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Nomenclature

Atop = cross-sectional area of a spherewith volume equivalent to
the balloon, m2

CD = drag coefficient; 0.5
cf = specific heat of the balloon film; 2302.7 J ⋅ kg−1 ⋅ K−1

cpg = specific heat of the balloon lifting gas (hydrogen);

14;320.0 J ⋅ kg−1 ⋅ K−1

g = Earth gravitational acceleration; 9.81 m ⋅ s−2
Ma = molecular weight of air; 28.96 kg ⋅ kmol−1

Mg = molecular weight of the gas (hydrogen); 2.02 kg ⋅ kmol−1

mf = mass of the balloon film; 100 kg

mg = mass of the balloon gas, kg

mtot = total mass of the system, kg
mv = virtual mass, kg
_qf = net heat flux to the balloon film, W

_qg = net heat flux to the balloon gas, W

Tf = balloon film temperature, K

Tg = balloon gas temperature, K

t = time, s
V = volume of gas, m3

z = altitude of balloon, m
ρa = density of air, kg ⋅m−3

I. Introduction

T HE existing literature on gas balloon motion can be split into
precise computing of the balloon trajectory in wind fields with

weather model data and the study of the balloon vertical motion due
to the heat exchange with its direct environment. The combination
of these two fields allows us to simulate real balloon flights. The
reference works for both approaches are the ones of Kreith and
Kreider [1], Morris [2], and Carlson and Horn [3].

The balloon trajectory studies aremainly used for high-altitude gas
balloons to avoid, for example, collision accidents or predict their
landing region. Palumbo et al. in Ref. [4], Sóbester et al. in Ref. [5],
and Lee and Yee in Ref. [6] used Monte Carlo techniques to predict
the trajectory of a high-altitude gas balloon. Renegar in Ref. [7] made
a recent survey of the present state of available balloon trajectory
prediction systems. In a more controlled manner, Aaron et al. in
Ref. [8] and, more recently, Waghela et al. proposed in Ref. [9]
trajectory control systems capable of guiding a high-altitude balloon.
Few works were dedicated to the study of manned gas balloon

flights. The only works we found on this subject were the one of Das
et al. in Ref. [10], Furfaro et al. in Ref. [11], Baumann and Stohl in
Ref. [12], and Ellenrieder in Ref. [13].
The principal physics laws determining gas balloon trajectories

have been extensively studied in the literature. The heat exchange
between the balloon’s elements (envelope, gas, etc.) and its surround-
ings is essential. For example, Dai et al. in Ref. [14] tried to character-
ize the influence of film radiation properties and clouds on balloon
thermal behaviors in order to operate safe and reliable high-altitude
balloons. For a review on those works, see the work of Yajima et al.
[15] for example.
The present work focuses on a manned balloon filled with hydro-

gen flying below 6000 m. Our main source is the work of Saleh and
He [16], which is adapted from Ref. [3]. We will compare our model
to real data and try to simulate part of two recorded manned gas
balloon flights. Our data come from two races (2016 Gordon Bennett
cup** and 2017 America’s Challenge††) done by the Fribourg Frei-
burg Challenge Swiss team (FR-CHallenge)‡‡. We propose an analy-
sis and adaptation of our primary model in order to reproduce the
complex ascension dynamics of real flights.

II. Mathematical Model

We follow the development proposed in Ref. [16] to derive the
thermal and dynamical model of a zero pressure gas balloon based on
Ref. [3] with a variable amount of direct and reflected solar radiation.
Based on the thermal and dynamical model of gas balloons pro-

posed in Ref. [3] and used in Refs. [10,15], the vertical motion of a
zero pressure gas balloon can be described by the vertical force-
balance equation

�mtot �mv� ⋅
d2z

dt2
� g ⋅ �ρa ⋅ V −mtot� −

1

2
⋅ ρa ⋅ Atop ⋅ CD ⋅

dz

dt
⋅
���� dzdt

����
(1)

where z � z�t� represents the vertical position (inmeters) of the (zero
pressure) gas balloon at time t.
The heat-balance equations for the balloon film and lifting gas are

taken from Refs. [3,10,16] and read

mf ⋅ cf ⋅
dTf

dt
� _qf (2)

mg ⋅ cpg ⋅
dTg

dt
� _qg −

�
g ⋅Ma ⋅mg ⋅ Tg

Ta ⋅Mg

�
⋅
dz

dt
(3)

The heat flux of the film _qf and of the gas _qg in Eqs. (2) and (3) can
be found, for example, in Ref. [3].
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III. Simulation

