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Abstract: This paper aims to investigate a new method that uses buoyant gas mixed with air to
control the floating height of scientific balloons. Firstly, the static characteristics and thermophysical
properties of mixed-gas balloons are analyzed. Subsequently, the inflation model and the thermal-
dynamic coupled model are established. Furthermore, based on theoretical research, a GUI program
is compiled to simulate the ascent of mixed-gas balloons. Finally, flight tests are conducted. As
the balloon volume expands to the maximum, the vertical velocity begins to decay and eventually
oscillates around 0 m/s, which is consistent with the simulation. In addition, there is a noticeable
shift in which the balloon starts to float after climbing to the target altitude, and the difference values
between the test and the simulation are less than 350 m. Moreover, the trajectory results are similar
to the prediction, and the errors of the end position are less than 2.5 km in horizontal distance.
Consequently, this paper provides guidance for balloon-designated ceiling height technology which
can allow a single balloon system to be used for tests at multiple heights.

Keywords: scientific balloons; designated ceiling height; air–buoyant gas mixture; trajectory prediction

1. Introduction

Aerostat is a lighter-than-air vehicle [1] that carries payloads to perform various
scientific missions in high-altitude environments. Many institutions have conducted re-
search on several key technologies such as design, materials, stability, and autonomous
operation [2,3]. Meanwhile, some scholars have utilized virtual simulations to validate
conceptual designs and aid engineers in addressing challenges [4]. The scientific balloon is
one type of aerostat. Compared to other aircraft, the balloon exhibits exceptional stability
in high-altitude environments [5]. Hence, balloons are widely used for the collection and
analysis of atmospheric parameters [6,7]. For instance, the National Climatic Data Center
(NCDC) has established the Integrated Radio Sounder Archive (ICAR), which is valuable in
the fields of weather forecasting, stratospheric temperature and humidity trend assessment,
and validation of measurements from other platforms [8,9]. In addition, high-altitude
balloons are widely used in scientific observation and regional communication [10–14].
Moreover, high-altitude balloons can serve as a platform for launching UAVs [15,16] and
carry payloads to explore other planets [17–20].

According to the pressure difference value between the inside and outside, bal-
loons can be classified into super-pressure balloons (SPBs) and zero-pressure balloons
(ZPBs) [21–23]. The ZPB structure incorporates exhaust pipes that connect with the envi-
ronment to maintain the equal internal–external pressures. Conversely, the SPB is closed,
and the film bears the pressure. The mixed-gas balloon in this paper is an SPB because the
structure is essentially closed during flight.

SPBs can float for a long period, which is an important requirement for stratospheric
exploration by the National Aeronautics and Space Administration (NASA) [24]. Conse-
quently, NASA conducts research on many topics—including studying the phenomenon
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of incomplete unfolding and the stability of the SPB—which are invaluable for balloon
design and materials selection [25]. Additionally, the French National Centre for Space
Studies (CNES) has more than 20 years of research experience in balloon engineering,
including the CONCORDIASI project, which conducted 19 flights over Antarctica from
September 2010 to January 2011. CONCORDIASI built an accurate thermal model that
studied the effects of solar irradiation on different balloon materials [26]. On this basis,
CNES conducted the STRATEOLE-2 project, which launched eight balloons between 11
November and 7 December 2019. These flights lasted several months and demonstrated
the effectiveness of the system.

It is noteworthy that micro SPBs have demonstrated remarkable achievements in
recent years. Between the winter of 2021 and the summer of 2023, students from the
University of Alabama conducted several micro SPB global voyage experiments [27–29].
The experiments collected a large amount of invaluable data for atmospheric studies. These
experiments also demonstrated that the micro SPBs can float at lower altitudes, which
provides a unique perspective on the interaction between the troposphere and stratosphere.

Designing balloon systems for missions at varying floating heights necessitates distinct
designs, leading to high costs for design and manufacturing. As depicted in Figure 1, this
paper introduces innovative research that adjusts the air and lighter-than-air gas mixture
proportions to regulate the floating height. This novel approach allows a single balloon
system to be used for tests at multiple heights, thereby reducing the costs.
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Figure 1. Schematic diagram of the application of mixed-gas balloons.

