High-Altitude Balloon Atmospheric Database

Natalie A. Ramm' and Hank D. Voss®
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ﬁlgs-ELEITMUchE How much gas does it actually take to lift a payload using a latex weather balloon? This question has
CONFERENCE many answers depending on the mass of your payload, the size and mass of the balloon, and the type of gas
being used to lift the balloon. Guessing the amount of fill for the balloon can either waste gas if the balloon
doesn’t need as much to lift the load or cause negative effects if the balloon is not filled enough, such as
hovering in the jet stream pushing a balloon farther than anticipated. Either way, resources are wasted
whether it is gas wasted in unnecessary overfilling or time and effort wasted to recover a wayward balloon.
Having a database to calculate the necessary fill for a balloon can save time and money. In addition, the data
base gives many atmospheric properties with altitude for helping understand balloon data: Standard
Atmospheric temperature, pressure, and density profiles, velocity, coefficient of drag, free lift, gravity,
lifting force, drag force, speed of sound, thermal conductivity, kinetic temperature, dynamic viscosity,
kinematic viscosity, mole volume, mean air particle speed, mean collision frequency, and mean free path.

Nomenclature

Ay = Surface area of the balloon (m?)
A, = Cross sectional area (m®)
Cp = Coefficient of drag
Fp = Force due to atmospheric drag
Fiife = Lifting force of the gaseous fill in the balloon (N, Iby)
FL = Free lift (kg)
g = Gravity
h. = Convective heat transfer coefficient

s J
k = Thermal conductivity (m)
M, = Molar mass of air. (28.9644 g/mol)
M, = Molar mass of gas. Helium: 4.0026 g/mol, Hydrogen gas (H,): 2.0158 g/mol
my = Mass of gas (kg). Helium or Hydrogen.
Myot = Total mass: Includes payload, balloon, and ballast masses (kg)
n = Moles = mass/Molar mass
P = Pressure
Ve = Atmospheric pressure. (atm, Psi)
B = Pressure of gas. (atm, Psi)
Pa = Mass density of air (kg/m®)
Py = Mass density of gas (kg/m’)
0 = Heat
R ~  Gas constant. 8.206 x 1075 ™2™

mol K

T = Temperature
t = Time
T = Temperature of atmosphere. Kelvin (K) and Celsius (°C)
T, = Temperature of gas. Kelvin (K) and Celsius (°C)
4 = Volume
Vy = Volume of balloon (m®)
vy = Velocity of balloon (m/s)
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I. Introduction

H IGH altitude balloons can be used for a variety of purposes. They have the potential to test satellite sensors in
the near space environment. Students can harness the unique environment of traveling through the atmosphere
as well as near space to perform experiments to broaden their educational experience. High altitude balloons allow
people to discover. For these reasons and many others it should be a priority to know as much as possible about
where these balloons are going and how to get them there. Many factors contribute to how high a balloon can go.
The atmospheric temperature, pressure, air density, size of balloon, amount of fill, payload mass and many other ACADEMIC
factors contribute to what altitude a balloon can reach. Some surprising conclusions can be drawn from the use of a HIGH-ALTITUDE
database like this as well as its use for atmospheric research. Data relationships can be observed through multiple SSNEEEERE
charts such as temperature, pressure, and air density profiles, effects of altitude on the lifting force, rate of velocity,

relationship of free life and ascent velocity, altitude versus time flight paths, calculated coefficient of drag for

different balloon sizes with altitude, and many others. This database was created in Microsoft Excel. The balloons

used in the database calculations are Tolex Sounding and Pilot Balloons purchased from Kaymont Consolidated

Industries. The gas tank specifications are based on Helium and Hydrogen tanks rented from Indiana Oxygen

Company. The purpose of this paper is to convey the usefulness of this high-altitude balloon atmospheric database

as well as to serve as a user guide to its utilization and different properties.

II. Formulas and Assumptions

The drag force equation in Eq. (1) was derived using Newton’s Second Law of motion using the assumption that
the balloon’s acceleration is zero or the balloon is moving at a constant velocity. This is the drag force on the
balloon including the balloon, ballast, and payload mass. The volume of the balloon is assumed to be spherical.

Fo = (-mio)g + (%52) | () - () M

The velocity of the balloon, Eq. 3, was derived from another equation for the drag force', Eq. 2. The assumption
is made that the cross sectional area of the balloon is a circle.

