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Abstract: A comprehensive simulation model is established to predict the trajectory of a high-alti-
tude zero-pressure balloon flight system with no parachute equipped and only needs to carry the
load floating at the designed altitude for several hours or less. A series of mathematical models,
including thermal-dynamic, atmospheric, earth, wind, geometry, and exhaust models are devel-
oped to predict the trajectory of the balloon flight system. Based on these models, the uncertainties
of the launch parameters and the corresponding flight performance are simulated. Combined with
the control strategy, the entire flight trajectory including the ascending, floating and descending
phases is simulated and discussed in detail. The results show that the vertical velocity takes on a
"W" shape during the ascent process. What's L\lurg_, the balloon begins to gradually descend with
the solar radiation weakened after noon. Moreover, the landing vertical speed of the balloon flight
system can approach I;({zcrn with the control strategy applied, while the lateral drift range is smaller
relative to uncontrolled flight mode, The results and conclusions contribute to the design and oper-
ation of zero-pressure balloon flight system within limited airspace and improve the rapid recovery

ability of the flight system. / — /
[ - BV l({. V!l\/\f) ‘PA(\;

Keywords: zero-pressure balloon; trajectory prediction; thermal-dynamic model; control strategy;

/

rapid recovery

1. Introduction

With potential in civil and military applications including communication, observa-
tion and scientific research, there is a growing interest in studying platforms in near space
[1-3]. The high-altitude zero-pressure balloon has become an indispensable test platform
in near space because of its accessibility and affordability, which attracts th¢ researchers
from all over the world to conduet-the corresponding research-work [4-8]. '

In order to accomplish the mission of the balloon flight systcm,I(UnLCLbbary to pre-
dict the balloon system’s trajectory in advance, preventing the balloon that ¢carf Float with
the horizontal-direction wind from flying out of the required airspace. [‘hloughuut the
flight mission, the uncertainties of the launch and environment parameters play an im-
portant role in predicting the flight performance, which has influence on the safe flight of
the balloon. Failure of helium mass prediction will result in the balloon not reaching the
designed altitude. Failure of helium temperature prediction will affect the trajectory
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planning. Obviously, the effectiveness of trajectory prediction depends on the accuracy of
the relevant parameters to optimize the balloon design and launch process.

In the recent years, many investigations have been carried out on high-altitude bal-
loon trajectory predictions. Rodger E. Farley has designed a software program without
considering the uncertainties during the flight process [9]. Qiumin Dai establishes a ther-
mal-dynamic model of the super-pressure balloon, which emphasizes the importance of
the film radiation property and clouds on balloon thermal behaviors [10]. Andras Sébester
develops a trajectory prediction model, which propose a new stochastic drag model based
on empirical data derived from thousands of radiosonde flights to improve the prediction
accuracy [11]. Yi Zhang takes the influences of the initial launch condition into consider-
ation to simulate the balloon's ascending process [12]. Yongseon Lee studies a trajectory
prediction model which considers the uncertainties during the flight process [13]. Sherif
Saleh develops an ascending performance prediction model, which optimizes the neces-
sary inflating quantity of the helium to improve the ascending performance [14]. As we
can see, the previous works mainly focus on the uncertainties about the thermal environ-
menl parameters and the launch parameters respectively, which Raxe mfluenceﬁ’?{ the
trajectory prediction’s accuracy. s

Based on the previous work, this paper focus’\on the trajectory prediction Wmlk/\sof
the high- altltude zero-pressure balloon within the limited airspace to optimize the balloon
flight systcm thpid recovery. Firstly, a comprehensive simulation model is established to
predict the flight performance and trajectory during the ascending, floating, and descend-
ing phases with various uncertainties considered. Secondly, taking the control strategies
into consideration improves the balloon flight system fast recovery ability preventing the
balloon from flying nut the requested alr%pacc to avoid possible accidents. All in all, since
the balloon is unpchrul whielf Catlses o way to control its horizontal mot mn,,lt s nec-
essary and significant to predict its trajectory after launching on the ground.

In this study, the balloon flight system descends without the separation between the
balloon and the load, which contributes to reuse of the balloon capsule and the cost sav-
ings compared to-exploding the balloon and relying on $i{e parachute to recover the load.
Fig. 1 shows the entire process of the flight mission of the balloon flight system, including
the dynamic launching phase on the ground, the ascending phase, the floating phase and
the descending phase.
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Flgure 1. This ﬁgure-shcw;ElTe flight mission of ‘balloon flight system.
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2. Environment Model

During the flight process of the zero-pressure balloon, the differential temperature
magnitude between the internal helium and the ambient atmosphere directly affects the
net buoyancy of the balloon. Changes in environment parameters such as the surrounding
atmosphere temperature, air pressure, air density, thermal radiation and acceleration of
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%gravity during the flight process also directly or indirectly affect the internal helium
temperature and the helium mass of the zero-pressure balloon. All of these variations
should be taken into account to improve the accuracy of balloon system trajectory predic-
tion.

