtude as compared to basic drag coefficient
(see Reference 14) and the fact that the cable 1s nearly vertical The buoyancy on the cable 1s
negligible compared to other forces and also is not taken into account It i1s assumed that the
moments are not transmitted in the cable thus implying that the cable 1s 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 1s so called
cosine or sine principle depending on the defimition of angle of attack

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

(ds) F (T sin ¢ cos e)s + (Tsingpcosflg qg =0

unx

(ds) Fupy (Tsmosin 6)g + (Tsmng¢sin f)g 4ds = 0 (1)
ds) Funz (T cos ¢)s + (Tcos d)g .45 @Mds) O
where

T 1s cable tension
s 1s length of cable fiom the o11 in to the element
ds 15 infinitesimal cable length

¢ and 6 are pherical coordinates that determine the direction of tangent
vecto1 to the cable at position s

w 15 weight of cable/length as function of s

u 1s magnitude of wind vector as function of z

« 15 direction of wud vector horizontally as function of z (the vertical 1s neglected)
F unx 1s dra force on cable element/length 1n x direction

F 1S di1a,, [orce 1n y direction

uny
F

unz 1S drag force z dizection

To evaluate the dra~ forces a normal component of the wind vector has to be computed
(as mentioned above) from which the diac force normal to the element can be evaluated lead
1ing thus to the desired results which become

Funx D [cosa sin?ocos gcos (6 a)]

Funy D [sime sm?osingcos (8 a)) (2)
Funz D [smmnocosocos (8 o]
with
1/2
D 1/2pCpd |[1 sn? 0cos (6 a)) u?
where

u 1s wind speed

p1s air density as function of z
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5 +ds

{ T+dT

Cp 1s cable drag coefficient

d 1s diameter of cable as function of s

Dividing each of the equations 1n set 1 by (ds) and 1n the limit as ds—0 the following
differential equations are obtained

% (Tsinocos ) +F pe =0 )

ci% (T sin ¢ s1n @) + Funy =0 (3)

d
ds (T cos o) + Funz w=10 )
with the boundary conditions T - Ty § = 6, and ¢ - ¢, at s Sg It 1s of interest to note
at this point that for u - o everywhere (except at float altitude) and w independent of s the
above three differential equations simplify to a simple equation which 1s the equation of a

catenary S
2 2
dcy dy
A —% w\/;l + ———)
e BRI

where A 1s arbitrary

To find an analytical solution to the three differential equations 1s 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 techmique has to be developed This 1s accomplished by represent
1ng 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 1 and the position s + ds by
1 + 1 the following set of equations result from set 3

(ds) F unxy SIP 6, (ds)} F uny1 cos 6,

91+1 - 91 + arc tan
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6141 - ¢, + arc tan

[Tl sin ¢, sing, (ds)F uny1] s1n 6,1 t_an o, [T1 cos ¢, + w,(ds) (ds) Funm]
Sin 6,1 [Tl cos ¢, + w, (ds) (ds)F unm] + tan ¢, [T1 sin ¢, sin ¢, (ds) Funy1]

w,(ds) + T, cos ¢, (ds) Fynz,
COS 9,1

1

T1+1

]

(ds) Z cos ¢,

k-0

1

X;41 = (ds) E Sin gy COS
k0

241

1

Vi1 = (ds) E sIn ¢y sy
k O

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 v - w(s) Itis of importance to get an approximate error resulting from the

difference equations An estimate of this 1s presented below

D ERROR ANALYSIS

The errors 1n the cable form and tension resulting from approximate computing tech
nique depends of course onthe magnitude of cable increment chosen for the computation the
smaller the increment the greater the accuracy 1n the two quantities However with decreas
1ing increment the computation time increases thus leading to a trade off between accuracy
and cost Preliminaiy analysis indicates that the ratio (ds)/(cable length) 1n the range 1/200

to 1/240 1s quite satisfactory to satisfy the two requirements

The comparison of the approximate solutions 1s possible with an exact one 1n special
cases 1 ¢ when the differertial 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 1n subsection C lead to difference equations in unknowns § ¢
and T The difference equations were derived as follows

Ti+1 SN ¢y.1¢0860;,1 Tysino cosé) + F,n &S =0
Ty41 SIN Qg1 SIN 641 T, sin¢, sin 6 + Fypy AS 0

