General Procedure for Designing Stratospheric Pumpkin
Super Pressure Balloons

Rodger Farley September 21, 2007

This paper describes a step-by-step process to design super pressure pumpkin balloons
intended for flight in the stratosphere. A thermal analysis usually precedes the design
phase in order to determine operating temperatures, but in lieu of that a general guide will
be presented, good for the preliminary design stage.

Gas and film temperatures will be affected by the properties of the film; absorptivity,
emissivity, and transmissivity; and by the environment. Absorptivity is a measure of a
film’s ability to absorb solar energy, emissivity is a measure of the films ability to radiate
its own heat away in the form of infrared (IR) energy, and transmissivity is a measure of
how much solar or IR energy simply passes right thru it. The environment that a balloon
“sees” is divide into the direct solar, the reflected solar (albedo from surface and clouds),
the IR coming up from the Earth’s surface bathing the balloon from below, and the IR
from a warm atmosphere bathing the balloon from above. There is also convection
exchange between the balloon surface and the atmosphere. Some of the warmest
environments is over the Antarctic due to the high albedo from the snow, almost giving
the balloon a double sun (once from above and one more from below). The balloon can
also experience very cold temperatures when it goes over high-topped cumulus clouds at
night, the cloud acting as a blanket shielding the Earth’s toasty IR from the balloon.

General Guide for Predicting Max Super Temperatures for Normal Conditions
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We start with the basic givens
Preliminary Design Methodology of Super-Pressurized Pumpkin Balloons

Givens: Volume:=270.1 Desired pumpkin volume,

ALT f10at := 29750

T day =264
T night =224
Rgas =4124
R4y 1=287.1
M apex =05
M nadir =05

Mtendon :=0-0005

thick shell =7

thick cap =0

LcapLgore :=0

g :=9.807
_9%5
57.3

S yield =8

FS:=15

AP design =210

cubic meters

Altitude at design float, meters

These gas temperature numbers are determined with a thermal analysis
Average day time gas temperature, deg K (design float case)

Average night time gas temperature, deg K

Specific gas constant for the lifting gas, m"2/s"2/ deg K Hydrogen gas in this case

Specific gas constant for the atmosphere, m"2/s"2/ deg K

Apex fitting mass, kg
Nadir fitting mass, kg

Film material mass density, kg/m"3
Tendon + sheath + seam linear density, kg/m
Thickness of the shell film material, microns

Thickness of the cap film material, microns

Cap length to gore length ratio

Acceleration of gravity, m/s"2

Desired bulge angle at equator, radians

Yield stress of the film at the hot temperature, MPa

Yield factor of safety in the hoop direction for material stress

Set the design pressure



Describe the atmosphere with a five-point model, 1% the temperature soundings

5.POINT ATMOSPHERE MODEL, ;EIEZKStantdard Atmulsphere
TROPOSPHERE AND STRATOSPHERE BY ¥ MBLETS, pastals
sea level temperature and pressure, pascals
Top =28815  Pgp =101325

T =21565 H { :=11000
T 5 :=216.65 H 5 :=20000
T 5 :=22865 H 5 =32000
Atmospheric Lapse Rates, degkl per meter T 4 :=27065 H 4 :=47000
T,-T _ T--T .
Li=(—— "5 Lapserate# L, =-61-10°  Ly=(—> 2] Llapserate# Lo=1.10"
Hy Ha-Hy
T~-T _ Ty-T N
L= L Lapse rate # L, =1111+10 . L= 2 Lapse rate #4 L, =25-10 i
2 I H 2 4 I H 4
2711 4= 13

otandard AtmosphericTemperature, troposphere and stratosphere, deg K

T (k) :=if[h<H 1 Tap +L 0 To4 LE-{h- H 2} ] troposphere and near-isothermal stratosphere

T 5, (k) :=if[h<H 2. T 1 (0, T+ L3-{h- H 3} ] lower stratosphere
T fqp(h) :=if[h<H 2. T (0, T 4+ L4-{h- H 4}] upper stratosphere
h=1,10. 36585

4 Atmospheric Temperature
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Next, the pressures are calculated:

Standard Atmospheric Pressure, troposphere and stratosphere, Pa
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Istpoint =+ 3L
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Po(hy =il h<H o, P y(), P 1 {H )
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P a1 =i h<H 3P 5(1), P 5 (H )

