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Abstract

Nowadays, given their physical properties and cheaper technologies, stratospheric balloons are widely
used in most of the environmental monitoring missions. Nevertheless, controlling their altitude is chal-
lenging, especially when dealing with a stratosphere where winds can reach 100 Km/h and temperatures
may achieve -90°C. Finding a way to control their movement becomes essential. The main objective is
to control the volume and the total mass of the balloon, and force it to find favorable wind streams in
order to ensure it will always remain within a certain region. The most recent solutions are distinguished
not only by the control method but also by the type of gas and balloons that are used. Moving towards
a more academic environment, where cost and time are factors to consider, the laboratory is a valid
starting point for the development of a prototype: a latex balloon equipped with a hydrogen production
system, generated through the hydrolysis reaction of calcium hydride. Nonetheless, to develop such pro-
totype, pre-knowledge about the system’s behaviour is crucial, in order to reduce costs and save time
for the future project generations. Given this, a simulator for the total system is proposed. To study
the hydrolysis reaction, a chemical reactor prototype was developed and tested before the appearance
of the virus COVID-19. For the other subsystems, fluid mechanics and thermodynamic principles were
applied, and a suitable group of equations was used to describe their behaviour. The final model was

developed in Matlab/Simulink R2018a.
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1. Introduction

With an uncontrolled growth of the earth’s popu-
lation, global warming has become the issue of our
time. High altitude monitoring systems have never
played such an important role. Until now, drones
were widely used for most of the environmental
monitoring missions, but the problem is that they
are quite limited in what concerns their flight auton-
omy. Stratospheric balloons appear to complement
them: the idea is to use a balloon to work as their
moving platform. Nonetheless, controlling a strato-
spheric balloon is challenging. Given the harsh con-
ditions presented in stratosphere, the durability of
these missions is highly affected by the duration of
the flights. Finding a way to control the balloon’s
movement becomes an essential task.

1.1. Existing solutions

The most recent solutions are distinguished not only
by the control mechanisms but also by the type of
lift gas and balloons that are used. In the past few
years, helium has been identified as an endangered
element, as the lack of it and the challenges associ-
ated to its extraction are responsible for a serious
market helium supply crisis [I]. In a transition to a
more sustainable future, hydrogen has been the sub-
ject of a great deal of research and it does present a

lot more advantages, specially for high altitude bal-
loon applications. The biggest challenge associated
with it is related to its storage, but many solutions
have already overpass this disadvantage. Metal hy-
drides are chemical compounds which generate hy-
drogen through their hydrolysis reaction. Basically,
when a metal reacts with hydrogen at really high
pressure conditions, a metal hydride is formed and
the possibility of storing hydrogen in powder form
appears, thus eliminating the challenge usually as-
sociated to its storage. Nevertheless, within the ex-
tended universe of metal hydrides, most of them
react violently with water and the others are really
expensive. This work analyses the hydrolysis reac-
tion of calcium hydride CaHy. Regarding control-
ling mechanisms, very interesting ideas have been
proposed in the past few years. Project Loon, for
example, proposed three different solutions [2]. In
the first one, altitude is decreased by pumping lift
gas to a higher pressure storage chamber. To in-
crease it, the gas is returned to the envelope. In
the second solution, the balloon runs a fuel cell in
reverse: to increase the altitude, Hy is produced
via electrolysis and sent back to the envelope; to de-
crease the altitude, hydrogen returns to the fuel cell,
to generate electricity and water and once again re-



vert the process. In the third solution, half of the
balloon is painted white and the other half black.
Depending on the side of the balloon that is faced
towards the sun, the gas will expand or contract and
a change in the altitude will be applied. Regard-
ing latex balloons, recently, a group of researchers
showed that, by managing the lift gas mass and the
system’s total weight (by dropping ballast), they
could extend their flight duration from 3 hours to
several days and provide the possibility to achieve
higher altitude variations [3].

1.2. Objectives and contributions

This work proposes a different solution: a latex
balloon equipped with a hydrogen production sys-
tem, generated from the hydrolysis of CaH,. Fig.
schematizes the final prototype. It is composed by
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Figure 1: Proposed solution.

the syringe subsystem (®), responsible for inject-
ing the necessary amount of water into the reactor;
the reactor subsystem (@), where the hydrolysis
occurs; the balloon subsystem (@), responsible
for carrying all the components and finally, the at-
mospheric subsystem (O), used to simulate the
atmospheric conditions.