Tir1cos 01 Tyeosg, + Fyyz 4S5 w AS 0
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Solutions for unknowns ¢ ¢ and T are found sequentially

T, sin ¢, sin @ F AS
tan 6,1 = 1 1 1 uny
T, sin ¢, cos 8, F ypx AS
T, sin ¢; s1n g F AS
tan 6. - = 1 $ 1 uny

1+1 (T, cos ¢, Fyng AS + w AS) sin6, g
For small vaiues of 91+1 where sin 91+1——>0 an alternate equation 1s used

Iy sin ¢, cosb; F ypx AS

tan ¢ =
1+ (T, cos ¢, F ypz AS + w AS) cos 6.1

Then to avoid angle adjustment due to quadrant variations the solutions for 6 and ¢ are
changed to difference equations by the identity

tana tanb

tan @ b) -
l + tan atanb

Tan (6,,1 6,) and tan (¢;,1] ¢,) are therefore computed before solving for 6,41 and 9, 1
Then

T,cos0; Fypz AS + w AS

T1+1 -
€OS 9y,1

unless ¢,,1— 90 degiees where cos ¢,,1—>0 But if ¢, ;1 —90 degrees the computation 1s
! terminated since at 0,41 - 90 degiees the cable 1s 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 For instance sections at the higher end must have adequate strength to 1ift the
lower end and therefore must be of larger size provided that the cable has homogeneous proper
ties In a like manner cable size should be tailored 1in accordance with distribution of aero
dynamic load Therefore 1n 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 i1n order
to calculate parameters such as blowdown distance cable angle and total cable weight for a i
tapered constant stress cable The equations defiming physical properties were derived by ‘
faitting the curves of Figures 3 and 4 to the data provided bv manufacturers of the three cable
types These equations are given in the following paragraphs

2 Glastran

a Cable Weight/Foot (Ib/ft)

w=(0001)(56 + 0 66252) for 0 <S8 <9

BS _ FS xtension '

where S - 3605 = 1000 I
S S it

w = TE3 for S 2 9 |
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b Diameter (feet)

1/2
d=-l( w ) for 0 <w <0 150

12 \ 0 596

g 1 (w 0 009)1/2

12 \'0 573
3 Missile Wire (Acco 1x37x 1)

a Cable Weight/Foot (1b/ft)

S

w - i35 for0< S <9

w _ 0 001(80 + —§~—51-) for S > 9
0 0772 2

b Diameter (feet)

for 0 16 < w 2 0 582

1 w 1/2
d ( ) for all values of w

12 \1 888
4 Sampson Braided Rope (Nylon)

a Cable Weight, Foot (1b/it)

w 0 001 ( ) for all values

S
0 1105

b Diameter (fect)

1 « 1/2
d v ( 0 256) for all values
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APPENDIX II

DETAILED ANALYSIS OF TETHERED AERODYNAMICALLY SHAPED BALLOONS

A GENERAL

This appendix contains additional information on the physical dimensions stress analy
sis and weight analys:s 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 (proportionahity 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 1in
the computer program to determine the physical size for each balloon shape

Hull Length (ft)

L K ¥!/3 (4)

Max:mum Hull Diameter (ft)

1
D + L (5)

Wetted Hull(s) Area (ft2)

Ap = Ky ¥ 23 (6)

Projected Area of One Homzontal Tail (ft2)

Apnt ¥4 v /3 {7)
Projected Azea of One Vertical Tail (ft2)

Apvt - K5 ¥ 2/3 (8)
Location of Maximum Diameter (ft)

Lmaxd KL L (9)
Wetted Area o One Horizontal Tail (ft2)

Awht - ¥h Apht (10)
Wetted Area of One Vertical Tail (ft2)

Awvt Ky Apwt (11)
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Table IX Proportionality Constants for the Physical Dimensions of
Various Aerodynamically Shaped Balloons