1
Fp = 2 CppavpAc

@
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Equation 4 is derived from the drag force equation, Eq. 2.
2 Fp
=—2_ 4
b Pavp?Ac ( )
The volume of the balloon, Eq. 5, was derived using the Ideal Gas Law, Eq. 6.
ngRT,
v, = "kl 5)
PV = nRT (6)

Equation 7 shows the conductive heat transfer equation. The assumption that was made in the database was x =
radius. This means that we are looking at the heat transfer at the center of the balloon’. The radiated heat transfer
and the convective heat transfer of the balloon were not looked at in this database.
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The free lift in this database, Eq. 8, is the free lift that only the balloon provides when filled. This does not

account for the added payload and ballast mass.

ACADEMIC FL = (mq =mg) = (PairVp = my) ®)

HIGH-ALTITUDE

CONFERENCE

The lifting force in Eq. 8 is the lifting force of just the balloon, this does not account for the payload and ballast
mass.

Fupe = (ma —my)g = (pairVy — my)g )

The derivations for the equations above used in this high-altitude balloon atmospheric database can be viewed in
the Appendix.

III. High-Altitude Balloon Database Worksheet Descriptions

A. Useful Data

The first worksheet includes useful data from an online atmospheric properties calculator® based on the U.S.
Standard Atmosphere 1976°. The data is taken from 0 km to 40 km in 1 km increments with a 0 m/s air velocity.
This useful data includes the speed of sound, dynamic viscosity, kinematic viscosity, mean air particle speed, mean
collision frequency, mean free path, and mole volume.

B. Ascent (Recommended Fill)

The Ascent Calculations (Rec. Fill) worksheet shows all the constants and data used in the calculations of the
corresponding data table. Drop down lists are also at the users disposal for the payload mass, balloon mass (size of
balloon), and ballast mass. The balloon size options are 200 g, 300 g, 600 g, 1000 g, 1500 g, and 3000 g. These will
be used to calculate the total mass used in calculations.
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Figure 1. Screen shot of the Ascent Calculations Recommended Fill Database Excel worksheet. This is the second
worksheet in the database. There are more to the worksheets than can be seen in the figures.
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The corresponding data table is in the following worksheet in Figure 2, Ascent Data Table (Rec. Fill), in the
database. Included in this data table is the altitude in meters and feet, calculated time for a Helium and Hydrogen fill
from the velocities, atmospheric temperature3, temperature of gas from an educated estimated temperature
difference, atmospheric pressure in atmospheres and pounds per square inch®, air density’, calculated volume of
balloon, calculated balloon surface area, calculated balloon cross sectional area, calculated conductive heat transfer,
calculated gas density in balloon, calculated velocity for Hydrogen and Helium, calculated drag coefficient from

Kaymont initial volume and velocity data’, calculated free lift, lifting force, and drag force for Hydrogen and ACADEMIC
Helium. HIGH-ALTITUDE
E — CONFERENCE
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Figure 2. Data Table for Ascent Calculations Recommended Fill. The differently marked sections represent the troposphere,
tropopause, and the stratosphere.

Associated with this data table are the charts on the next sheet in the database, Ascent Charts (Rec. Fill). The
charts included on this worksheet are effects of altitude on lifting force, rate of velocity, relationship between free
lift and ascent velocity, and flight path for Helium and Hydrogen. Also included is the increase of the drag
coefficient with altitude, temperature, pressure and air density profiles, attainable altitude with increasing payload
mass for fixed recommended fill per balloon size, and example rate of increase of velocity with decreasing payload

mass (0.2 kg balloon).
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Figure 3. Charts for Ascent Recommended Fill data.
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C. Ascent (Non-Recommended Fill)

For a non-recommended fill, the database user has the option of selecting how many tanks of Helium or
Hydrogen to put in the balloon through another drop down list. The amount of gas in moles is calculated and
viewable for the number of tanks selected using Eq. 6. The tank volume being used in this data base is 291 ft* for
Helium and 191 ft* for Hydrogen gas. The Ascent Calc. (non-Rec. Fill) has the same layout as Ascent Calc. (Rec.
Fill) except for the addition of the section in Figure 4.

ACADEMIC
'C'I:,G: ;‘:l': 'ET:’ ? § = - The Ascent Data Table for the non-
1 40 recommended fill section has the same properties
12 Select Masses: | that were found in the Ascent Data Table
13 Payload Mass 250 Recommended Fill. Included in this data table, like
14 Balloon Mass 12 the previous, is the altitude in meters and feet,
15 Ballast Mass 00 calculated time for a Helium and Hydrogen ﬁgl
: from the velocities, atmospheric temperature’,
16 temperature of gas from an educated estimated
17 Select # of Tanks: | 100 ~ | temperature difference, atmospheric pressure in
18 Volume 15 * |prox mol in balloon atmospheres and pounds per square inch’, air
19 1 tank He (291 ft} 2.00 367.83 density3, calculated volume of balloon, calculated
20 1 tank H, (191 ft2:50 E 24143| balloon surface area, calculated balloon cross
n ;gg - sectional area, calculated conductive heat transfer,
22 Diameter .00 ca]cu!ated gas density in pa]loon, calculated
Nm LN . uq' velomty for Hydrogen and Hel.lu.lr}, calculated drag
24 1t 719| coefﬁ_ment fs'rom Kaymont 1plt1a} 'volume and
25 Radius velocity data’, calculated free lift, lifting force, and
drag force for Hydrogen and Helium.