Regarding its actuation mechanisms, these are
also represented: one to control the mass of wa-
ter (the input valve) (to produce Hy and elevate
the balloon) and a second one to release Hy (the
output valve). To develop this prototype is a very
challenging task, as most of the parameters involved
are difficult to be determined without carrying out
some practical experiments. Given its practical
complexity, and because of the pandemic, a com-
putational model was developed in order to allow
for future generations to predict the way the sys-
tem would behave if its parameters were changed.
This was the final goal of this project.

2. Theoretical modelling

This section presents the theoretical principles and
physical assumptions that were considered for the
modelling phase.

2.1. Syringe subsystem
Figure [2] schematizes the syringe subsystem.
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Figure 2: Syringe subsystem

It is governed by the transient Bernoulli’s prin-
ciple, applied between points A and B:
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where, x and z represent the fluid’s longitudinal
and vertical coordinates, respectively, u the fluid’s
longitudinal velocity along the syringe’s streamline
(being & = 0 the plunger’s position for the situation
at which the spring is at its most contracted posi-
tion), p and p,, represent the fluid’s pressure and
density, respectively, Ls the streamline’s length, g
the acceleration of gravity, ¢, the syringe subsys-
tem’s diameter at a specific section, f the Darcy
coefficient and p,, f;f %dm represents the transient
term. The following assumptions were made:

- Incompressible flow: p, = cte;

- Flow rate continuity: @, = cte;

- Neglected velocity terms: ug ~ up ~ 0;

- Neglected gravity term: p,gz4 ~ pwngEl;

- Transient term simplification: p, f;B d“(m) dx
Pw dunjtedle Lneedl67

- 1Sj:mphﬁed loss term: [* f2¢ Sy pwt(@ Vdr =
f needle

%

u2
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- Lamlnar flow [4]:
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dynamic viscosity and ¢p the diameter of the nee-

dle section;
- One dimensional flow;
- Syringe subsystem assumed to be well isolated
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, where p,, represents the water’s
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Lin fig. |2} the system was represented horizontally (differ-
ent from the way it would be placed in the prototype). Still,
in the lab, it was noticed that gravity could be neglected,
given the surface tension effects noticed at the tip of the
needle.



and located inside the reactor subsystem: pys =

4k(Lspring—
PR+ = pp + PLspring=z) o 2),
After making all of these assumptions, the wa-
ter mass flow rate 1, may be computed by us-
4k:(LS,,m-ng—w)

Fspring

plunger

ing the following expressions:
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pwmiTaneedle + #Tm (eq.(1) simplified)
amed

1 where I represents the plunger’s

and 1, = pu
acceleration.

2.2. Reactor subsystem
Figure |3| schematizes the reactor subsystem.
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Figure 3: Reactor subsystem

In the reactor, HoO reacts with CaHs to form Hoy
and Ca(OH)z according to:

CaHg(S) + 2H20(l) —

Ca(OH),(aq) + 2Hz(g) + 183 KJ  (2)
The following physical assumptions were made:
- Constant reactant purity;
- Deviated stoichiometry: with the laboratory ex-
periments, it was noticed that, without the presence
of a chemical catalyst, 4 to 6 times more water was
needed to produce the theoretical amount of Hs.
At the laboratory (section , it was quite diffi-
cult to record the initial slope of the hydrogen curve,
thus making it a lot more challenging to study the
reaction in what concerns its kinetic rate. Due to
the pandemic, the analysis of the reaction was con-
ditioned by the type of results that were obtained
until the date. Given this, by still trying to use the
laboratory curves, a different approach was consid-
ered: hydrogen behaves as an ideal gas and the in-
ternal temperature of the reactor is obtained by us-
ing the well-known Lumped capacitance method [3].
The amount of hydrogen leaving the reactor is then
obtained by using the Bernoulli’s principle, this
time applied between points B and C. Once water is
added to the reactor, hydrogen is generated accord-
ing to a specific transfer function (section . As
hydrogen is generated, the reactor’s internal density
and temperature will change according to the next