Balloon Type
Used Vee Mod Navy Ram
Proportionality Symbol 1n Balloon Mark Class Alr
Constant Eq II C C
Hull Length K1 4 2 56 3 53 2 62 2 62
Fineness Ratio f 5 4 00 4 70 2 64 2 64
Wetted Hull(s) Area K3 6 6 97 6 70 5 55 5 55
Projected Area of One Hori K4 7 0 707 0 725 0 30 0 30
zontal Tail
Projected Area of One Vert: K5 8 0 0785 |0 515 0 30 0 30
cal Tail
Location of Maximum Diameter KL 9 0 45 0 400 0 40 0 40
Wetted Area of One Horizontal Kh 10 | 2 21 2 21 2 3439 | 2 3439
Tail
Wetted Area of One Vertical K, 11 2 32 2 41 2 3439 2 3439
Tail
Tail Thickness K¢ 12 0 105 0 105 0 105 0 105
Number of Horizontal Tails Nht 16 1 2 2 2
Number of Vertical Tails Nyt 16 2 2 1 1
Hull Intersect Area Kint 20 0 336 0 0 0
Gas Leakage Rate Constant Kie 21 |+——0 00639 ft3/1t2/day
Ratio of Temp Difference Ktemp 22 01 01 01 01
over Avg Temp at Altitude
Average Thickne s of Horizontal Tail (ft)
hyea = Ki \/ Apnt (12)
Average Thickness of Veitical Tail (ft)
hyta Kt \/Apwt (13)
Volume of One Horizontal Tail (ft3)
¥ht ~ bhtaApht (14)
Volume of One Vertical Tail (ft3)
Vvt - Dytadpwt (15)
Volume of Total Balloon (ft3)
Vtot = ¥ + It ¥t nvt Vit (16)

70



%

Ballonet Volume (ft3)
Palt
¥bnt =(1 Py ) Vtot (17)

Diameter of Spherical Ballonet (ft)

Dy = 1 24 (¥ [/ (18)
Wetted Area of Spherical Ballonet (ft2)

Apnt = 4 84 (vbnt)z/ 3 (19)
Hull Intersect Area (ftz)

At = Kont w2/ (20)

Volume of Gas Lost by Leakage (ft3/day)

¥leak - Kie (Ap + DptAwht + DytAwvt) 21)
Volume due to Temperature Change at Float Altitude per Day (ft3/day)

Ytemp = Ktemp Vtot (22)

C STRESS ANALYSIS

1 General

As noted 1n the text of the report the design stress used 1n 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

Nges F S (N1 + Np + Na) (23)

where
Nges 1s design stress for selection of balloon material (1b/ft)

F S 1s factor of safety

N, 1s stress due to internal pressure (ib/ft)

Np 18 stress due to buoyant lift (Ib/ft)

N, 15 stress due to aerodynamic loads (lb/ft)

Maximum stresses on the balloon due to internal pressure and buoyant 1ift occur at the
maximum diameter of the balloon Maximum stresses due to aerodynamic loads occur some
what forwaid 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 1n
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 altltude or 1/41n HpO-13 1b/ft2

whichever 1s greater Therefore P, - 1 15gor 1 30 1b/ft> whichever 1s 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 pressure at the balloon equator 1s

Peq = P, + 08620218 o

The second term represents the helwum pressure head at altitude between the bottom of the

ballcon and the equator

The maximum 1nternal pressure stress i1s

D
Nl Peq T

- (p1 + 0 862 py)t g —2-)22 Ib/ft

3 Stress due to Buoyant Lift

From Figure 48 the maximum stress
due to buoyant load at altitude acting on a one
foot section of the hull 1s

Np - 31- [Lb(one foot sectlon)]

where

Lp - buoyant 1ift of helwum at altitude

= b x volume of the section

Therefor e

1 D?
Ny o [(o 862 pa1t 8) (n’ T)]lb/ft

4 Stress due to Aerodynamic Loads

(24)

BALLOON
SUSPENSION
SYSTEM

Np N,

Figure 48 Buoyant Force on Balloon
at the Maximum Diameter

(25)

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

X 0 1qo
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where

x 1s maximum local pressure (lb/ft2) 0 lqa

q 1s dynamic pressure (lb/ft2)

@ 15 angle of attack (degrees)

This occurs at approximately 30 percent 1
aft of the balloon nose However for this
analysis 1t was assumed to act at the maxi
mum diameter (see Figure 49)

V% V7
Therefore the total aerodynamic force ‘ '
acting on the one foot section (assuming a linear
load distribution) 1s

F - (x)('g-)- 0 1qa7D ib

This load is 1eacted by the suspension
Irnes of the balloon Therefore the stress
m the fabric directly above the suspension
Innes 1s