2.1. Atmospheric Model
—As-altitude-rises-up;-the Amospheric temperature, pressure and density vary with

)léaltitudeﬁeeefd-mgly. In this study, the standard atmospheric model is used, which i~
released in 1976 [15]. The atmospheric temperature is defined as: Wy
288.15 — 0.0065 * z 0m<z<11000m
ot = { 216.65 11000 m < z < 20000 m Q)
216.65 + 0.0010 * (z — 20000) 20000 m < z < 32000 m
The atmospheric pressure is defined as:
101325 * ((288.15 — 0.0065 * z)/288.15)525577 0m<z<11000m
Pair = 22632 (-(z-11000)/6341.62) 11000m < z<20000m  (2)
5474.87 = ((216.65 + 0.0010 * (z — 20000))/216.65)~34163 20000 m < z < 32000 m
According to the ideal gas law, the density is defined as:
T (4
st e C( Pair = air/(Tair B Rair) (3)
- [ aw
At 2! = P I:thre z is the altitud%Rai, refers to the gas constant of}?l(e air,
vy O i ,j \ P Ty r'.&i‘{'{" 'A/v\d A [.-'r'ul_,a\,n'-rf
£ OV 2.2. Thermal Model
_ i P =Ll Throughout the entire flight process of (:';cro-pres_.isuru balloon, the balloon system is
S a7 In 2 underthie thermal environment._‘ﬂ{ef;ésearchgf [161}h&5\hthat the main heat sources ¢of-
g Lo AW ywxﬁ direct solar radiation, ground reflected radiation, sky scattered radiation, earth’s in-
ok frared radiation, atmospheric infrared radiation, surface thermal radiation, convective

heat transfer, and so on. Fig. 2 shows the heat sources for a high-altitude balloon system.
! /A.nii the direct solar radiation, the ground reflected radiation and the sky scattered radia-
- lian_BL:lmfé?-tb’}h‘é solar short-wave radiation. The earth's infrared radiation, the atmos-
pheric infrared radiation and the surface thermal radiation belefig'to thé long-wave radi-
ation. £
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Figure 2. Thie—ﬁgm‘exhowsl;l(eat sources for a high-altitude balloon system.
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Thr ough the hcat transfer mechanism of thermal model, the heat is transferred
arnong balloon f:lm, internal helium and tmosphere [17). F1g 3 shows the heat transfer
mechanism. The fuilowmg contents illustrate the heat - sources’ models and the heat trans-
fer relationships among aﬁnospherc, balloon film ancl internal helium in detail.
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Figure 3. This-figure-shews heat transfer mechanism o/}hm‘mal model.

2.2.1. Direct Solar Radiation

e

The absorption of direct solar radiation IJ)Z' balloon consists of the absorption by the

outer surface and the absorption by the inner surface througmlloon film, which is de-
fined as follows:

\/\/\(;.?'{)\ QDirect =ox* Aprojected * Isun * Tatm * [1 T (1 + reffective)] (4)

& Whem « indicates the film absorption factor of solar radiation, A, jectea indicates
the illuminated projected area, Iy, indicates the solar radiation constant number, 7,,,, is
the atmospheric transmissivity factor of solar radiation, 7 is the film transmissivity factor
of solar radiation and 7essective is the solar radiation effective reflectivity factor of palloon
film. Ve

The T4y, is specified as:

M2 (’\ Taem = 0.5 * [e—O.GS*AirMass + e—0.95aAirMass] I (5)
W, (S 4
Wﬁere Airyass is the absolute atmospheric optical quality. As the altitude zises, the

curvature's radius of the earth changes, restilting-in that the absolute atmospheric optlcal
quality needs to be corrected in two forms [18]: * weaminig

e  Solar elevation angle <5°% Fr( Co\:(‘f:z(
The Airygs, is specified as:

P..
Aitygass = (sin ki + 0.457 + (90 — h)*07) * (6.484 + h)~1697 « (%)@-4“”-15'") ©6)
0
e  Solar elevation angle > 5°:
The Airyqss is specified as:
P
 Airyass = (sin h + 0457 # (90 — h)°97) « ((6.484 + h)~159)1 « PL"" %)
L | [

#~{WHhere h stands for the solar elevation angle, P, stands for the standard atmospheric
pressure. Amﬁﬁ_l. solar elevation angle varies with the region, season, and the time of one
day, which is formulated as:

sinh =sing@ *sin{ + cos¢ * cos{ * cosw 8)
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(/\/\ C’)/‘e A
éf"@mre ¢ refers to the local latitude, { refers to the solar declination angle, w refersto 134
the solar hour angle. The variation of the solar declination angle is the main cause of the 135

variation of the solar radiation intensity on the earth’s surface, which is formulated as: 136
Nday + 284
= 23. i Lo B et 9
(/\/\(3() { =2345+*sin(2*m +* 365 ) )
f—\@here Nday stands for the day serial number. The solar hour angle is defined as: 137
w=(TH—-12) %15 (10)

N D \e\

4’/*‘\@\ere TH represents the true solar time. There are two reasons causing the time dif- 138

ference between true solar time and mean solar time: Firstly, the distance and relative 139

position between the sun and the earth vary with time. Secondly, the earth’s equator 140

doesn’t coincide with the plane of its orbit around the sun. The true solar time is specified 141

as: 142
La—La;, ATH

AR ‘0\ TH =TH, i_i5—+ﬁ (11)

G‘“{ﬂbhere TH, stands for the regional standard time, La stands for the local longitude, 143
La, stands for the regional standard time position longitude, ATH stands for the time dif- 144

ference, The time difference is formulated as: 145
ATH = —0.00167 + 7.36629 * cos(W + 1.4981) — 9.92745 * cos(2 * W — 1.26155) — 0.32123 (12)
# {:os(3 = W — 1.15710)
P LN 40
! Where W reprehent:a the earth orbit time angle and is indicated by the following for- 146
mula: 147
2+m=Nday 2+« Nday 2 #m = Nday LA
= 2w wsin (ST ) 4 125w e wsin(2 s o s
365 }.::C*emsm T +125*e *sln(?«;’r* , 365 !').(' e o E )bb/ﬂh/)
22— W}lere e stands for the earth orbit eccentricity. And:the ‘reﬂmm is furmtht;d as: 148
Teffective =7 +T2+ 13+t 415 4. (14)
7 ig.
- l;ﬂ«uf e is T
2.2.2, Ground Reflected Radiation VaBoramdl 2 A 149
P R
The ground reflected radiation is specified as: s ; Fwil fess 150
: - IR 0. -
QAlbeda = 0¥ Peapen * Asur,’ * I.?IIH #sin b x TyiewFactor * [1 T (l + Teffsct!vs)] —1' \ (15]