F (B

0 ppn(B) =
i R T g 1)

T ymli0

F 1stpoint = 2252 Pascals

Air density in the troposphere and
stratosphere, kyg/m*3

Gas density as a function of ambient and
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R oas T gas
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F Lifias (h*T gas-
gas’

differential temperature and pressure,
kgfm*3

Gas density as a function of gas
termperature, ambient and differential
pressure, kgfm®3



Super pressure requirement

P air =P At {BLT foat) P iy = 0018609 Air density at altitude, kg/m”3
. _ a3 . . _

P zas --PLjﬂGas(*é‘LT floats T day,ﬁ.P desig,n) P gas = 1.304+10 Helium density at altitude, kg/m”"3

T =T ﬁtm{*é‘LT ﬂu:uat} T = 2264 Ambient temperature, K

P, =P Hm{ﬁLT ﬂuat} P, = 1210 Ambient pressure, Pa

AT day =T day ~ T s AT day =374 Daytime super temperature

AT oty =T night = T air AT night = -2.4 Mightime super temperature

dPdT :=p gas-R zas dPdT = 5377 For a constant density system, the rate of
change of pressure with termperature
Pascals / deg K

_ _ Mormal pressure variation from night to
9F gaynight = deT-{T el night} 9F gaynight = 2151 e

The design super pressure should be at least this value

This particular example calculation has a recommendation of 215 Pa for the design super
pressure.



Geometric and load values

E ._ (D.Tj-v01m8)0.333333
hetipal = |———
sphetic n - oo o
T
yield 5333
F3
E - AT shell o }.riﬁld
hulge T ) :

Rha]lnu:un =1146 K spherical Rha]lcll:ln = 4595

Equivalent spherical balloon radius, m

Bulge radius to meet
hoop stress requirement, meters

Purnpkin balloon radius at the equator, m

The function "floor” means "make an integer of this number"

L "
¥ gotes :=floor =
. bulge [O‘E] H
asitn| — =" .ginl_—
Rba]l-:u:un 4

CGrore¥Width fhE = E R bulge

]
H'Rba]lnnn

N gotes

TendonLoad =

GoreWidth . =0.295

AP L
deSiEn T donload = 1267

=110

gotes

Minimum number of gores required

Max gore width, meters

Max tendon load, Newtons



Estimate the mass of the balloon envelope components

Pumpkin Balloon Mass Estimate of Component Parts

Diameter o1 0n = 2257 R gopericat Diametery, yo o, =905 Approximate pumpkin diameter, m

Height  a1g0n =1 3873 R sphetical Height yfipon =236 Approximate pumpkin height, m

_ Approximate theoretical gore
spherical Gore 1on gy, = 1187 length {including fitting radii) in
the stressed state, m

Crore length =294 R

M o) =0 gy thick Sheu-lﬂ'ﬁ Shell material area density, kg/m*2 Mg eqy = 644410~
M gy =0 Fily thick Eap-llil'Ij Cap material area density, kgfm"2 M cap =0
2
o E -
i ahell = Shﬂquz Wolume il ahell = 1.4 kg
. : 2 _
Il cap .=mc&p-1.22 Diametet 4, inp (1 - cos(m-Leaplgore)) il cap " 0 ki
M terdon =™ tendon TOre length'N gotes M endon =07 ki
M yeefingsleeve = 0081 Diameter yoyoop M peefingsleeve = 07 kg
M ires =0.222 Gore length M e = 26 kg
M IpfationTubes =004 Gore length M 1 fationTubes -0 k4
M gpatpyot =0 0124-Gore length M 4o gtret = 01 kyy
M etra =M ires + M InflationTubes + M destruet + M teefingsleeve M e =399 ky

For this case, Mextra =10 M gy =0

Myattoon =M shett+ M cap + Miendon + M apex + M pnadir + M epra

M =31 Approximate balloan
ballaon =~ material mass, kg

Small pumpkins will not have reefing sleeves, or destruct, or wires, or inflation tubes.