Figure 1 illustrates the application scenarios of mixed-gas balloons. A larger air ratio
causes the balloon to float at a lower height. Conversely, a smaller air ratio causes the
balloon to float at a higher height. Therefore, the air ratio determines the mixed-gas
balloon’s ability to float at different altitudes for scientific missions.

Firstly, the inflation model is provided based on the Buoyancy Weight Balance and
the Ideal Gas Equation. Furthermore, a thermal-dynamic coupled model is presented.
Subsequently, a GUI program is used to simulate the ascent of the mixed-gas balloon.
Finally, this paper reports on flight tests, the results of which verify that an air–buoyant gas
mixture for designated ceiling height technology is feasible.

Trajectory prediction holds significant engineering importance. However, the existing
literature lacks research on the ascent of mixed-gas balloons, making it urgent to predict the
ascending trajectory of mixed-gas balloons in engineering. Consequently, this paper sys-
tematically analyzes the thermal-dynamic environment of mixed-gas balloons. Meanwhile,
this paper establishes a feasible theoretical model, which is invaluable for the reliability
and safety of mixed-gas balloons.
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2. Theoretical Model
2.1. Inflation Model

Combined with the Buoyancy Weight Balance of the balloon at target height and the
Ideal Gas Equation, we propose an inflation model which can calculate the inflation of the
air and buoyant gas. Meanwhile, the model applies to different size balloons and different
types of gas mixtures (Air–Hydrogen, Air–Helium, etc.)

The balloon is mainly affected by buoyancy and gravity at target height and reaches
the balance, as shown in Equation (1).

ρairV = mgas + mair + mballoon + mpayload (1)

The Ideal Gas Equation is shown in Equation (2).

ρ =
P

R·T (2)

According to Equations (1) and (2), the inflation model is shown in Equation (3).

η = [
Ptarget·V

Rair·Ttarget
− mballoon − mpayload − mgas]/mgas (3)

Ptarget and Ttarget are the ambient pressure and temperature at the target altitude.

2.2. Thermal Physics Properties
2.2.1. Heat Transfer Coefficient

Before studying the thermal model, this paper analyzes the thermo-physical properties
of the gas mixture. The heat transfer coefficient is an important parameter of the thermal
model, which will directly affect the heat-exchange process. Many scholars have studied the
heat-transfer coefficient of the mixture, which has greatly improved calculation accuracy.
Based on the Wilke [30] equation, Tong [31] studied the heat transfer coefficient of the
mixed gas as follows.

kmix =
n

∑
i=1

ki

1 +
n
∑

i=1
j ̸=i

Gij
yj
yi

(4)

y is the molecular fraction; G is the binding coefficient; and the subscripts i and j represent
different gas compositions. The calculation is shown in Equation (5).

G = ε·ϕ (5)

ε is the correction coefficient; ϕ is the Interaction coefficient.

2.2.2. Heat Capacity

The gas mixture still obeys Dalton’s law and Amagat’s law [32], which are shown in
Equations (6) and (7).

P = P1 + P2 + P3 + . . . . . . + Pn =
n

∑
i=1

Pi (6)

V = V1 + V2 + V3 + . . . . . . + Vn =
n

∑
i=1

Vi (7)

In addition, this paper defines the components of mass and volume, which guide the
calculation of the heat capacity as follows:

gn =
mn

m
(8)



Aerospace 2024, 11, 340 4 of 19

rn =
Vn

V
(9)

The mass specific heat c and volume specific heat c′ are given as follows:

c = g1c1 + g2c2 + g3c3 + . . . . . . + gncn =
n

∑
i=1

gici (10)

c′ = r1c′1 + r2c′2 + r3c′3 + . . . . . . + rnc′n =
n

∑
i=1

ric′i (11)

2.2.3. Balloon Model

The volume calculation is shown in Equation (12).{
Vballoon = Vgas + Vair
Vgas
Vair

=
mgas
mair

· Rgas
Rair

(12)

Before the balloon volume reaches its maximum, the pressure inside and outside the
balloon are equal. As the balloon volume expands to the maximum, the pressure inside the
balloon can be greater than that outside of the balloon at this point.