equations, respectively: 4 (pp, RVR) = M, gen(~

2
FOna ) = prn ™S _ |
system) and pp, RCPH, VR (TR) = Egen — Elost
(the lumped capacitance method approximation),
where pp, r represents the reactor’s internal den-
sity, Vr the reactor’s fixed volume, 1p, gen the
generated hydrogen mass flow rate, ¢; the diam-
eter of the tube connecting the balloon to the re-
actor, v; the hydrogen’s velocity in this tube, Cpg,
the hydrogen’s heat capacity, Tr the reactor’s in-
ternal temperature and Egen and E"lost the gener-
ated and released energy powers, respectively. Re-
garding the last equation, Egen is a function of the
entalphy of reaction Hg (eq.) and the amount
of hydride that is being consumed, and Elost is
computed by: E’lost = %LR7 where Ly is
the reactor’s length, T,,; is the outside tempera-
ture and Q7 the total thermal resistance, calculated
by using the reactor’s equivalent thermal circuit:

v; (the mass balance of the

1 In( 52
Qr = 2wk 2mkglass
glass thermal conductivity, h the convection coef-
ficient, r; the reactor’s internal radius and r, the
reactor’s external radius (r, = r; + tgiess). Fi-
nally, once pressure is known (pr = pu,.rRg 7, TR),
M, r—b (from the reactor to the balloon) is com-
puted by using the simplified Bernoulli equation:

Pr =D+ %sz,va-

where kgiqss represents the

2.3. Balloon subsystem
Figure |4] schematizes the balloon subsystem.

Figure 4: Balloon subsystem

The balloon’s movement is governed by the
Archimedes principle:
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where pgimVpg and %CDAbpatm% %| represent

the buoyancy and drag forces, respectively. The
2see section




balloon was assumed to be spherical with a perfect
deflation mechanism (meaning it will expand in the
same way it may contract), and with a neglected
temperature transient phenomena, i.e. Ty ~ Ty
Besides this, hydrogen was also assumed to behave
as an ideal gas, pp = pm, sRg,m,Tp. Finally, by
being a latex balloon which is able of exchanging
mass with its neighbouring environment, the way
the balloon behaves is complemented with 3 addi-
tional equations:

- The Mooney-Rivlin equation [6]: [p] =

0 (0 PO\ 7 s_ (Ry\2
2S+;g R_b — (R_b> 1— Z (7};) where [p]

represents the over-pressure, p, — patm, to and 7y
represent the thickness and radius of the unde-
formed envelope, respectively, s, and s_ are elastic
temperature linearly dependent constants and Ry is
the current radius of the ballpon.

d (4A7RypHy b

- The mass balance: %

dt 3 = mHz,R—H) -

P H27b%21v0, where py, » represents the balloon’s in-
ternal density, ¢, represents the diameter of the
outlet tube, v, is the velocity of the gas exiting
through this tube and 7, r—4 the hydrogen in-
put mass flow rate.

- The Bernoulli’s equation, applied between points
B and C, and C and D: pr = py, + ppu, rv? and
Db = Patm + % PH, b2, respectively.

By merging all of these equations, one is able to
solve for the radius of the balloon R}, at each instant
of time and calculate the altitude of the balloon z,
for the same instant by using equation .

2.4. Atmosphere subsystem

To obtain the values for the atmospheric pressure,
density and temperature, the ISA (International
Standard Atmospheric) model was used [7]. The
model provides average values of air pressure pgtm,
air temperature T4, and air density pq¢, for each
specific altitude zp.

3. Studying the hydrolysis reaction

This chapter presents the chemical reactor proto-
type and analyses the hydrolysis reactions of CaHs.

3.1. Chemical reactor prototype
Figure 5] presents the final installation.

A set composed of a syringe, the input valve, its
respective needle, and a fixed lead metal mass is re-
sponsible for pressuring the water down (fig. [5f(a)).
Once actuated (order given by an Arduino code
command), water droplets will fall and react with
the chemical hydride (stored inside the reactor) to
form hydrogen (fig. [5[b)). Once formed, temper-
ature and pressure will increase, and the gas will
be released through the hydrogen tube (fig. [5(a) in
blue), towards the inverted beaker, in order to be
measured (fig. [5c)). For temperature, two thermo-

(c) Beaker’s entrance

(d) Work station

Figure 5: Chemical reactor’s prototype

couples were placed as represented in fig. b) and
connected to an external multimeter: the first one
to measure the reaction core temperature (placed
inside the reactor); the second one to measure the
temperature of the reactor’s surface. This installa-
tion was developed with the goal of establishing an
easy way to control the water mass flow rate. For
this, it was used the Arduino represented in fig. a)
and a balance with a maximum precision of 0.001
g. Fig. [0] presents the results.