N Ng

o}

Figure 48 Assamed Aerodynamic Loading
on the Maximum Diameter of the Balloon

Ng 2i F _ 0 059 0(22) b/t 26)

D BALLOON WEIGHT

1 Balloon Material

Once the design stiess has been determined the unit fabric weight can be determined to
be

w - 0 46%3 10 #Ny,q lo/it2 217)
or
0 01041

whichever 1s greater

This 1s the equation of the line i1n Figure 29 for values of material weight up to approx:
mately 8 0z ‘yd2 Due to ground handling problems 2 minimum weight material of 1 5 oz /ycl2
(0 01041 lb/ftz) was assumed to be the hightest material from which an aerodynamically shaped
balloon would be fabricaied

2 Hull Tail and Ballonet Weights

Based on the determined unit material weight and the various physical dimensions that
were determined in the previous sections of this appendix the hull and tail weights can be de
termined However since little differential pressure acts across the ballonet a one oz/yd2
(0 00695 1b/ft2) ballonet material was assumed for all sizes of all balloon types

Proportionality constants for the weights of components of various aerodynamically
shaped balloons are given in Table X The equations used 1n the computer solution are as
follows

Weight of Hull Fabiic (Ib)
Wni - wAp (28)
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Table X Proportiorality Constants for the Weights of the
Components of Various Aerodynamically Shaped Balloons

Balloon Type

Used Mod Navy Ram
Progch:sl?;;hty Symbol 1n BZl‘igon Mark Class Alr
Eq II C C
Factor of Safety on Fabric Stress F S 21 3 3 3 3
Seam Weight Kg P 0 10 0 10 010 0 10
Unit Weight of Tail Fabric Wi 30 w w w w
Unit Weight of Partition Material Wp 32 2wy 2wy 2wy 2wy
Unit Weight of Ballonet Material Wh 36 0 00695 10 00695 | O 00695 |0 00695
Ib/ft2  |b/ft2 | 1b/ft2 | 1b/ft2
Power Density of Battery Kbat 45 47 { 3600 watt minutes /lb————| Not ap
l plicable
Miscellaneous Equipment Weight Kme 48 05 05 05 0
Total Balloon Weight Ktp 54 1 791 1 791 1 791 1 791
Suspension Line Weight Ksus 95 0 0005910 000591) 0 000591 0 000591
Handling Line and Catenarv Khi 56 0 234 0 234 0 234 0 234
Weight of Hull Seams (lb)
Whs  KsWiy (29)
Intersect Weight (lb)
Wint W Ant (30)
Wei ht of Intersect Attachments (lb)
1
Winta 5 Wint (31)
Weight of One Horizontal Tail (ib)
Wht Wt Aype (32)
Weight of Attachments of One Horizontal Tail (Ib)
Whta  Ks Wht (33)
Weight of Interior Part: 1ons of One Horizontal Tail (1b)
Wiha = Wp Apht (34)
Weight of One Vertical Tail (Ib)
Wot - Wt Ayt (35)
Weight of Attachments of One Vertical Tail (Ib)
Wyta KsWyt (36)
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Weight of Interior Partitions of One Vertical Tail (lb)

Wiva = Wp Apwt (37)
W eight of Ballonet (1b)

Wpnt = Wb Apnt (38)
Weight of Ballonet Seams and Attachment (ib)

Wbnt s — Ks Whnt (39)
3 Blower Battery and Exit Valve Analysis

a Volume and Volume Flow Rate of Air through an Exit Valve or Blower The volume of
air to be expelled through an exit valve of a balloon during ascent or to be filled by a blower
during descent may be determined by the expressions given below It 1s assumed that the total
volume of the balloon remains constant and that the weight of a given mass of air 1s constant
throughout the elevations considered

The weight of a certainvolume (V) of air at an altitude (h) 1s given by
WH = YR Vi ib
where y, 15 the weight densaty (Ib/ ft3) of air at float altitude h  Also at altitude h dh

Wh dn ~ (Yn + dy) Vh gh

but
Wh - Wh dh
Therefore
YhVh (}’h + dy)Vh dh
or
’h
Vi dh 7y + dy Vi

Let Qt be the volume filled during the change in altitude from htoh dh Therefore

@) - Vi Vi dn

y
w2
Yh+dy
dy
vy, 2V
b Ty

Neglecting second order effects

dy

d(Qt) Vh N

However Vh - constant = V'tot
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Therefore
0
Qt = _Vtot f d—y
h Yh
y
Qt - ¥, In——#3 (40)
"h
where