Calculate overall performance values

Initial Perfformance Parameters

b Z:g-(p ait— @ gas) b =0.169713 Specific buoyancy at design float conditions, Mfm*3
GrossLift :=h Volume CrossLift =452 Gross lift at design float conditions, M
M _ CrossLift - 4674 Gross mass of the balloon system (hot including gas

gross "T M gross mass) for equilibrium flight at the design float
conditions, kg

I gas 7P gas-vnlume Il zas =035z Mass of liting gas, ko
I suspend =M aross = M 4 atloon Il suspend 1.59 Suspended mass capacity at design float, kg
FLgp =11 Minimum desired free ratio lift at launch, 10% typical (1.10)

FLap
M gashITH =M gross’

R gas 1) it gasMIN = 0385 Minimum mass of gas at launch to achieve

] the desired launch free lift ratio, kg
Rﬂlt’



Graph of the suspended mass capacity as it varies with float altitude

SUSPEMDED MASS CAPACZITY AT DIFFEREMT ALTITUDES
BASED ON THE MORMAL DAYTIME FLOAT TEMPERATLURE
AMD SUPERFPRESEURE, CUSTOMIZED FOR EACH ALTITUDE

D rtag B =0 A (h,T da},,ﬂP design) Gas density if the temperature and
super pressure are constant

I capacitj,r(h:] 3=1;.FI311.HHE-(.|'J A1) - £ Gas(h)) - M yatloon
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Appendix 1
Equations and Graphs for the Standard Atmosphere

Temperature

4 Atmosphertic Temperature

O Sl 1 1962 Standard Atmosphere

Zone D

310" |-30,000m

Zohe C

Conversion from degrees Helvin to Fahrenheit

210" [20,000m degF = 32 +1.8+{degK - 273.15)

Zone B i
Conversion from meters to feet

feet = meters«3.2808
14107 [40,000m

000

200 210 220 230 2410 250 260 ] 230 290
Temperature degk

For zone A, altitude “h” (in meters) ranges from sea level to 11000m:
Temperature = 288.15—-0.006591-h , in degrees K
For zone B, altitude “h” ranges from 11000 to 20000m:
Temperature = 216.65+0.0001111- (h —20000), in degrees K

For zone C, altitude “h” ranges from 20000 to 32000m:

Temperature = 228.65+0.001- (h—32000) , in degrees K



Pressure
4 Atmospheric Pressure

Altitude, meters

1962 Standard Atmosphere

30,000m

Conversion from Pascals to millibars

millibars = Pascals { 100

210t 20,000m

Conversion from Pascals to psi

psi= Pascals/EEBE

At sea level:
pressure = 101325 Pa

5000

1] 1410 2410 30 4410 5+10 G410 '.'l‘*lIZI4 B*lIZI4 9*1[!4 1+1IZIj 1.1+1IZIj

Pressure, Pascals

For zone A, altitude “h” ranges from sea level to 11000m:
5.1826
Temperature
288 .15 in Pascals

Pressure = 101325-[

For zone B, altitude “h” ranges from 11000 to 20000m:
-307.43
Temperature
in Pascals

Pressure = 22562 -
215.65

For zone C, altitude “h” ranges from 20000 to 32000m:
-34.159
Temperature
216.65 in Pascals

Use the appropriate temperature in deg K from calculated from the proper zone

Pressure = 5441-[



Air Density

The air density is calculated with the ideal gas law:

Pressure
287.1-Temperature

AirDensity =

kilograms per cubic meter

Where Pressure is in Pascals and Temperature is in degrees Kelvin

Altitude, meters

30,000m

20,000

Sea level density
1.225 kg/m™3

S000

1.2 14

0.4 0. 1
Air Density, kgim*3



Approximation Formulas for Air Density

This is an approximation formula for air density as a function of height “h” in meters,
good up to 23000m. It’s near perfect up to 11000m, and then overestimates up to 12% at
17000m. Best to use it in the range of 0 to 11000m.

4.25

h

AilrDensit =1.225-|1——
yOtollkm 44303

This one follows very closely through out the range from 20 to 42 km:

AirDensity,,, ..., = 2.077608.g 220"

Maximum error ~ +1.3% at 26000m and ~ -5% at 42000m

Density in kilograms per cubic meter

Air Density Correction to Approximation

Yo

a Add correction to calculated values —

Altitude, meters

a S000 1‘104 1.5‘104' 2‘104 l%.j'lth' 3‘104 3.5‘104 4‘104 4.5‘104