Tl VA S 1:?-.
T Where pgarn indicates the earth surface reflectance factor, Tyjewractor indicates the 151

angular coefficient from balloon surface to earth surface, A, s stands for the Surface area 152

of the zero-pressure balloon. 153
2.2.3. Sky Scattered Radiation 154
The sky scattered radiation is formulated as: 155

Ainyggs * (1 = Tatm)
AirMuss — L4 #In Ty,

QScatter =05*a=* Asurf * Isun * sin h * TviewFactor * * [1 +T* (1 + reffective)] (16)

2.2.4. Earth's Infrared Radiation 156
The earth’s infrared radiation is indicated by the following formula: 157
QIR earth = Cp * Egprtp * T % Jr:zu';n'—rh * Am‘.-f . TVrs\IVFactor * Tatm IR * [1 + Tir * (1 + ’effectwe .'R)] (17)
LY A AL DAl sewv
 Where amq'epreat.nt:, the.film absorption factor of infrared radiation, £,4,; repre- 158

sents the ground average }nfrqr(.cl emissivity factor, o represents the Stefan-Boltzmann 159
constant, 7, represents the, film tmnbmmwlty factor of infrared radiation, Yerpeprivern 160
represents the infrared radiation effective reflectivity factor of balloon film, Tyq. repre- 161
sents the earth surface temperature, And @ Taem,r Tepresents the atmospheric transmis- 162
sivity factor ofUm infrared radiation. 163
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2.2.5. Atmospheric Infrared Radiation

The atmospheric infrared radiation is formulated as:

QIR Sky = QR * T * Ssky * Tsky * Asurf * (1 TViewFactor) [1 + TR * (1 + reffective IR)] A[ (18)
W AP
A Where &sxy stands for the atmospheric average infrared emissivity factor. A-nd-H-te
Tsky stands for the sky equivalent temperature, which is defined as:
Toxy = 0.052 * T2 (19)
2.2.6. Surface Thermal Rau:iiationI Ty

]

The infrared radiation of the fllm includes the ﬁlm;external surface and the ﬁlmjm-
ternal surfaces® infrared radlatlon 'The total surface thermal radiation is calculated by the
following formula [19]:

QIR,film QIR out QIR rxbsorh = & kg kD x Asurf ¥ Tf:lm —OREE Ay * Asurf * Tfﬂm * (1 + ref,fecti‘ur:e M‘) (20)
’ ’ WY

thre thc ¢ stands for the average infrared emissivity factor of film material; “the
Trym stands for the temperature of the film.

2.2.7. Convective Heat Transfer

The cunvechve; ht;at transfer of high-altitude balloon includes the convective heat
transfer between the film and the extemal atmosphere and the convective heat transfer
between the film and the internal helium.

For the convective heat transfer between the film and the external atmosphere, there
are two types of convective modes called natural convection and forced convectionywhich
are defined as:

ywne 3()- Ql’.‘ouv.":’xt . He.tterual # Asm'f ¥ (Tm'r - T:fﬂm) (2[)

& ( Where H,ytornq represents the external convection heat transfer coefficient. For the
convection heat transfer between the film and the external atmusphurn,, it's psually a cou-
pled heat transfer process, so the Hgyenar is specified as:

A CP Hexternat = (Hforce + Hfree) al/kC& 2

& here Hg.q, represents the forced convection heat transfer coefficien%, Hep,. tepre-
sents the natural convection heat transfer coefficient.
For the convection heat transfer between the film and the internal helium, its convec-
tive mode is the natural convection, which is specified as:

k/"\c'b()' Qconvimt = Hinternat * Asurf B (Tfilm = Thetium) (23)
é"(;YV)lere the Thel _\is the temperature of the helium. cebia DR 4
2.2.8. Heat Transfer on Balloon Film s 4 <u\o e p‘&

In this study, the temperature of the film is assumed to be umform which is formu-

lated as [9]:
deilm — Q,ﬂm + Qﬂ!buda + Qsculr.e-r + Qfﬂ‘earth + Qm,sky + Qc‘onvﬁxt - Qt.‘olwmt - Qm.fi!m (24)

dt gogres Cr * My
& Where ;l-u./C,- is the specific heat capacity of the film material, Q,,,, stands for direct
solar radiation, Qpeqo stands for ground reflected radiation, Qg.qurer stands for sky scat-
tered radiation, Qg cqren Stands for earth’s infrared radiation, Qg sy stands for atmos-
pheric infrared radiation, Qgonusxe and Qconpme Stands for convective heat transfer,
A é\ Qi ritm Stands for surface thermal radiation.

2.2.9. Heat Transfer on Internal Helium

This study also assumes that temperature and pressure of the internal helium are
uniform. According to the first law of thermodynamics, the temperature change rate of
the internal helium is specified as [9]:

7 Thete
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dThelium == Qt’.‘mtuhlr dmncl[mrl 1 dVo Iumehauum 1

dt Cv * Mpalivm

[

e (—(

— 1) * Ty * - # 25
+ ( . ;‘i) helium * ( dt — dt Vﬂfumeh,,um,[) ( ) 3
— Where C, represents the specific heat cap‘lcuy at mnsta}\t volume of helium, ’ljhé 14
reprez.t.nts the specific heat ratio, which equals to ﬂa(l ol Co. And’ €, represents the specific

heat capacity at constant pressure of helium.