Qt 1s volume filled by blower (ft3)
¥iot 18 total volume of balloon (ft3)
Y9 1s weight density of air at sea level launch altitude (1b/ £t3)
y,, 18 Weicht density of air at float altitude (Ib/ft3)

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

Q Qt (4—39) £t3 /man (41>

or
2000 ft3/mm whichever 1s greater (h 15 again the float altitude of the balloon )

b Blower and Check Valve Weight An empirical relation based on information histed in
a blower catalog (Reference 16) 1s given in Figure 50 The plot contairs blower weight versus
difterential pressure for blowers rated at 4000 ft3/m1n Blowers used 1n this plot include
rated flow rates from 500 to 4000 ft3/min which were modified to an equivalent rate of 4000

ft3/m1n by use of the following relation

4000
Wblo Wactual (m)

whele

W0 1S blower wei ht equivalent (lb)

W 1 1s blower weight Listed in catalog (Ib)

actua

Qrated 18 flow rate of blowe:r as histed in catalog (t3/min)

Ratings for these blowers are for standard atmospheric conditions The resultin ex
pression based on Figure 5015

where
P,p 15 the differential pressure at sea level in 1n H0

Use of this blower at higher altitudes will result 1n differential pressures that vary with
the density of the air being blown That 1s

Palt 1
Py -~ 5y Pio 5793 1b/ft2 (42)
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Figure 50 Blower Weight versus Differential Pressure for
Volume Flow Rate of 4000 Ft3/Min

where
P, 1s differential pressure at altitude
Palt
—Ea 1s ratio of air density at altitude to sea level
Thus
W Q ( 2 i 8)1b
blo=ml44 b;l_é—Pl-*_l?)

where @ 1s the desired flow rate of the blower (ft3/min)

14

(43)

The check valve 1s 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 1s approximately 1/2 Therefore the weight of the check valve 1s

1
Wehk - 5 Wpio 1b
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¢ Battery Weight Battery power 1s 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 1s

Ptoper

Kba.t

Wpat =

where
W5t 18 the battery weight {1b)
P 1s the power requuied (watts)
toper 1S the operating time of the blower (minutes)
Kpat 15 the power density of the battery (watt min/Ib)

By plotting batter; power versus sea level differential pressure for equivalent 4000
ft3/min blower capacity an empirical relation for power required to operate the blowers can
be determined to be

P - 1000 P10 watts

where P,, as previously defined 1s the differential pressure at sea level in1n H20 (sce
Figure 51)

Battery welght required at altitude 1s that required to cperate the blower at an equivalent
sea level pressure of

Palt 1
Py P Po 01922

as defined 1n Equation 42 Thus the power required 1S

Pg .
P 1000 (0 1922) —— P, Ib/ft
Palt

However this powel would operate the blower at sea level whereas the power required
at altitude vaiies directly with the density of the air being blown Thus the actual power re
quired for the battery 1s

p
p alt p
Py
p
p - 2t (1000) (0 1922) 0 p,
o Palt

192 2 P, watts

The battery weight was analyzed as that required while at float altitude and that required
during descent Theiefore

What — Wpat a + Wpat d (Ib)

where
Wpat a 18 amount of batteries required at altitude (Ib)

What 4 15 amount of batteries required during descent (lb)
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The equivalent timc of operation of the blower at altitude 1s equal to the volume of air to
be replaced each day (V repl) divided by the 4000 ft 3/min blower rate and multiplied by the
number of days at fioat altltude {t/24) Thus the battery weight required at altitude 1s

. 192 2P, (¥repl) (t/24)
bat a = Kpat (4000)

pounds (45)

Note that Vyep] 15 modified 1n the computor program to provide a factor of safety of 2

The work done on the gas during descent 1s equivalent to the woik done on the gas if en
tirely filled at sea level It will be assumed that the differential pressure to be maintained 1n
the balloon at all times 15 P, the pressure that was required at altit ide 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 1s also designed for conditions at altitude while neg
lecting conditions below so that the assumptions are consistent Thus

Pg P, (0 1992) 1b/ft2

which 1s 1dentical with Equation 40 when

Palt Py
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The operating time of the blower during descent 1s that time required for a 4000 ft3/m1n
blower to fill the ballonet or (¥ppt/4000)