The balloon shape is assumed to be spherical and the effective surface area and the
top projection area [33,34] are shown in Equation (13).{

Ae f f = πDiameter2

Atop–project =
1
4 πDiameter2 (13)

Dimeter is the balloon dimeter as follows:

Diameter = 1.23Vballoon
1
3 (14)

2.2.4. Thermal Environment

The thermal environment will affect the force on the balloon, and it has been an
area of focus for scholars. Based on references [33,35–39], this paper further analyzes the
thermal environment of the mixed-gas balloon. As shown in Figure 2, the balloon is mainly
affected by solar radiation, ground radiation, sky radiation, and convective heat transfer
during ascent.
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1. Solar radiation
(1) Solar radiation on the film [33]

The solar radiation on the film includes direct and reflected radiation, which are shown
in Equations (15) and (16).

Qsun–direct = αAtop–projectqsun[1 + τ(1 + re f f )] (15)

Qsun–re f lect = αAe f f qAlbedoτViewFactor[1 + τ(1 + re f f )] (16)

qsun is the direct solar flux [34,40], which can be formulated as follows.

qsun =

{
Isun,z(1 − CF) z ≤ 11000 m
Isun,z z > 11000 m

(17)

CF is the cloud factor [34]; Isun,z is the resultant solar intensity as follows:

Isun,z = Isun·τatm (18)

Isun is the total solar intensity; τatm is the atmospheric transmittance [34].
In Equation (16), qAlbedo is the allowable albedo intensity [33] which is shown in

Equation (19).
qAlbedo = Albedo·Isun· sin(αELV) (19)

Albedo is the albedo factor [33]; αELV is the solar elevation angle [34,41] as follows:

αELV = arc sin[sin δ sin φ + cos δ cos φ cos(HRA)] (20)

δ is the declination angle; φ is the location latitude; HRA is the hour angle.

(2) Solar radiation on the balloon gas [34,42]

The solar radiation on the balloon gas includes direct and reflected solar radiation,
and the formulation is shown in Equation (21) [34,42].

Qsun–gas = αe f f –gas·Ae f f ·qsun·(1 + Albedo) (21)

αe f f –gas is the effective solar absorption factor of the balloon gas.

2. Infrared radiation from the Earth and sky
(1) The effective IR radiation absorbance of the balloon film

QIR–earth&sky = εe f f ·σ·Ae f f ·T4
BB (22)

εe f f is the effective emissivity factor; σ is the Stefan–Boltzmann Number.

(2) The effective IR radiation absorbance of the balloon gas [42]

QIR–earth&sky–gas = εe f f –gas·σ·Ae f f ·T4
BB (23)

εe f f –gas is the effective gas emissivity factor.

3. The thermal interchange of the film [34]

QIR–int = εint·σ·Ae f f ·(T4
gas − T4

f ilm) (24)

εint is the interchange effective emissivity factor.

4. Balloon film emits heat radiation

QIR–emit = εe f f ·σ·Ae f f ·T4
f ilm (25)
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5. The heat emission of the balloon gas

QIR–emit–gas = εe f f –gas·σ·Ae f f ·T4
gas (26)

6. External convection

The external convection occurs between the air and film [34] as follows:

Qcon–ext = HCexternal ·Ae f f ·(Tair − Tf ilm) (27)

HCexternal is the effective external convection, including free convection and forced convec-
tion [42–45].