We analyze and simulate a portion of the flight where the balloon
was flying freely with no active altitude change made by the pilots
(gas exhaust or ballast drop). The first flight occurred during the
America’s challenge race (see footnote ††) in 2017, where the FR-
CHallenge team established a newworld record of a distance of more
than 3600 km in a competition. The second race is the 2016 Gordon
Bennett cup (see footnote **), where the team reached the sec-
ond place.
To isolate the change of altitude due to the heat exchange only, we

have selected flight data during the transition between night and day.
In order to validate the choice of the physical parameters for the

simulation of the FR-CHallenge balloon, we first have performed
comparison and adaptation on the model based on the America’s
Challenge flight of 2017. Finally, we have applied exactly the same
model to the Gordon Bennett flight of 2016 with a simple linear
scaling.
For both flights, the same white coated balloon envelope has been

used. The radiative properties of the envelope have beenmodelled by
a filmwith an absorptivity of 0.20, a reflectivity of 0.80, an emissivity
of 0.9, and no transmissivity.
The international standard atmosphere (ISA) is used in the simu-

lation.

A. America’s Challenge Flight of 2017

In the America’s Challenge flight, the FR-CHallenge team flew
from Albuquerque in the United States to Labrador City in Canada.
The data of the vertical motion of the balloon are presented in Fig. 1,
with the analyzed section in red.
The simulation begins shortly before sunrise on the second day of

the race (on 9 October 2017 at 12:10 coordinated universal time
(UTC)). The altitude of the balloon at that time was around 3200 m
above see level (ASL). This point almost corresponds to the third
vertical line in Fig. 1.
At this moment of the race, the hydrogen gas does not completely

fill the balloon envelope. This phenomenon is due to the vertical
pressure gradient in the atmosphere, which has the consequence that
the gas fully fills the balloon envelope only at a higher altitude where
the pressure corresponds to proper thermodynamic conditions for the
gas to fully fill the envelope, refered as altitude of plenitude. Below
this highest point, the balloon envelope is partially filled, making it
lose its spherical shape. For this flight, the envelope plenitude was at
4800 m ASL. We have set the sand ballast to 326 kg according the
race data, and the balloon is started at rest.
Although the pilots did not do any maneuver, we can see that the

balloon is rising in three elevation phases (see the blue curve in
Fig. 2). A first rapid ascension (in Fig. 2, section a between the two
first vertical lines), amoderate second phase (in Fig. 2, section b), and

a slow third phase (in Fig. 2, section c) before reaching an altitude of

envelope plenitude at around 4800 m ASL.

We know that, for reaching a final stabilized altitude with an

envelope plenitude of 4800 m, we need to have a ballast sand mass

of 326 kg. If we simulate the balloon ascentwith this initial condition,

the balloon reaches 4800 m in about half an hour (see Fig. 2, green

curve), which is much faster than the observed flight, except for the

beginning of the ascending phase (section a in Fig. 2). If one increases

the ballast mass by 77 kg, the altitude of the envelope plenitude is

lowered and the ascension is stopped at around 3800 m (see Fig. 3,

green curve).

Tomake the balloon rise to 4800mwithout active control from the

pilots, one needs to find a two-phase natural loss of ballast. This

mechanism can be explained by the condensation of water on the

balloon film during the night that drops from the balloon envelope

and evaporates once the sun rises. This additional water changes the

total ballast for some time. This phenomenon has been confirmed by

the pilots, although it is not possible to evaluate the quantity of water

condensed on the balloon envelope. The water loss occurs in two

steps, as simulated in Figs. 4 and 5.

The first rapid rising phase (section a in Fig. 4) lasts 30 min and

begins just after sunrise. The lifting gas is heated by the sun, and the

balloon rises quickly to an altitude of around 3800 m ASL. During

this phase, there is no ballast drop. The second moderate phase

(section b in Fig. 4, green curve) lasts 65 min with a constant water
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Fig. 1 Altitude data from the FR-CHallenge’s 2017 winning flight
from Albuquerque to Labrador City (blue curve) and the analyzed
portion (red curve).
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Fig. 2 Simulation of America’s Challenge flight (2017) balloon rise
due to sunrise with no water condensation. N (resp. D) refers to night
(resp. day).
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Fig. 3 Simulation of America’s Challenge flight (2017) balloon rise due
to sunrise with additional water ballast (77 kg) but no water drop.
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drop rate totalling 49 kg. This water drop is probably due to the
accumulated dew on the balloon envelope during the night that falls
due to gravity. This water drop causes the slow ascending phase.
The third (slow) phase (section c in Fig. 5, green curve) lasts 75min

with a constant water drop rate totalling 28 kg. We guess that this
water drop is due to evaporation or could represent the rest of the
water flow, and it slows down the final ascending velocity of the
balloon.
After these three ascending phases, the balloon stabilizes at an

altitude of around 4800 m ASL with some oscillations (as the one
observed in the real flight). The last black vertical line (in Fig. 2)
represents the time when the solar radiation is at its peak. After this
time in the simulation, the balloon will fall due to cooling of the
hydrogen from the decrease of the sun power.