2,5
2 y =0,2866x - 0,03
R°=09993 y=0,1452x-0,0126
T R*=0,9998
5 ,/
15 —
@ e
g -
A -
]
; - ~
0,5 L
0
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Number of valve actuations

Figure 6: Water mass measured on the balance over
time [g]. Orange curve @: Actuation time = 190 ms.
Blue curve @: Actuation time = 80 ms.

In fig.[6] each mass point was recorded 20 seconds
after the previous point. The following conclusions
were taken:

- The water mass measured on the balance varied
linearly with time. This allowed to confirm that the
friction factor is always the same.

- To achieve the double of the rate, one would ex-
pect an opening time of 160 ms (2x80 ms), however,
for that, it was necessary to increase the actuation
period to 190 ms (fig. @ Noticing this, before any



hydrolysis reaction, first it was ensured that the wa-
ter mass flow rate would be the desired one.

3.2. Experimental results

After improving the quality of the installation, the
hydrolysis reactions were tested. At first, HoO and
CaHs were mixed together in different amounts in
order to study the effect of each one of the reactants
in the hydrogen production (H2O added in one sin-
gle shot). Tab. [1| presents the initial conditions for
the first three tests. The results are in fig. [7}

Table 1: Laboratorial ”single-shot” tests conditions

0 0
Test | Atin,o[ms] M CaH,) B mp,olgl
1 80 0.232 ~ 0.1452
2 80 0.456 =~ 0.1452
3 190 0.225 ~ 0.2866
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Figure 7: Hydrolysis reactions (tests n°1, 2 and 3)

The following conclusions were taken:

- When comparing the Hy curves of tests n°1 and
n°2, by doubling the initial mass of CaHs and main-
tain the initial amount of H,O, no difference was no-

Sreactant with a purity of 92%

ticed. This was expected: since water is the limiting
reactant, an increase of the CaHy concentration will
produce an almost null effect.

- By comparing tests n°1 and n°3, a huge differ-
ence in production of Hy was noticed. Once again,
this came to confirm the water reactant as being the
main reaction controller. The volume of hydrogen
varies linearly with the initial amount of water.

- The stoichiometric production ratio was never
achieved. Take a look at test n°3: 0.225 grams of
CaHs, reacted with approximately 0.286 grams of
water (water added in excess) to yield only about
0.05 liters of hydrogen (more or less 25% of the
theoretical volume). In addition, water was added
in excess. Theoretically, 0.225 grams of CaHs re-
quire more or less 0.194 grams of water to produce
0.225 liters of hydrogen. To produce this quan-
tity, one would need 4 times more water than the
amount that was added, i.e., 5 to 6 times more wa-
ter than predicted. This result is explained by the
poor dissolution of Ca(OH)y. Ca(OH)y presents
the very low solubility of 0.00173 g/cm? at 20°C.
Moreover, its solubility decreases with temperature,
which might be seen right now as a larger inconve-
nience, as the hydrolysis is highly exothermic. Due
to all of this, it is natural that, for producing the
stoichiometric quantity of hydrogen, one will need
more or less 5 times more water than theoretically
stated.

- In what regards the temperature curves
(fig. b)), these were very inconclusive. Hydrogen
production varied linearly with water, but the same
did not occur for the temperature. The inconsis-
tency might however be explained by the lab condi-
tions: the outside temperature was always varying;
the amount of cold water used to refrigerate the
reaction might have been slightly different for the
different reactions; temperature was not measured
exactly at the core of the reaction, and finally, the
multimeter used to perform the readings did not
have an enough sampling resolution to capture the
real temperature growth.