HCexternal = (H3
f orce + H3

f ree)
1
3 (28)

7. Internal convection [34]

The internal convection occurs between the balloon gas and film as follows:

Qcon–int = HCinternal ·Ae f f ·(Tf ilm − Tgas) (29)

2.2.5. Thermal Differential Equation

1. Balloon gas differential equation

The temperature of balloon gas is mainly affected by solar radiation, environmental
radiation, and convective heat as shown in Equation (30).

dTgas

dt
=

1
cv·mgas

(Qsun–gas − QIR–int–gas + QIR–earth&sky–gas − Qcon–int − QIR–emit–gas) + (γ − 1)·Tgas(
dmgas

dt
· 1
mgas

− dV
dt

· 1
V
) (30)

dmgas
dt is the balloon gas mass differential which depends on the exhaust valve [33].

dmgas

dt
= −Avalve·Cdischarge·

√
2·∆Pvalve·ρgas (31)

2. Balloon film differential equation

The temperature of the balloon film is also affected by solar radiation, environmental
radiation, and convective heat as shown in Equation (32).

dTf ilm

dt
=

Qsun + QIR–int + QIR–earth&sky + Qcon–ext − Qint − QIR–emit

c f ilm·m f ilm
(32)

2.3. Dynamic Model
2.3.1. Force Analysis

Velocity, altitude, and trajectory are important reference indexes of the balloon. The
mixed-gas balloon is mainly affected by buoyancy, drag force, and gravity during ascent.

The launch point is taken as the origin O, and the vertical direction of the balloon is
the positive direction of the Z axis. The south direction is the positive direction of the X
axis, and the east direction is the positive direction of the Y axis.

The velocity is v(u, v, w); the wind velocity is vw. The relative velocity is vr.

vr = vw − v (33)

The forces on the balloon during ascent are analyzed as follows.
In Figure 3, FB is the total buoyancy as shown in Equation (34).

FB = ρa·g·V (34)
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Dx, Dy, Dz are the wind drag force of three directions [33] as follows.

D =
1
2
·ρair·v2

r ·CD·S (35)

CD is the drag coefficient [46,47], which is related to the Reynolds number.
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2.3.2. Vertical Direction Difference Model

The balloon is mainly affected by buoyancy, gravity, and drag force in the vertical
direction, which is shown in Equation (36).{ dw

dt = (FB − Dz − ms·g)/m
dz
dt = w

(36)

ms is the system mass that includes the mass of the structure and balloon gas.

ms = mballoon–structure + mballoon–gas (37)

In Equation (36), m is the equivalent mass of the system, which includes the total mass
and the added mass. The added mass is generated by the surrounding air movement which
is caused by the balloon [33].

mv = Cm·ρair·V (38)

Cm is the additional mass coefficient, which is related to the balloon shape [48,49].

2.3.3. X/Y Direction Difference Model

The balloon is mainly affected by surrounding wind drag in the X/Y direction, which
is calculated as shown in Equation (39).{

du
dt = (Dx)/m dv

dt = (Dy)/m
dx
dt = u dy

dt = v
(39)

3. Simulation
3.1. Simulation Program Framework

Combined with the above theoretical models, this paper establishes a simulation
program framework as follows.

As shown in Figure 4, the framework comprises input, operation model, and output.
The input consists of balloon parameters, material properties, and launch parameters. The
computational part includes the inflation model and thermal-dynamic coupled model. In
addition, to ensure simulation accuracy, meteorological balloon-sounding data is incorpo-
rated. The output includes dynamic parameters and thermodynamic parameters.
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3.2. GUI Program

Based on the program framework, this paper uses MATLAB to simulate the ascent
of the mixed-gas balloon. In addition, considering the application requirements, a GUI
program is established which can observe and analyze the simulation results intuitively, as
shown in Figure 5.
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As shown in Figure 5, the mixed-gas balloon simulation GUI program interface is
divided into an input module and an output module. The left side is the input module,
including the design parameters. The right side is the output module, which is convenient
for comparative analysis of various conditions intuitively.

3.3. Balloon Parameters

Before the simulation, this paper gives the design parameters, which are shown in
Tables 1–3.
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Table 1. Balloon parameters.

Parameter Value

Design volume (m3) 524.0
Design diameter (m) 10.0

The mass of the film (kg) 28.28
The mass of the payload (kg) 10.00

Table 2. Optical properties of the film material.