B. Gordon Bennett Flight of 2016

We also simulated the flight of FR-CHallenge during the Gordon
Bennett race of 2016. The race began in Gladbeck (Germany) on 19
September 2016 and ended in the south of Italy.
The studied sunrise-triggered ascension of the balloon occurs at

the end of the second night (20 September 2016 at 04:57:53 UTC)
at around 4710mASL, as shown in red in Fig. 6. The balloon is set at
rest with a (sand) ballast of 283 kg (corresponding to an altitude of
plenitude of around 5400 m ASL).

Similarly to the America’s Challenge, the pilots did not do any
maneuver during this period, and the balloon is rising in three
elevation phases (see the blue curve in Fig. 7). A rapid first phase
(section a in Fig. 7), amoderate second phase (section b in Fig. 7), and
a slow third phase (section c in Fig. 7) before reaching an altitude of
plenitude of the balloon envelope at around 5400 m ASL.
Like in Sec. III.A, the three decreasing ascension velocities are

obtained by increasing the total ballast for this flight by 28 kg of
water. Otherwise, the balloon would have risen up to its altitude of
plenitude (at around 5400mASL) in less than 1 h, which is obviously
not the case. The durations of these phases are the same as in the
America’s Challenge race, respectively, 30 min (section a in Fig. 7),
65 min (section b in Fig. 7), and 75 min (section c in Fig. 7). The
correspondence of the three-phase duration between the two flights
suggests that the phenomenon causing it is the same. After these three
ascending phases, the balloon stabilizes at an altitude of (around)
5400 m ASL with some oscillations (like in the real flight). The last
black vertical line represents the end of the simulation.

IV. Conclusions

A model to predict the vertical motion of a zero pressure manned
gas balloon at sunrise was proposed. Thework was based on existing
works on high-altitude gas balloon physical models.
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Fig. 5 Simulation of flight with water condensation. Ascension of bal-
loon modeled by three distinct phases: only sun heating (section a),
constant water drop rate totalling 49 kg (section b), and continuous
ballast drop of 28 kg (section c).
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Fig. 6 Altitude of the FR-CHallenge’s flight (Gordon Bennett 2016)
fromGladbeck (Germany) to south of Italy (blue curve)with the analyzed
portion (red curve).

05:00 06:00 07:00 08:00 09:00 10:00
Time (UTC) 20 Sept. 2016

4600

4800

5000

5200

5400

5600

A
lti

tu
de

 (
m

)

ISA model f = 0.2 f = 0.9, sand = 283 kg

(a) (b) (c)

N D

Real flight

Simulated flight

Fig. 7 Simulation of Gordon Bennett flight (2016) with sunrise effect.
The three rising phases are the sun only for 30 min (section a), water
drop of 19 kg for 65 min (section b), and water drop of 9 kg for 75 min

(section c).
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Fig. 4 Simulation of America’s Challenge flight (2017) balloon rise due
to sunrise: simulation of the flight with additional water of 77 kg and one
water drop of 49 kg in phase (section b).
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An attempt was made to simulate chosen parts of real flights
(Gordon Bennett flight of 2016 and America’s Challenge flight of
2017 of the FR-CHallenge team) with a high level of accuracy at
sunrise. The balloon is white coated and evolved in a standard
atmosphere. To reproduce the balloon trajectories that show three
distinct ascending phases, additional ballast interpreted as condensed
water accumulating during the night on the balloon film was imple-
mented. The first rapid ascending phase lasts around 30minwhile the
balloon reaches its maximal volume corresponding to its envelope
plenitude. The second phase lasts around 60min and occurs when the
water drops from the envelope due to gravity. The third phase lasts
about 75 min. It occurs when the remaining water drops or evapo-
rates. This additional ballast water drop explains very well the
progressive slowing in the ascending phases of the balloon. The three
ascending phases have similar durations in the two simulated flights,
although the altitudes and atmospheric conditions were different: a
fact that strengthens the proposed model.
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