To validate these results, a different test was per-
formed. This time, instead of a making a ”single-
shot” test, water was added repeatedly on droplets
form. An initial mass of 0.125 grams of pure CaHs
was poured inside the test tube and within inter-
vals of 20 seconds, a constant mass of approximately
0.0263 grams of water was added. Fig. [§] presents
the results. With these results, 4 to 5 times more
water was, once again, required to achieve the Hy
volume close to the stoichiometric one. In this reac-
tion, 0.125 g of CaHs were poured inside the reac-
tor, which theoretically, produce around 0.125 liters
of Ho when put together with 0.1075 g of H2O. The
reaction stabilized at t = 400 s, thus meaning that
around 400/20 x 0.0263 g = 0.526 g of HoO were
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Figure 8: Hydrolysis reaction (test n°4): Red curve
O: theoretical limit for hydrogen production (ac-
cording to equation ); Blue curve @: actual vol-
ume of hydrogen produced

necessary. Still, after 400 s, the theoretical value
was still not achieved, which is explained by the
reactant’s level of purity. With this new test, a
new value of 88% was estimated. Since the results
were not as good as expected, especially regarding
temperature, it was considered the curves corre-
sponding to tests n°l and n°3 for the next phase
(fig.[7a)). Furthermore, it was assumed that water
varied linearly with the actuation time and finally,
given the results of ﬁga), the volume of Hy pro-
duced was also assumed to vary linearly with the
initial amount of HoO, and a transfer function was
found for relating the two variables (section .

4. Simulator development and respective
validation

This chapter focuses on the implementation aspects
regarding each one of the subsystems. The differ-
ent models were implemented in Matlab/Simulink
R2018a. Most of the models here described try to
simulate the behaviour of laboratory-scaled devices,
as most of the practical results were obtained with
a small reactor and syringe. Since no experiment
included a practical latex balloon, an appropriate
weather balloon was chosen and a final simulator
for a latex balloon carrying a 10ml syringe and a
15cm-height reactor was developed. These dimen-
sions and quantities might not seem realistic, but
since it was not possible to measure the mass of all
the other payload components and since the exper-
iments were performed at the laboratorial scale, no
other dimensions were assumed.

4.1. Syringe model

The model outputs a certain water mass flow rate
m as a function of the reactor pressure pgr, the
valve actuation time At;,, and a set of constant
parameters. These are resumed in tab. Fig. [0]

45, represents the sampling time for all the subsystems
Sneglected for this case (syringe placed inside the reactor)

Table 2: Syringe model parameters (6; = 0.0013)E|

Geometric properties | Fluid properties | System inputsﬂ
¢a [m]: 0.0146 ty [Pas]: | 1073 | pg [Pa]: | 101493
$p [m]: 0.0007 | p, [Kg/m®]: | 1000

Lycedre m]: 0.025

Liyringe [m]: 0.06
k [N/m]: 20

presents the results that were obtained for the case
of a syringe smaller than the sprinéﬂ

«10°3
__ waler mass 0.1
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Figure 9: Syringe model validation: results for the
case at which (Lgpring > Lsyringe)-

The results confirm that the model was well im-
plemented: it was expected for the syringe’s plunger
to reach its final position z (fig.[9)(b)) before the wa-
ter mass flow rate turns zero (fig.[9fa)). The model
was designed to work for every possible situation.

4.2. Chemical reaction parameterization

Since the practical experiments displayed very poor
results, for computing Vg, gen, the laboratorial
curve corresponding to test n°3 was used (fig.[7|a)).
Its hydrogen volume response was imported to Mat-
lab together with its input signal (constant wa-
ter mass flow rate during a period of 160ms) and
the toolbox ”ident” was used to obtain a transfer
function for relating the water mass flow rate i,
with the amount of hydrogen produced Vi, gen (in
liters). The best fitting results were obtained with
this function:

~50.1218s% 4 115.6012s2 + 24.7381s + 0.6803
o s 4+ 1.0931s3 + 0.163652 + 0.0039s

G(s)

4.3. Reactor model

For the reactor, the model outputs a certain Hy
input mass flow rate mg, r—p as a function of the
balloon’s pressure py, the hydrogen generation mass
flow rate 1y, gen, and a set of other parameters.
These are resumed in tab. [3| For its validation, the

Svalve opened when 1, # 0
Tassumed constant for this case



Table 3: Reactor model parameters (6; = 0.00001s)