α τ αIR τIR

0.027 0.890 0.470 0.470
The optical properties were obtained from the manufacturer.

Table 3. Target parameters.

Parameter Value

Target altitude (m) 17,450.0
The mass of the buoyant gas (kg) 6.81

The mass of the air (kg) 23.84
The mix ratio 3.50

The film material is polyethylene, which is commonly used in balloon engineering,
and the optical properties are as follows:

3.4. Wind Model

This paper utilizes wind data detected by a meteorological balloon. As shown in
Figure 6, the wind field model comprises the U-direction component and the V-direction
component of the meteorological balloon, which serve as an input to the trajectory predic-
tion model.
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3.5. Analysis of Simulation
3.5.1. Dynamic Simulation

According to the parameters of the balloon and wind model, this paper simulates
ascent. The results are shown below.

(1) Altitude simulation results

Figure 7 shows that the balloon gradually ascends to the target altitude through
buoyancy. Eventually, the balloon fluctuates around the target height because of the
adiabatic motion. The simulation results demonstrate that the balloon transitions from the
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climb phase to the float phase. Simulation results show with various gas mixtures that an
air–buoyant gas mixture for designated ceiling height technology is achievable.
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(2) Vertical velocity simulation results

Figure 8 demonstrates the vertical velocity change of the mixed-gas balloon during
ascent. Within 30 s of launching, the vertical velocity increases sharply to 3.6 m/s because
of the buoyancy. At 20 s, the vertical velocity begins to decrease because the inside
temperature is lower than that of the outside atmosphere due to the fast expansion of
the balloon volume. At 1400 s, the vertical velocity starts to increase. The main reason is
that the balloon gas absorbs heat from the film through convection heat. At 2590 s, the
velocity begins to decrease because the atmospheric temperature is almost constant when
the balloon reaches 11 km, but the inside temperature decreases. From 2950 s, the vertical
velocity increases until 4437 s, when the volume of the balloon reaches the maximum. Then
the vertical velocity starts to decrease and eventually fluctuates around 0 m/s. The change
in vertical velocity is consistent with the analytical results of Yang [49] and Du [35,50].
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(3) Trajectory prediction

This study investigates a trajectory prediction model that could serve balloon recovery.
This paper utilizes wind field data detected by a meteorological balloon, which serves as
an input to the trajectory prediction system. Combined with the 2.3 dynamic model, the
system can accurately calculate wind force and predict the trajectory of a mixed-gas balloon
as shown in Figures 9 and 10.



Aerospace 2024, 11, 340 11 of 19

Aerospace 2024, 11, x FOR PEER REVIEW 11 of 21 
 

 

the balloon gas absorbs heat from the film through convection heat. At 2590 s, the velocity 

begins to decrease because the atmospheric temperature is almost constant when the bal-

loon reaches 11 km, but the inside temperature decreases . From 2950 s, the vertical veloc-

ity increases until 4437 s, when the volume of the balloon reaches the maximum. Then the 

vertical velocity starts to decrease and eventually fluctuates around 0 m/s. The change in 

vertical velocity is consistent with the analytical results of Yang [49] and Du [35,50]. 

 

Figure 8. Vertical velocity vs. time during ascent. 

(3) Trajectory prediction 

This study investigates a trajectory prediction model that could serve balloon recov-

ery. This paper utilizes wind field data detected by a meteorological balloon, which serves 

as an input to the trajectory prediction system. Combined with the 2.3 dynamic model, 

the system can accurately calculate wind force and predict the trajectory of a mixed-gas 

balloon as shown in Figures 9 and 10. 

 

Figure 9. Horizontal trajectory during ascent. 

Reaches max volume

Launch

Float

Launch 

End

Climb

Reaches float

Figure 9. Horizontal trajectory during ascent.

Aerospace 2024, 11, x FOR PEER REVIEW 12 of 21 
 

 

 

Figure 10. Trajectory during ascent. 