2.3. Earth Model

As the balloon flight system moves §x( the local earth radius and gravity change with
ﬁh/ location. In this study, the WGS-84 earth model is used to offer ;hé real-time data of
the earth radius and the acceleration of the gravity at the current balloon location. The
corresponding equations are defined as [20]:

Te * (1— Sz)
Rieridian = (1— &2 * (sin @)2)3/2 (26)
Te
Rnormal b (1 e (sin (p)2)1/2 (27)
Requiv = \/Rmeridian * Ryormat (28)
L+ gwes, * (sin p)* 29)

U (?«(3' 9 = 9wes, (1 — &2 * (sin ‘p)z)UZ

(//'@\ere Rmeriaian Stands for meridian radius, R, ormai stands for normal radius, Requiy
stands for equivalent radius, g stands for acceleration of the gravity, r, stands for equato-
rial radius, ¢ stands for first eccentricity, gyes, stands foggtawty aLCLlLl'a‘tlon at equator,
gwes, stands for grav1ty formula constant. i howa

3. Trajectory Prediction Model O re oUW {
=)

Jie lfluﬂuja-;

In order to simulate the motion of the balloon M hypothéses are regulated:

(1) The horizontal components of the balloon’s spLLJ and its speed relative to that of
atmosphere winds are considered to be small;

(2) The balloon is assumed to be a point mass when considering the external forces
acting on the balloon;

(3) The high-altitude wind speed’s magnitude and direction are assumed to be thke-
sam:;wﬂhm 24 hours.

C/ oo G T B fa (}/1 I@ {"‘

3.1. Wind Mon'ei
W feafts

As l;]are/ altitude gsea-up the wind speed's magnitude and direction change with thé
altitude. And the wind direction is usually divided into latitudinal wind and longitudinal
wind. For latitudinal wind, the western wind is positive, while for longitudinal wind, the

southern wind is positive. — 1w’r'uf|u"a blaving Yo Hhe wert oc fo -
226 (West

In this study, the wind data are measured on 8 August, 2019 (UTC+16) in C‘hma,
which contain the wind speed magnitude and direction from the ground to the 32km “al-
titude. After the data processing, these discrete wind data are fitted to a series of contmu-
ous curves by the Sum of Sines Models, which is specified as [21]:

n
y = Z a; *sin(b; * x + ¢;) (30)
MMt ‘). i=1
& ere a represents amplitude, b represents frequency, and c represents phase con-

stant for each sine wave term. The n is the number of terms in the series and 1 < n < 8.
Fig. 4 shows the discrete wind data and the corresponding fitted curve.
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Aprojectea = Atap * [0.9125 + 0.0875 « cos(m — 2 * h)] (35)

00— T T T T ™ gF——————— - ——
e Longitudinal_wind_speed vs. Altitude
15 4 The fitted curve of lengitudinal wind
IR § (2)
% s <
2 g -2
§ s
g0 g
b=} o
2 5| g o
3 — 5 4l
Latiludinal_wind_speed vs. Altitude - -
-0} The fitted curve of lhe latitudinal wind o)
-15 ol i L -12
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Altitude x10* Altitude x10* 233
| (a) ()
e o L '. Figure 4. Thi:rﬁgt:m—sl‘mwsmewiscrete wind data and the corresponding fitted curve. (a) shows the 234
aX g1 A S discrete latitudinal wind data and the fitted curve of the latitudinal wind; (b) shows the discrete 235
9 p : 1t longitudinal wind data and the fitted curve of the longitudinal wind. 236
&' )y )
| e Tl I ese
\no Based on thealiove fitting results, the corresponding fitted curves are defined as: 237
i (1) The fitted curve of the latitudinal wind speed(m/s) vs. altitude(m): 238
o L— T add
fCratitude = Z a; * sin (b; % x + ¢;) sprt @)
vwn 1’?‘ i=1 '
<G ere x indicates altitude and f(x)azicuqe is the latitudinal wind speed at the corre- 239
sponding altitude, a; = [23.39, 30.97, 7.256, 35.02, 1.212, 1.159, 34.26, 0.9401], b; = 240
[7.183e — 05, 3.544e — 05, 0.00031, 0.00099, 0.001989, 0.000675, 0.000992, 0.00165], 24
¢; = [0.4929, 3.151, 3.723, 5.658, —1.421, —2.213, 2.584, —2.243]. 242
(2) The fitted curve of the longitudinal wind speed(m/s) vs. altitudefm): 243
8 —— o~ &A Cl
f(x)longitude = Z a; * sin (bi *X + Ci) 6636‘6 (32)
ww e3P i=1
& @here x indicates altitude, the f(x)ongitude is the longitudinal wind speed at the cor- 244
responding altitude, a; = [80.21, 3.932, 80.58, 1.416, 1.007, 0.2995, 0.8878, 1.157] , 245
b; = [8.839¢ — 05, 0.00036, 9.238¢ — 05, 0.0018, 0.00078, 0.00123, 0.0029, 0.001476], 246
¢; = [-0.7307, 0.3148, 2.454, —2.866, 1.572, —0.4936, —1.095, 2.805]. 247
3.2. Geometry Model e 248
The zero-pressure balloon with shape factor of 0.2 is employed as the research stibject. 249
The detailed geometric equations are as follows [9]: Tygually 250
(1) Diameter from the top view: e laie 41251
Diameter = 1.383 * Volume'/* 33)
6‘? Vecearei
(2) Projected area from the top view: v a 252
T g o Liv e
Apop = e Diameter? hvi (32) -
(3) During the balloon flight process, the illuminated projected area varies with the 253
solar elevation angle, which is defined as: 254
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(4) Surface area of the zero-pressure balloon:
Agyry = 4.94 % Volume®/3 (36)

(5) When the balloon ién’t )fully inflated, the surface of the balloon is presented in
“crenellated” form. The maximdm crenellated surface area is defined as follows:

2/3 ’ "
4 Vo'l.:umedisiyn * (l = COS(R . LgoreB/LgoreBcsign)} (37}
¢ N

& ifw'lhere Lgoren indicates length of gore exposed in the balloon, Lgoyepesign indicates de-
. signed gore,of the ballonﬁ;’ Volume esigy indicates the maximum volume of the balloon.
kv (6) To better approximate the realistic situation for convection and film mass calcu-
lations, Agpfecewe is used to describe the effective exposed surface area:

Agippy = 494

/s P '

|._L"" 'rJ

k

A Agfrective = 0.65 * Agyry + 0.35 * Asurs1 (38)

(6) B¥E zero-pressure balloon has a distinctive feature that the internal helium pres-
sure almost equals to the surrounding atmosphere pressure. Therefore, based on the ideal
gas law, the balloon's volume can be formulated as: . hemie Fhe nawe,
tnle !I;'. vefers tto

| (39)

Hhe kel

2X I € v v

Mpetium * Ruetium * Thetium

Volume =
P helium

LWE "l'
7 Where Volume=Volumeyajioon=V 0lumepeipum, Ruetiv 'stands for helium gas constant,
Thetium Stands for helium temperature, Ppgjpm stands for helium pressure and P, stands
for surrounding atmosphere pressure. I' _
Misivg
- * 7 y - !
3.3. Dynamic Model musl : o
e v <
The motion of the zero-pressure balloon is divided into the vertical motion and the
horizontal motion. For the vertical motion, the gross external force contairigi Buoyant force,

gross weight and aerodynamic drag force. The vertical dynamic equation of motion is

defined as [22]:
dv, _ 1 ) 41
Myireual * _‘_E - (Pn!r = phe!imn) * Volum g —Mgross * 9 — E B Cd * Paiy * Atop * Vg ( )

LA E 20

A Where v, is the vertical speed of the balloon flight system, mg, o is the gross mass of
payload, film and ballast, My¢yq is the gross mass of payload mass, film mass, ballast
mass, helium mass and air virtual mass. And air virtual mass is specified as:

R%als >ID\ Mgiy virtual = Cir * Pair * Volumepgiiym (42)

C—‘"@here C,ir stands for virtual mass coefficient, and €y, = 0.5. C4 stands for drag co-

efficient, which is defined as [23]:

24 6
Cq=15%(o—+————=1+0.4), Re <2.7%10°
¢ et 15 vme Y
logC; = 1.5 * (25.821 — 4.825 * log Re), 2.7 * 105 < Re < 3.7 * 10° @3)

5.306

-3 .533*(logL5) 5 6
logCy = 1.5 % (—0.699 — 0.347 x e 3.7+10 ), 3.7%10° <Re <10

C; = 0.3, Re > 10°
Mo

For the horizontal motion, the balloon is regarded as floating with the wind, assum-
ing that the horizontal velocity is equal to the wind speed magnitude. The horizontal dy-
namic equation is defined as:

dxlatitude .
Veast = df_ = Vyina * SN0 (44

e o T
Phetium = Pair Pregg ut T (40)
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/ dxlongltude
Vnorth = dt

= Vyind * COS 0 (45)

[ 7 Where Veast cmd Vpare are the longitudinal and latitudinal balloon speed, respec-
twely, Xiatitude AN Xiongirude are the longitudinal and latitudinal distance, respectively.

llv r¢The @ indicates the angle between the direction of horizontal wind and thé due north
casthi, In the earth coordinate system, the balloon's horizontal displacements are defined

as [24}):
” Vnorth
Lat = ——2o""
¢ Rmeridian + ALT (46)
2 Veast
L =
3P . (Ryormat + ALT) * cos Lat (47)

CXA»here ALT indicates altitude. 'Lah and Lon indicate latitude and longitude respec-
ta (( e

tively.

3.4. Exhaust Model

3.4.1. Automatic exhaust model

The zero-pressure balloon's ascending process contains two phases, one with balloon
partially expanded and the other with balloon fully expanded.

The balloon is fully expanded means that the balloon has expanded to its designed
volume, then the overfilled helium is automatically vented from the exhaust pipes which
is installed at the bottom of the balloon, preventing the balloon from explosion. This he-
lium exhaust process is called automatic exhaust process. The corresponding helium mass

loss is defined as:

dmhelium =—p
ala, dt helium

*

VOlumealtitude - VOlumedesign

(48)

dt

{;Where Dhetium Stands for density of the helium, Volume,yj.qe stands for balloon vol-
ume with corresponding altitude. The equation works on the premise that the balloon has

expanded to its designed volume.
3.4.2. Active exhaust model

T

]
[ Llie =
~ecomplich Yhis

l

Considering the realistic flight mission 1cquirq§ncnta and some emergencies, the bal-
loon flight system needs to be forced to descend. At-this-moment,-the helium exhaust
valve installed at the apex of the balloon ml]’ be immediately opened to exhaust the he-
lium. This helium exhaust process is called active exhaust pmceas The corresponding he-

lium mass loss is specified as [25]:

Antyey ! . T
dt

(AN C AP

| al

o= |W)1ere indicates helium flow coefficient dependl
of the helium exhaust valw., and 4 indicates the total opening area of the exhaust valvc 2

3.5. Ballast M{.J.d:fr (ocal noown

fhe

A :f -
= —Phetium ¥ C* A =

21

;o

\ |
.ll,a\.,‘

2% AP

P, he!nml

(49)

hg nhl the number and the ';hapc\

As-daylight-hours-pass, the intensity of solar radiation gradually weakens, causing
the internal helium to.-ngperature H) drop as well, and the volume of the balloon starts to

shrink sequentially.