System inputd’]| Physical properties | Geometric properties Other parameters

o [Pa): | 101493 | kyiass (W/mK)J: | 0.67 | 7 [m]: 0.015 Cp, J/(KgK): | 145
7 W/ (m2K)J: 100 | Lgm): 0.15 Hp [KJ/molicay): | 183
Ty [KJ: 288.19 | & [m]: 0.001 Vay [dm®/mol]: | 224

tytase [M]: 0.002

laboratory conditions of test n°3 were replicated.
Fig. [I0] presents the results.
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Figure 10: Reactor model validation: replication of
test n°3

As it happened in test n°3 (fig.[{a)), 0.286 grams
of water were added to the reactor during a pe-
riod of 160 ms (fig. [I0[d)) and only 0.05 grams of
CaHy were consumed (5 to 6 times less than sto-
ichiometrically expected) (fig. [10[c)). With these
quantities, 0.05 liters of hydrogen were produced
(the same result as in test n°3, thus proving the
model is well implemented). Regarding the results
displayed in fig. b), the internal temperature of
the reactor has increased to 650 K (an increase of

approximately 350°C). One would say this value is
extremely high when compared to the one obtained
in the laboratory (fig. [7{b)), however one must con-
sider once again all the laboratory conditions: tem-
perature was not measured at the core of the re-
action; the multimeter had a shorter sampling res-
olution than desired. All of these combined with
the approximations that were assumed make the
comparison between the simulation and laboratory
results more challenging. Finally, to confirm that
the model was correctly implemented, the hydro-
gen mass balance was analysed: the mass of hydro-
gen inside the reactor at the beginning (p%,z’ rVR)
plus the amount that was generated (mH2)gen at t
= 50s) must be equal to the amount that was re-
leased (mp, r—sp at t = 50s) plus the amount that
was kept inside the reactor (pm, rRVr at t = 50s).
By looking at the different instants, figures e)
and [L0|f) confirm this result.

4.4. Balloon model

For the balloon, the model outputs the balloon’s
radius Ry and altitude z, as a function of the at-
mospheric conditions (Patms Patm and Tupm), the
input and output Hy mass flow rates (1, r—b
and M p, p—sarm) and a set of constant parameters.
Since no practical experiment was performed (al-
ready explained at the beginning of chap. , it was
assumed a normal latex weather balloon. Its speci-
fications are represented in tab. [d4} Tab. [5| resumes
the chosen parameters, where m,..s; represents the
mass of the unknown components (batteries, sup-
ports, tubes, etc...), py, Vi the initial Hy mass
and Cp the balloon’s drag coefficient.

Table 4: Weather balloon specifications (TA 200)[8]

TA 200 type: weather balloon specifications
Barely inflated radius: r2[m)] 0.275
Weight (m.[kg]) 0.2
Parachute’s mass (mpcn[kg]) 0.07
Recommended payload mass (my;[kg]) 0.250
Launch radius (Rj[m]) 0.558
Bursting radius (Rp purst[m]) 1.5
Bursting altitude (zp purst[m]) 21200

Table 5: Balloon model parameters (6; = 0.001s)

System input] Total mass Geometric prop. | Other param
T, nso [Kg/sl: | 372 x 1077 | myen [Kel: 0.07 |, m]: | 0.03 0/r0: ] 0.008
Totm [K]: 288.19 me [Kg: 0.2 ) [m]: | 0.275
Patm [Pa): 101493 Myest [Kel: 0.2 sy [barl: | 3
patm [Kg/m®]: 1.2271 md, [Kg]: 0.01 s_ [bar]: | -0.3
Mo, [Ke]: | 0.0025 Cp 047
P Ve [Ke]: | 0.063
8

assumed constant for this case



To validate, a simple test was performed, in order
to check for the presence of a typical Mooney-Rivlin
pressure curve. For this, despite the values that
were considered for the system’s total mass, here,
the entire mass was assumed to be zero.  Tab. [f]
presents the initial conditions for the simulation and
fig. presents its most important results.