3.5.2. Thermal Simulation 

(1) Temperature 

Figure 11 shows the temperature changes of the mixed-gas balloon during ascent. As 

the altitude increases, the temperatures of the balloon gas, film, and the environment de-

crease. Meanwhile, the temperature of the balloon gas is lower than the environmental 

temperature because of the balloon volume expansion, which is called the “supercooling 

phenomenon” [46]. 

At 4437 s, the balloon volume expands to the maximum, and the temperature of the 

balloon gas gradually increases. Finally, the balloon gas temperature is greater than the 

environment, which is called the “superheating phenomenon” [46]. The phenomena of 

supercooling and superheating are important for balloon design and material selection. 

 

Figure 11. Temperature during ascent. 

(2) Pressure 

Figure 12 shows the ascent pressure difference value change of the mixed-gas balloon 

during ascent. Initially, as the balloon volume expands, the pressure inside the balloon 

equals that of the outside atmosphere. Consequently, within the period preceding 4437 s, 

the pressure difference value is 0 Pa. At 4437 s, the balloon volume expands to the maxi-

mum, and the gas is enclosed inside the balloon. Subsequently, the differential pressure 

value begins to increase and eventually fluctuates around 850 Pa. 

It should be noted that this paper simulates the non-exhaust condition which is con-

venient for the selection of the film material. If the pressure difference value exceeds the 

safe range of the film, the test also considers decompression measures. 

Launch
End

Reaches float

Reaches max volume

Reaches 11km

Figure 10. Trajectory during ascent.

3.5.2. Thermal Simulation

(1) Temperature

Figure 11 shows the temperature changes of the mixed-gas balloon during ascent.
As the altitude increases, the temperatures of the balloon gas, film, and the environment
decrease. Meanwhile, the temperature of the balloon gas is lower than the environmental
temperature because of the balloon volume expansion, which is called the “supercooling
phenomenon” [46].
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At 4437 s, the balloon volume expands to the maximum, and the temperature of the
balloon gas gradually increases. Finally, the balloon gas temperature is greater than the
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environment, which is called the “superheating phenomenon” [46]. The phenomena of
supercooling and superheating are important for balloon design and material selection.

(2) Pressure

Figure 12 shows the ascent pressure difference value change of the mixed-gas balloon
during ascent. Initially, as the balloon volume expands, the pressure inside the balloon
equals that of the outside atmosphere. Consequently, within the period preceding 4437 s, the
pressure difference value is 0 Pa. At 4437 s, the balloon volume expands to the maximum,
and the gas is enclosed inside the balloon. Subsequently, the differential pressure value
begins to increase and eventually fluctuates around 850 Pa.
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It should be noted that this paper simulates the non-exhaust condition which is
convenient for the selection of the film material. If the pressure difference value exceeds
the safe range of the film, the test also considers decompression measures.

3.6. Target Height and Mixture Ratio Analysis

Figure 13 illustrates the gas mixture ratio corresponding to different volumes of
balloons at different target altitudes. The simulation results show that for a certain volume
of balloon, the mixture ratio increases as the target altitude increases. For a certain target
altitude, the mixture ratio increases as the balloon volume increases.
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4. Flight Tests
4.1. System Composition

To further verify the feasibility of gas mixing for designated ceiling height technology
and the accuracy of the simulation, the results of flight tests are presented here. The system
is shown in Figure 14.
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As shown in Figure 14, the flight test system mainly consists of three parts: balloon,
gondola, and blaster. In the event of a large pressure difference value, commonly-used
balloon materials would not be able to withstand it. To prevent the balloon from bursting,
the test utilized the exhaust method commonly used in engineering. Additionally, to
simplify the system, the exhaust pipe and the inflation pipe were designed as one line. ∆h
is the distance from the pipe bottom to the balloon bottom. Using this, according to the
Bernoulli equation, the super-pressure value can be calculated. In addition, the gondola
incorporated a GPS device with the sensor data sent down via telemetry, which was mainly
used to collect the altitude, velocity, and position coordinates of the balloon.