, the zerd-pressure ballpon flight system begins to descend. In

order to keep the designed altitude stable or to mntml the vertical landing velocity, a
corresponding mass of ballast needs to be'thre®. ¢ :

In this study, Ya€ granular iron sand is used as bal]ast; md the ballast discharge rate
is determined experimentally by a thmwf" hg balkast device before the balloon flight mis-

sion. The ballast model is defined as:*

i
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Figure 5. Thiy the simulation program structure diagram. (® 327
8 S prog &
4.1. Model Validation _, w»luphe 328
The best way to Vf:fd‘!ﬁf the simu]ation program would be to compare the simulation 329
results with theé real flight r data. However, the flight mission data, balloon spec- 330
ification, atmospherlc 1nformat10n and film surface characteristics can't! b(. eablly gotiIn 331
this paper, the NASA's Scientific Balloon Analysis Model (SINBAD) and Palumboetal.’s 332
Analysis Model for High-Altitude Bal]o,ﬁn‘(ACI {AB) are used to validate the present 333
model [26-27]. Both models have been pmved to offer highly accurate trajectory predic- 334
tion, which are compared with the real flight data [13,27]. And The) corresponding input 335
d!ata and output data can be found in thiswerk-[27}. Based on the previous work, the drag 336
p 8

Mpatlastyemainea — Mballastaceuar — f Kpatiasedt (50)

w30
i
& (_}.ere Mpatiast gopye StANds for tire rJnass of ballast befe WITIE, Mpaltast,ematned
stands for the mass of ballast after.t-hfﬁmng kballast stands for ballast flow rate.
“?P\v\ J
Jee s

The simulation program is-dene-by-the Matlab/Simulink and the corresponding sim-
ulation program structure diagram is showed in Fig. 5. Fig. 5 shows the above models
including atmospheric model, thermal model, earth model, wind model, geometry and
exhausted model, dynamic model, ba]last model, and so on. The simulation process is
realized through the data flow amnngﬁmndels and the above nonlinear differential equa-

tions are solved by Runge-Kutta methods.

4. Results and Discussion
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coefficient is taken into c%n51derat10n for model validation. The varying drag coefficient 337
is used for ACHAB andf\ present model§, which is defined by corresponding functions. 338
A And thé constant drag coefficient of 0.45 is used for ACHAB, SINBAD and present model, 339
respectively, The simulation results are shown in Fig. 6. 340
On the left side of Fig. 6, the vertical velocity profile of the present model seems to be 341
similar to that of ACHAB and the SINBAD models with the constant drag coefficient. The 342
reason for difference at the initial time and the time of reaching the designed altitude is 343
that the ground surface temperature model and atmospheric model are different, which 344
affects the ascent flight performance. For the varying coefficient, the time of reachmg the 345
designed altitude for both models is the same. Apparently, jall of the velocity profile takeé 346
3 e on a W shape. On the right side of Fig. 6, the, present model is slightly lower than the 347
% pet§ previous program The reason for this is that atmosphere density and gravity acceleration 348
o o ’BJ" differences mdmfy affect the net buoyancy at the designed altitude. In the present model, 349
0
= \f‘: ‘Q/( ' the variation of gravity with position is conmdertd thlL Eor the other modelsut ;'mt 350
. % considered. [ .\. of 351
‘; Y In summary, the present model appears to be 51m11ar to the previous simulation pro- 352
N grams and can offer enough accuracy for trajectory prediction. However, if still needs to 353
=iz optimize the simulation program with an interpolation model that considers the relation- 354
A s ship of height and drag coefficient, since the balloon geometry changes with altitude dur- 355
A ing the ascent phase. 356
0
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Figure 6. 'ﬂniarfigurr_'shumihe,ﬁimulati(m results. (a) shows the comparison of vertical speed; 358
{b) shows the comparison uiﬂm’ altitude & e ~ 359
4.2. Flight Simulation 360

The zero-pressure balloon's specifications and the corresponding flight simulation 361
information are presented in Table 1. The flight performance is simulated during the en- 362

tire trajectory in detail. 363
Table 1. Balloon's specifications and flight simulation information. 364
Parameter Value
Maxi volume 44930.5m?
Lifting gas(helium) mass 626.5kg
liall&nn mass 487kg

|
add
oA

\
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1 ~ 5? o8
Suspending mass‘fpaylnad) 2930.87kg {
Initial film temperature 286.95K.
Initial helium temperature 286.95K
Number of the helium exhaust valve = | 2
Film absorption factor of solar radiation 0.33
Film transmissivity factor of solar radiation 0.65
Film absorption factor of infrared radiation 0.75
Film transmissivity factor of infrared radiation 0.20
Film average infrared emissivity factor 0.75
Earth surface reflectance factor 0.3
Ground average infrared emissivity factor 0.95 A (L i
Launc}lt tut'nén - ‘)}ﬁ 8(3;311?@2019
Launch base Lat:39°, ]_un.105° D e
Target altitude 20km (> ()lt\a\‘\
Ground air pressure 101325pa
Ground air temperature 288.15K

l(\ {o;(@

The variation of film temperature, internal helium temperature, atmospherlc temper-

ature, altitude, exhausted helium mass, vertical velocity and trajectory throughout the
flight mission are shown in Fig. 7, Fig. 8, Fig. 9 and Fig. 10.

1.

e
L
' Aot®

The change pattern of temperature

During the ascending phase, the temperature of film and helium decreases sim-
ultaneously with the atmospheric temperature in-the way-of same tendency. In addi-
tion, the temperature of both film and helium are lower than atmospheric tempera-
ture, causing the phenomenon of supercooling. émt the maximum temperature dif-
ference reaches -17.2 'C between helium and surrounding atmosphere. The reason
for this is that the volume of the balloon expands rapidly and the internal helium

(dose positive work on the external atmosphere. M

i \
After the balloon flight system reaches the dwlgnec# altitude, the temperature of
g‘ Im and helium gradually 1ncrvasos’ and comes to ;.l‘( equilibrium with the ambient

“thermal environment. The trend of temperature increase becomes stable and the in-’

crease tends to be approximately equal.| After sunrise, the internal helium and film
temperatures rise rapidly again due to solar radiation, with the temperature differ-
ence reaching a peak at noon. The corresponding temperature difference between the
helium and the surrounding atmosphere is +54.55°C.