1

“ 4> Ascent Cakc. (non-Rec. Fil) /TASCaAE DA Tab (Aon-RECFl) There is one curiosity to mention regarding the
Figure 4. Section view of Ascent Calc. (non-Rec. Fill)  drag force for this section using Eq. 1. This section
worksheet. The above figure shows the addition to this  uses Eq.l to calculate the drag force, however if
worksheet of the drop down list for inputting the number of  you over fill or under fill a balloon there may or
tanks of gas to be used in a balloon fill. may not be a constant velocity. In this case, the

drag force would have to be derived again to

account for the balloon acceleration. Changing the drag force in this way would also change the velocity, Eq. 3.
An example chart from the Ascent Non- Recommended Fill worksheet in this section can be viewed in Figure 5.

Attainable Altitude with Increase in Balloon Fill
(1 kg Balloon with Hydrogen Gas. No Payload)

/
/

Altitude (km)
=R = NN
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</
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&

0 500 1000 1500 2000

y =-6.453In(x) + 62.806 Balloon Fill (moles)
R?=0.9973
Figure 5. Chart from Ascent Charts (non-Rec. Fill) worksheet. This chart appears to show that the more fill
that goes into a balloon does not guarantee a higher altitude. This is because of the volume limit or “bursting
volume” of these balloons. From looking at this database section, more fill does cause an increased ascent rate.
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D. Descent Recommended Fill using a Small Balloon

Using a small balloon in a parachute helps reduce the chaotic behavior of a payload in its descent after balloon
release’. This section of the database is similar to that in Part B except for the balloon size options. The balloon size
options for the small balloon are 10 g, 20 g, 30 g, 100 g, 200 g, 300 g, and 600 g. The calculations for this section
use the recommended amount of fill for these balloons. However, if this balloon was going to be used in a parachute
Fig. 6, the recommended amount of fill would not be used otherwise the balloon will burst before the larger balloon
is released. In practice by Jeff Dailey® on Taylor University balloon launches, only a small amount of gas is released
in a 100g balloon. This gas expands allowing the balloon to reduce chaos without bursting before the larger balloon ACADEMIC
is released. The gas in the balloon contracts during decent until there is enough air for the parachute to open up and HIGH-ALTITUDE
take over. Figure 7 shows a chart of the balloons volume with altitude from the Descent Rec. Fill Chart worksheet. GLALFES BRIETs

The data table for this section starts at 40 km and ends at 0 km. The

velocity of the balloon is either positive or negative. The velocity is
positive if the lifting force is greater than the drag force. This would be, for
example, if you chose a large balloon and had a very small payload.

Volume of Decent Balloon with Altitude
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Figure 7. Small balloon volume with altitude.
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Figure 8. Data Table for the Decent of a Small Balloon with Recommended fill.

? Professor, Department of Physics and Engineering, 236 W. Reade Ave.
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E. Descent Parachute
The Descent Calculations worksheet for the parachute has significantly less information in it because no gas is
involved. There are two options for the mass of the parachute, 100 g and 200 g. The parachute diameter used is 72
inches. The velocity for this section is from Eq. 3 but the drag force is now m,,.g. This made the assumption that
the acceleration is zero, however this does not seem to be the case from Figure 11 from the Decent Charts
(Parachute) worksheet. The acceleration would need to be taken into account in the drag equation for a parachute.
Like the data table for the

a A [ B 1 c D i E

1 Mass Options: Positive Direction: | small balloon, the parachute
_; load Mass = P.MM?OJO Ballast Mass oPamchuhDhmohn T2inor6 ft | data table goes from 40 km
4 5 0.20) 0 to 0 km. There is
3 [ .2 significantly less in this data
20| table, Fig. 10, than the
8 30 ;
18] 20 previous data tables because
10 of absence of gas being
Rl e T used. Included in this data is
13 Parachute Mass 10 [air (pa) — 7753 the altitude in meters and
14 |Ballast Mass .00 feet, calculated time from
%Dlmhl Para. the velocity, atmospheric
i 1.83] temperature3 atmospheric
18 1 5.00]
19 Radius Para. pressure in atmospheres and
—:%-.—'“ “"‘;} pounds per square inch’, air
22 Volume (Vp) densny A veloc1ty,
B 1.m| calculated free lift, lifting
28 113.0973355 f d drae f
25 C.5. Area Para. orce, and drag force.
26 m 1.654762398)
27 # 28.27433388
28 Stand.Pressure
B

— 4]

Figure 9. Descent Calc. (Parachute) worksheet Thts sheet has mfarmatzon on
it for the data table calculations but has significantly less than the previous
worksheets because there is no use of gas with a parachute.
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Figure 10. Descent Data Table (Parachute).
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Decent Path with Parachute
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Figure 11. This shows that the velocity is increasing so the acceleration is probably not zero.