Therefore with a safety factor of 2

192 2P, ¥bnt
4000

What 4 = @) Kpar

192 2P, ¥y, ¢

The total battery weight 1s
What = Wbat a + What d
192 2P, t
What ~ Kpq; (4000) Vrepl(g_,;) + 2 ¥pnt | 1b (47)

where
P, 1s differential pressure at altitude (1b/£t2)

Vrepl 1s volume of air that blower has to replace at altitude (ft3/day)

t 1s float time at altitude (hr)
¥pnt 1S balloon ballonet volume (ft3)

The weicht of the miscellaneous equipment for the blower and battery 1s

Wme Kme Wbat (48)

which was 1ncluded to cover the weight of the battery heater wiring etc See Table Xfor the
values of Kpqt and K¢

d Weight of Exit Valve  The volume rate of flow through an orifice 1s given 1n any fluid
mechanics book (e g Reference 17) as

Q CA Vv 2gZ

where
Q 1s volume 1ate of flow through orifice (ft3/min)
C 1s discharge coefficient
A 15 exat area of orifice (ft2)
Z 1s pressure head on the fluid at the orifice (ft)
The pressure head (Z) may be written as

7z - P
Y
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where
p 1s pressure head (b/ft2)

y 1s weight density of the fluid (Ib/%t3)

Therefore
= CA 20 2
W= gp” (49)
Q@ = CA 27

For purposes of scaling the weight of the valve assume that the weight 1s proportional to
1ts exit area That 1s

Wy = Ay (50)

Solving Equation 49 for A; and adding the subscripts 1 we have
1 Q

Ay - 51
1 C pi (51)
2 Pq

However the value of the discharge coefficient may be obtained using data from an exist
ing valve since C 1S a2 constant for a particular orifice type Thus

Qg

2p2
Ao\ 7

C - (52)

Substitutin Equations 51 and 52 into Equation 50

2p2
w, 2 Q
1 P2 1
W, ~ Q9 P
2 A9 ._P_l_
P1
or
’ Py (P Qi
W, = W — L =
1 2 \; po \Ip1 Q2

Values for a typical exit valve are as follows

Size 28 1nch 1n diameter

Ag 4 24 ft?

Qg 8500 f 3/min

Py 31n HoO = 15 62 Ib/it
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Wg - 3101b (aluminum)
po - pPo at sea level
_ 15 62
NN
Pl Qr
Wy = 0 01445 ‘/_

To compute the weight of a value required at float altitude note the following changes 1n
notation

1 Palt
P1 = B
Therefore

Palt
T %)

e Suspension (biidle) System Weight  The weight of the suspension system 1s proportional
to the length of the balloon and the tether tension in the bridle

Wy 0 01445

wSus o LT
or from Equation 4
Woys « ¥1/3T

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 1s made by

summing the already estimat d parts of the balloon which include everything except the sus
pension system handlug line and catenary weights and multiplying by an appropriate factor

The 1nitial estimate of the tether tension 1s
2
Tip - “La + Ly P (Kip) Wl(tot)] * Db2§ (54)
where

L, aercdynamic lift CLq’Jz/3 (lb)

a
L, buoyant Lift =0 862gVipt Palt (D)

P 1s payload package weight (lb)

Ktp 1s the factor to obtain total balloon weight

Wi (tot) 1S the imitial estimate of weight which includes all weight except the sus
penston handling line and catenary weicht (lb)

Dy, aerodynamic drag on balloon - CDq¥2/3 (1b)
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Therefore the weight of the suspension system 1s
Wsus = Ksus Tib (Vtot)1/3 lb
The weight of the handling line and catenary 1s
Whi = K Wgyg 1b

See Table X for the values of Ky, K yg and Kpj

(55)

(56)

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

tion

Payload weight P (1b)

Float altitude h (ft)

Wind velocity v (knots)

Angle of attack o (degrees)

Hull volume ¥ (ft3)

Operating Time at altitude t (hr)

The total balloon weight 1s equal to the following

Wiot Whe + Whg + Wit + Winta

+

Wht + Whta + Wiha + Wyt

+ Wyta + Wiva + Whlo + What

+

Wyal + Wehk + Wont + Whnt s

+ Whe + Wgys ~ Wh (pounds)
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