In the afternoon, the temperature of the internal helium begins to drop as the
solar radiation decreases, resulting in a decrease in balloon volume and net buoy-
ancy. The balloon begins to move downward. During the descent, the external at-
mosphere does work on the helium expansion and the solar radiation still does work,
effectively compensating the surface of the balloon so that helium temperature
changes very little in the stratospheric range. After entering the tropospheric range,
the temperature of the helium rises rapidly, causing the phenomenon of superheat-
ing. And by the time # reaches the ground, the helium temperature can reach 43°C
eventually. e bl pgn 5 Yy riemn
The change pattern of altitude

The ascent and descent processes of the balloon flight system are manipulated
by the vertical velocity. As shown in Fig. 9 and Fig. 11, the ascent time of the balloon
flight system is almost 75 minutes faster than the descent process. In addition, during
the floating phase, the balloon reaches its designed volume. The increase in helium
temperature causes the internal helium to expand and ke corresponding amount of
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helium is continuously discharged from the bottom exhaust pipe, causing the balloon
flight system to move upward due to the buoyancy force being greater than gravity.
The maximum altitude eventually reache@(_20,2l}0.9 meters. After reaching the maxi-
mum altitude, the balloon flight system starts to move downward.

The change pattern of vertical speed

Throughout the ascent process, the vertical velocity changes in a "W" pattern.
Initially, the balloon flight system rises rapidly and its vertical velocity increases
sharply to 9.285 m/s. Then the vertical velocity decreases due to the weakening of the
upward net buoyancy caused by the supercooling properties of the internal helium.
After reaching a certain altitude, the atmospheric density reduces to a minimum
magnitude, resulting in the drag gpc“s down to a relatively small value and the verti-
cal speed to mcreasL -3 e

Moremrer, When the balloon flight system climbs above 11 km, the vertical ve-
locity decreases significantly and then increase again. Furthermore, when the balloon
flight system is about to reach the dESlgl‘lCJ altitude,. the vertical velocity drops
sharply and oscillates around 0 until it finally drops t.,radua]]y to 0. In the afternoon,
influenced by the surrounding thermal environment, the balloon flight system starts
to descend and its downward vertical velocity continues to increase, reaching 8.331
m/s by the time it lands-on the ground.

The change pattern of the total exhausted mass of helium

The high-altitude zero-pressure balloon has a unique and distinctive feature that
there are exhausted pipes installed at the bottom of the balloon for exhausting, the

LXC(’.‘S‘;M ‘helium. This is the reason why thezero- pressure balloon Fllg,ht system can t,J

float for a long time, so it is imperative to figure out the helium exhamtgd\pmmss mn
detail to plan the flight mission.

From the results described in Fig. 7 and Fig. 9, it is illustrated that the ascent
process can be divided into two phases, including non-forming and forming geome-
try phases. The non-forming geometry phase occurs mainly at the initial time of the
ascent process. As the external atmospheric pressure decrease, the volume of the bal-
loon keeps expanding and the helium mass remains constant. When the balloon flight
system is about to reach the design altitude, the forming geometry phase appears. In
this phase, the volume of the balloon reaches its maximum and remains unchanged.
Due to the momentum and vertical velocity, the balloon flight system continues to
rise, causing excess helium to be discharged from the corresponding tubes. The he-
lium mass begins to be lost.

During the floating phase, the loss of helium mass continues which is propor-
tional to the solar radiation. After the balloon flight system begins to descend, the
balloon begins to shrink, but the helium mass’keeps constant gaircuntil it reaches the
ground. During the entire flight process, the total exhausted mass of helium is st

p40183.1 kg.

Trajectory prediction

As shown in Fig. 10, the straight-line distance between the launc{\D base and the
landing site is 435.723 km, and the azimuth between the launch bas€ site and the
landing site peint is 266.9°. Moreover, the flight mf.'?mnr lasts “for nearly 18 hours.
_Apparently, the high-altitude zero-pressure balloon Fhes in a huge airspace without
corresponding control strategy and the trajectory Takes on a “Z” shapek
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Figure 9. ﬂda—ﬁgﬂmme temperature change of film, helium and air vs. time and change of
the vertical speed of the balloon flight system vs. time.
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Figure 10. 'Fhls—ﬁgure—shawsﬁ trajectory of the balloon flight system. (a) shows the relative posi-
tion of trajectory in the world map; (b) shows the trajectory in detail.

“Hrese

Based on the-above results, the balloon performance is discussed in detail during the

entire flight mission, which helps for the balloon system design and operation. Wha\tj)

more, it can be concluded that the vertical speed during landing has a serious impact on
the safe recovery of the balloon flight system. In addition, the flight time and flight dis-
tance are not conducive to f)s:é’rapid recovery of the balloon flight system. It is imperative
to clarify the impact of the uncertainty of the launch parameters on the trajectory predic-
tion and to develop corresponding control strate 3 to improve the rapid recovery and
achieve efficient and safe application of high—aitit-ude'iem—prlbssure balloon flight system
in limited airspace. “sgst W ".}/(‘\
4.2.1. The Launch Time plestt

The different launch tinfes including UTC 16 on 8 August, UTC 22 on 8 August and
UTC 04 on 9 August, aré‘used to simulate the flight mission. As shown in Fig. 11, the
launch time plays an important role in the trajectory prediction. The reason for this-is that
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direct solar radiation, ground reflected radiation, sky scattered radiation and other ther-
mal radiation have a-periodical change oharacterlstlc ‘withtime;-causing a great d:fft.rence
of radiation at-different moments. V*"' r"'.,' Aty Wwith dyy dud wighs

) By comparing the flight perfnrmancc of 'zero- -pressure balloon system at d1fferent
time it is concluded that:

“The earher the launch time, the more total mass of helium is exhausted finally.