Table 6: Balloon test initial conditions

Balloon test initial conditions
0 [KJ: 288.19
pY [Pal: 101493
p(}[z,b [Kg/m?]: 0.0847
RY [m]: 0.275 [§]
z) [m]: 0
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Figure 11: Balloon model validation

Since the model considers constant atmospheric
conditions and zero mass (only for this simulation),
it was possible to start the simulation with the
balloon barely inflated (tab. and check for the
Mooney-Rivlin pressure curve [6]. At the pressure
peak, the size ratio Rb/rg was close to 1.5 and
the over-pressure between the internal and external
pressures was equal to 35 mbar, thus proving the
model was correctly implemented [6] (recall that
the atmospheric pressure was considered constant
for this model in particular (tab.[5])). Furthermore,
once the balloon stopped being inflated, since the
model does not consider the porous properties of
normal latex balloons and since the atmospheric
conditions were always the same, its properties re-
mained constant. Finally, at the end, the balloon
was deflated, and a Mooney-Rivlin curve was also
noticed because the same equation was considered
for the deflation process. The difference in time that
was noticed is explained by the diameter that was
considered for the balloon’s outlet neck, ¢, (tab. .

4.5. Atmospheric model
In order to check for the influence of the atmo-
spheric properties, a simple simulink block was de-

velop to implement the ISA model [7]. For a proper
validation, the previous balloon model was also con-
sidered. The difference between this model and the
one explained in the previous chapter lies on val-
ues that were considered for its parameters: this
time, the full mass of the entire system was included
(tab.]5) and it was allowed for the atmospheric con-
ditions to change. For its validation, the balloon
started its flight with its recommended launch ra-
dius (tab. and the simulation has stopped once
the balloon achieved an hovering condition. Tab. [7]
presents the initial conditions. The results are rep-
resented in fig.

Table 7: Atmosphere test initial conditions

Atmosphere and balloon test initial conditions
2, TS, K] 288.19
P [Pal: 101493
Py [Pa]: 104785
P, Kg/m?: 0.0875
RY [m]: 0.558
P [/ 1227
20 [m]: 0
2.5x10!
12 balloon
altitude [m]
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0.2 08
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Figure 12: Balloon + Atmospheric model validation

The results prove the model is well implemented.
During the simulation, no additional hydrogen mass
has entered or left the balloon. Given its suffi-
ciently high initial radius and constant change in
atmospheric conditions, the balloon actually starts
to expand until an hovering condition is achieved.
This is demonstrated in figures[I2|(a) and[I2[b): the
balloon radius expanded from 0.588 m to 1.2 m and
it reached an altitude close 21500 m, approximately,
where it kept still because of the balance of forces.
Despite being close to reality, some aspects were
noticed regarding the obtained results: in tab. {4} it
is said the balloon will burst with a radius of 1.5
m at an altitude close to 21200 m. The balloon
has reached this altitude with less 30 cm than ex-
pected. This might be explained by the approxima-
tions that were considered: hydrogen was assumed



to behave as an ideal gas; the Mooney-Rivlin is an
approximation which might not perfectly represent
this balloon’s elastic deformation; the elastic coeffi-
cients (s+ and s_) used in the Mooney-Rivlin equa-
tion were kept constant during the entire simulation
(due to lack of information); the ISA model might
provide unreal results if compared with the con-
ditions of the tests that were performed to define
the balloon’s specifications, etc. Still, the model
behaves as pretended and the errors that were no-
ticed might still be improved if more information is
available in the future.

5. Latex balloon with a hydrogen generation
system: final simulator

For the final simulator, all the previous models were
merged together. The difference in the implemen-
tation was only one: the reactor and balloon sub-
systems were joined in order for their values to be
computed exactly at the same time. Now, every
system is connected with the others: the water
mass flow rate ni, is given by the syringe model
and used to compute the hydrogen volume gen-
eration rate (eq.). Then, with this result, and
by constantly receiving the pressure from the bal-
loon p, at any instant of time, the reactor model
will output the amount of hydrogen that will enter
the balloon g, r—. At the same time, the bal-
loon model interacts with the atmospheric model
and depending on the amount of hydrogen received
and released (1M, p—sqtm ), a certain altitude z; will
be achieved by the balloon (eq.(3)). For the total
system validation, it was assumed the balloon was
already floating at an altitude close to 21100 m.
The initial conditions for the simulation are repre-
sented in tab. [§] and fig. [[3] presents the results for
some of the variables that were analysed. Regard-
ing these final results, at &~ 70s, the valve was actu-
ated and the entire amount of water (fig. [L3|f)) was
used to provide an altitude variation of about 35 m
(fig. [13|b)). With the results represented in figure
113|(d), one might confirm that the model was well
implemented. In the hydrolysis of test n°3 (fig.[7{(a)
and tab. , 0.286¢g of water were mixed with CaHs
to yield 0.05 liters of Ho. In this case, 10g of wa-
ter were released, and so therefore, one expected to
obtain 1.74 liters, i.e., 0.150 g of Hy. Fig. [13|d)
confirms this result. By comparing the results from
figures[13{c) and [13|(d), the amount that was gener-
ated mu, gen Was almost equal to the amount that
was released mp, r—. In addition to this, the den-
sity inside the reactor was equal at the beginning
and end of the simulation. These two results also
prove the model was correctly implemented. Fi-
nally, at t &~ 700s, a certain amount of Hy was re-
leased (fig. [13[e)) and the balloon achieved an al-
titude close to its initial one (fig. [[3|b)) with the
same radius (the mass released was very little).