4.2. Balloon Parameters

The maximum working altitude of the blaster is 8 km (8 km is the maximum altitude
tested by the manufacturer). Taking into account the adiabatic motion and the vertical
airflow that would cause the balloon to rise and fall, a target altitude below 7.5 km was
chosen. In addition, the launch site altitude was 3180 m, and it was important to ensure
that the balloon collected enough flight data for subsequent analysis. Therefore, a final
target altitude of 7.2 km was chosen. The design parameters of the balloon were shown in
Table 4.

Table 4. Balloon parameters and target parameters.

Parameter Value

Target altitude (m) 7200
Mixture Air and Helium

The mass of the buoyant gas (kg) 0.31
The mass of the air (kg) 1.51

The mix ratio 4.87
The mass of the gondola (kg) 0.60

The mass of the film (kg) 0.88
The mass of the system (kg) 3.30

Design volume (m3) 5.00
The cross-sectional area of the exhaust (m2) 0.0078

Super Pressure value (Pa) 20

The optical properties of the material are shown in Table 5.
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Table 5. Optical properties of PET composite film materials.

α τ αIR τIR

0.025 0.89 0.53 0.42
The optical properties of the material were obtained from the manufacturer.

4.3. Wind Field Environment

Before the test (LT: 4 October 2022, at 0:00), a meteorological balloon was launched to
collect atmospheric data as shown in Figure 15. The data served as the input to the flight
trajectory prediction system, which ensured that the test was safe and controllable.
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4.4. Flight Test

In order to increase the credibility of the test results, a second flight test was conducted
(LT: 4 October 2022, 0:00 to 3:00). The results are shown below.
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(1) Altitude

Figure 16 illustrates the results of the two test flight compared to the simulation. After
launch, the height gradually increased under the effect of buoyancy. At 2000 s, the balloons
entered the float phase. The test variations are consistent with the simulation. Meanwhile,
the difference values are less than 350 m. The main reasons are the adiabatic motions and
the fact that there would be vertical airflow at the target altitude. According to the results,
there is a noticeable shift when the balloon starts to float after climbing to the target altitude.
Therefore, it has been demonstrated that an air–buoyant gas mixture for designated ceiling
height technology is feasible.
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(2) Vertical velocity

Figure 17 shows the vertical velocity comparison data with the simulation of two flight
tests. The vertical velocity increases sharply to 3.2 m/s after launching. At 10 s, the vertical
velocity begins to decrease because of the supercooling phenomenon. At 250 s, the vertical
velocity starts to increase. The main reason is that the inside temperature begins to rise due
to convective heat. At 565 s, the balloon volume expands to the maximum, which results in
the vertical velocity beginning to decrease and eventually fluctuating around 0 m/s.

(3) Trajectory

The predicted trajectory of the balloon is obtained by converting the wind data to an
equivalent wind force according to the 2.3 Dynamic model. The balloon trajectory data
collected by the sensors are compared with the prediction as shown in Figure 18.

In Figure 18, the errors are less than 2.5 km (∆d1 = 2.44km, ∆d2 = 2.30km) in
horizontal distance. Further analysis of the reasons suggests that there is a discrepancy
between the actual environment and the wind model used in the prediction model. On the
other hand, there is an error in the blaster action. Therefore, the results verify the feasibility
of the trajectory prediction model.
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5. Conclusions

In this paper, we systematically investigated the ascending performance of mixed-
gas balloons. Firstly, the theoretical model and simulation program were established.
Subsequently, we conducted two flight tests, and the results verify the feasibility of an
air–buoyant gas mixture for designated ceiling height technology. The main conclusions
are shown as follows:

(1) This paper provides a gas-mixing method for designated ceiling height technology
of scientific balloons. The new method allows a single balloon system to be used for
tests at multiple heights, which reduces the engineering cost. In addition, the mixing
method can be extended to other types of aerostats.

(2) The theoretical model of mixed-gas balloons is established, including the inflation
model and the thermal-dynamic coupled model, which bridges the research gap of
mixed-gas balloons.