F. Real Flight Data

Currently, real flight data is being taken and analyzed at Taylor University. More data needs to be taken to help
verify the accuracy and prediction value of this database as well as identify any equation or calculation errors.

IV. Additional Notes and Future Work

While going through the atmospheric balloon database a few items found need to be addressed. An earlier section,
III part C, mentioned the possible addition of acceleration to equation 1 and equation 3 for the case of a non-
recommended fill. Whether or not this is necessary is yet to be determined. Analysis of real flight data for an over
fill and under fill would be able to determine if acceleration is a factor that needs to be taken into account.

Also, the coefficient of drag, Eq. 4, for each balloon and altitude was determined from the initial balloon cross
sectional area form the initial volume® of the balloon the calculated cross sectional area for each altitude, the air
density for each altitude, the rate of ascent’, and the calculated drag force for that balloon and payload mass’. The
coefficient of drag analysis for these balloons could be done in greater detail with flight data for more accurate
coefficient of drag values.

The free lift and lifting force are currently that of just the balloon not taking the total mass into consideration at
the moment. The drag force is the drag force of the balloon or parachute with the total mass. One question is
whether it would be more useful to have these forces of just the balloon or have them take into account the inputted
payload and ballast masses, or total mass. One future consideration would be to add more detail to this database such
as a smaller altitude increment than 1 km, more gas tank size options, more payload mass options, an option for
inputting your own temperature, pressure, and air density data and initial conditions. Introducing this database into a
webpage or some other means of availability to make it easier to use is another suggestion for the future.

This atmospheric balloon database will be available for beta testing. Any errors, additional comments, changes to
equations, or anything to increase the benefit of this database to the high altitude ballooning community would be
greatly appreciated.
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V. Conclusions

One conclusion that has been drawn from this database that could be further tested was an increase in balloon fill
does not guarantee a higher reachable altitude because of a balloon bursting volume but it does give an increased
ascent rate, Fig. 5. With this knowledge, a person can perform a faster flight when the need for quick data is
important or if one has more time, can plan a flight that reaches a higher altitude but takes a longer amount of time.
ACADEMIC Accidents can also be avoided. A person unfamiliar with high altitude ballooning might make the assumption that
HIGH-ALTITUDE more gas means more altitude, which could end in a much lower reached altitude than needed, wasted materials, and
CONFERENCE an inevitable re-flight. Conclusions such as this can be useful when planning a high altitude balloon flight.

Knowing where high altitude balloons are going or how to get them there increase the reliability and value in
using high-altitude ballooning for testing, research, and education. The purpose of this high altitude balloon database
was to create something for everyone in this community to use and make high altitude balloons a more accurate,
cost effective, and convenient way to discover.

Appendix

A. Drag Force Derivation
The assumption was made that the balloon acceleration is equal to zero.

> Fuae = Fupe — By — Fp =ma =0
Solve for Fp,
Fy=Fyp — F,
Insert lifting force from Eq. 9,
Fp = (mg —mg)g — mioeg
Solve for mass using Eq. 6,
PV—nRT—-ERT-n—E
- MM
PVM

m=pr = VP

Insert above solved equation in for mass of atmosphere and mass of gas,

RT, RT, ) — Meorg

P,VyM, P,V,M
Fp=g ( b g'bMg
Simplify,

gvb) [PaMa _ PgMg]
R

Fp = (—Myoe)g + (_ T, T,

B. Velocity Derivation
The assumption was made that the balloon has a circular cross sectional area and a spherical volume.

1
Fp = ECDpavbAc

2Fp
v, =
b CppaAc
2/3

=[G =[] -

Substitute Fj, and A, into solved equation for vy,

Solve for vy,

Solve for cross sectional area using volume,
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RT, ~ RT,

A (g (VbMaP vy

P
) = mrotg)
Up = 2/3
)]

Copar [ (37) v

ACADEMIC

e e HIGH-ALTITUDE
C. Volume of Balloon Derivation CONFERENCE

PV =nRT
Solve for volume of balloon using temperature of gas and moles of gas.

= ngRT,
by
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