Table 8: Final test initial conditions

Final simulator initial conditions (test n°2)
70,70, [KJ: 216.69
Py [Pal: ~ 7842
p% [Pal: ~ 7840
p%,,. [Pal: ~ 4644
0 37. ~
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0 3. ~
P r [Kg/m: ~ 0.0065
RY) [m]: ~ 1.2041
0 37. ~
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0 .
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Figure 13: Final model results



6. Conclusions

This work started with idea of building a physical
prototype in the laboratory, but due to the pan-
demic, the final target was changed. Still, the model
that was created helps to extract valid conclusions
regarding the behaviour that the physical prototype
would eventually display. The simulator allows to
change specific parameters and check their effect
on the total system’s response. Regarding the re-
sults that were obtained, with an additional hydro-
gen quantity of 0.150g, the balloon’s altitude has
increased about 35m (fig. . Nevertheless, the
amount that was generated was highly affected by
the reactant available quantities and by the results
obtained with the hydrolysis reaction (section .
One noticed the reaction is actually very slow and
that is probably because of the hydroxide’s poor sol-
ubility. Practically, in all the experiments that were
performed, 5 to 6 times more water was necessary
to achieve the stoichiometric hydrogen production.
The chemical prototype that was developed suits to
achieve consistent constant water mass flow rates,
but for the reaction, a lot of things should be im-
proved.

For future work, it is suggested to study the hy-
drolysis more carefully. The rate of reaction is
highly dependent on its core temperature. Unfortu-
nately, it was quite hard to capture the temperature
growth, and because of that the results were highly
affected. It is suggested to measure the reaction’s
temperature closer to its core, or, in case of not
being possible, one suggests the use of a multime-
ter with a higher sampling resolution. Furthermore,
the efficiency of the process must be increased: one
may use chemical catalysts to increase the rate of
reaction, or in case CaHy presents bad results either
way, other hydrides should be studied. Let’s con-
sider the perfect situation, where hydrogen is pro-
duced according to the stoichiometric ratio: with
10 g of water, the mass that would be generated
would be something close to 1 g, 10 to 11 times
more mass than the one generated in the final test
that was performed (fig. [L3). Furthermore, if the
available payload space would allow for greater re-
actant quantities, this mass would be even higher,
which would greatly increase the duration of the
balloon’s flight.

Regarding the model, some possible improve-
ments are suggested. In the laboratory, a glass-
reactor was used for the experiments, and because
of this, the same was considered for the model.
Nevertheless, the model does not consider the re-
actor sensitivity. If a certain differential pressure
is achieved between the reactor and its surround-
ings, the glass may break. Besides suggesting the
use of a metal reactor for the final prototype, it
is also suggested to change the model in order to
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account for this effect. In addition, since the lab
temperature curves were very inconclusive, one is
not sure about validity of the consequent pressure
values that were computed, as it was not found any
additional information for making a possible com-
parison. By considering that glass may break un-
der certain conditions, one might found out that
the pressure generated might not even be enough
to pump the desired amount of hydrogen towards
the balloon. A compressor might be needed, which
will increase the cost and complexity of the project,
making it non-feasible. Finally, it is highly advised
for one to correctly estimate the mass of all the pro-
totype components: due to the pandemic, it was not
possible to measure the majority of them and the
space left for the reactants was highly affected.
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