(3) We propose an accurate simulation method. Furthermore, the simulation was consis-
tent with the flight tests in terms of speed, altitude, and trajectory. Additionally, the
altitude error remained below 350 m, and the horizontal distance error at the endpoint
was less than 2.5 km. These errors are allowed in balloon engineering to verify the
accuracy of the simulation method.

This study investigates the ascending performance of mixed-gas balloons and provides
valuable insights for further exploration in the field of mixed-gas aerostats.
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Nomenclature

Albedo Albedo factor QIR–emit–gas The heat emission of the buoyant gas (W)
Ae f f Effective surface area (m2) QIR–int The thermal interchange of the film (W)
Atop–project Top projection area (m2) Qsun–gas Solar radiation on the balloon gas (W)
Avalve The cross-sectional area of the exhaust Qsun–direct The direct solar radiation (W)

valve (m2)
c Mass specific heat of the ingredients Qsun–re f lect The reflected solar radiation (W)

(J/(kg·K))
c′ Volume specific heat of the ingredients re f f The effective balloon film reflectivity

(J/(kg·K))
cv Specific heat of the balloon gas (J/(kg·K)) rn Component of the volume
c f ilm Specific heat of the film (J/(kg·K)) R Specific heat constant
Cdischarge Exhaust parameter Rair Specific heat constant of air
CD Drag coefficient Rgas Specific heat constant of gas
Cm Additional mass coefficient S Vertical projection area (m2)
CF Cloud factor T Environment temperature (K)
D Drag force (N) Tair Air temperature (K)
Diameter Balloon diameter (N) TBB Equivalent temperature of blackbody radiation (K)
FB Buoyancy (N) Tf ilm Film temperature (K)
g Acceleration of gravity Tgas Balloon gas temperature (K)
gn Component of the mass v Velocity (m/s)
G Binding coefficient vr Relative velocity (m/s)
HCexternal Effective external convection coefficient vw Wind velocity (m/s)
HCinternal Effective internal convection coefficient Vair Air volume (m3)
H f orce Heat transfer coefficient of external Vballoon Design volume of the balloon (m3)

forced convection
H f ree Heat transfer coefficient of external free Vgas Buoyant gas volume (m3)

convection
HRA Hour angle y Molecular fraction
Isun Total solar intensity (W/m2) α The balloon film absorption factor for the sun radiation
Isun,z Resultant solar intensity (W/m2) αIR Absorptivity of the IR radiation
k Heat transfer coefficient τatm Atmospheric transmittance
m Equivalent mass (kg) τIR Transmissivity of the IR radiation
mair Air mass (kg) αELV The sun elevation angle
mballoon Balloon mass (kg) αe f f –gas Effective solar absorption factor of the balloon gas
mballoon–gas Balloon gas mass (kg) δ The declination angle
mballoon–structure Balloon structure mass (kg) ∆Pvalve Exhaust trigger pressure difference (Pa)
mgas Buoyant gas mass (kg) ε Correction coefficient
mpayload Payload mass (kg) εe f f Effective emissivity factor
ms System mass (kg) εe f f –gas Effective gas emissivity factor
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mv Added mass (kg) εint Interchange effective emissivity factor
P Environment pressure (Pa) η Mixed mass ratio of air and buoyant gas
qAlbedo Diffuse planetary infrared flux (W/m2) ρ Density (kg/m3)
qsun Direct solar flux (W/m2) σ Stefan–Boltzmann Number(5.67 × 10−8 W/(m−2·K−4))
Qcon–ext External convection (W) τ The balloon film transmission factor for the sun

radiation
Qcon–int Internal convection (W) τIR Transmissivity of the IR radiation
QIR–earth&sky The effective IR radiation absorbance τViewFactor Balloon surface area diffuse-radiant view factor

of the balloon film (W)
QIR–earth&sky–gas The effective IR radiation absorbance ϕ Interaction coefficient

of the balloon gas (W)
QIR–emit Balloon film emits heat radiation (W) φ The location altitude
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