2. The earlier the launch time, the smaller vertical velocity during the accent phase and
the relatively low requirements for balloon structure design.

3. The launch time almost has no effect on the floating altitude and the landing vertical
velocity.,

4. The earlier the launch time, the longer the flight time and the flight distance. How-
Lever, the maximum flight time is less than 24 hours,
Vsl ~1‘\Keeorr.1'mp; to the-above results, it ‘grightfulto choose 3}6 suitable launch time to start

the flight mission and meet the mission requirements,
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Figure 11. Eﬁﬁs_ﬁgw&mrtmespnndingpiagramé,ﬁ difgerent launch time. (a) shows the

total mass of exhausted helium vs. time; (b) shows the change of vertical velocity; (c) shows the
change of the altitude; (d) shows the trajectory prediction,
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4.2.2. The Initial Helium Mass

The different initial helium mass including 626 kg, 676 kg and 726 kg are used to
simulate the flight mission on 8 August 2019 (UTC+16). As shown in Fig. 12, the corre-
sponding results are as follows:

1. The more the initial mass of helium, the more the mass of helium is exhausted. How-
ever, the mass of helium inside the balloon is the same when landing,.

The more the initial mass of helium, the faster the balloon system ascends.
The initial mass of helium has no effect on the floating altitude and trajectory predic-
tion. 1 2o
-Based-onrthe-above resultsthe initial mass of helium affects the flight performance
during the ascent phase and has no effect on the floating an]dc descending phase. The se-

lection of the initial helit(lm mass is determined by the requirem ascent velocity.
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Figure 12. 'Fhia—figm—shows"memrrespmdin;[aiagramaﬁ different initial mass of helium. (a)
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shows the total mass of exhausted helium vs. time; (b) shows the change of vertical velocity; (c) 506

P, LT _'r P shows the change of the altitude; (d) shows the trajectory prediction. 507
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4 "ra'? I "Eh&abefe%ifm&la‘hﬁn’ results show that thezero-pressure balloon flight system flying 509

v K in a huge airspace makes it difficult to recover the balloon system even considering the 510

N e AT launch time. What's more, the landing speed of the balloon system is destructive to safe 511

& 1 S il recovery. Based on these considerations, the corresponding control strategy is employed 512

O A to plan the trajectory. ~o = tlsr 513

Y d In this study, the active exhaust model and the ballast model are used.coerdinately 514

s to control the trajectory. Furthermore, the control strategy also takes the floating time and 515

~B a e the wind speed profile into consideration, which is helpful for the real flight. The control 516
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Figure 13. This-ﬁgure-shuv\rs—[ﬁ,e wind speed profile ef-theTatrehing day- 530
Taking the floating mission time, horizontal motion and landing speed into consid- 531
eration, the balloon flight system'’s trajectory simulation is as follows. Table 2 shows 532
the specification of the missions. Fig. 14 shows the change of vertical velocity. Fig. 15 533
shows the trajectory of different missions. The corresponding results are as follows: 534
1.  With the control strategy applied, the flight time and lateral drift distance are greatly 535
reduced. For Mission A, the straight-line distance is 63.17 km. For Mission C the 536
straight-l{en distance i is 70.46 km. And for all the flight mlsswn, the ﬂlght tl me is Iebs 537
-than 3 hours. What's more, the landing velocity canreach 0. cav : 538
,\\) 2 2. The ballast flow rate  mainly depends on the ballast,t}:llmwe'd alhtude for a-cerhm 539
\&\ flight mission. Neall o ! avey Emeh s
Based-on-the-above results; these help for the overall design of the balloon flight sys- 541
tem and the flight mission can—be—ﬁt&sha& wlthuvthi: limited airspace and Iastﬂ as little 542
time as possible. o 0 ¢l 4e 543
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Table 2. Flight mission specifications. Do * 544
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Mission A 30 10 1.023
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Mission C 60 10 1.024
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Figure 14. This figure shows the balloon system's change of vertical speed. 548
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‘Bie high-altitude zero-pressure ballg on flight system almest flies with the wind in 552
the horizontal direction, so/it’s ;\ccessary%u predict the trajectory in advance, preventing 553
the balloon flight system from flying out/the‘required airspace and avoiding the possible 554
accidents. At"_tl}g same time, most balloon flight systén};'l)ccds to fly within the limited 555
airspace and realize/rapid recovery of the balloon system,cwhieh-eontribute td save on 556
flight mission costs. a a 557

In the present work, the high-altitude zero-pressure balloon flight system with no 558
parachute is simulated to predict t%%_g trajectmy,_ﬁhn-ing-m»ﬁgu-re-uut-g_lear-ly the balloon 559
flight performance and improve f‘gpicl'recovery.-llilaraug-h-this“wmkﬁhe results can help 560
the OEM of the balloon flight system improve its design and plan % flight missions. The 561
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At e [ BN conclusions of the work are as follows: j’( aut 562
{ﬂ chawg M4 1. During the ascent phase, the vertical velocity takes on a W shape. By the time balloon 563
' o flight system reaches the designed altitude, the vertical velocity decreases sharply to 564
LU e 0 and oscillates around 0 until it finally drops gradually to 0. 565
ez OV y drops g y
Sl 2. During the ascent phase, the phenomenon of supercooling occurs. While the phe- 566
nomenon of superheating occurs at the phase of floating and descending phases. All 567
of these help for tl;e balloon structure design. 568
3. The launch timq?_pla);s an important role in trajectory prediction. The results show 569
that the earlier the launch time, the longer the flight time and the flight distance. 570
However, the maximum flight time is less than 24 hours. The initial mass of helium 571
almost has no effect on trajectory prediction. 572
4. Based on the real flight situation, the floating mission time, horizontal motion and 573
landing speed are taken i__l}E}o_cons';deration. The exhausted helium \;)alve and throw- 574
ing ballastdevice work coordinately to plan the trajectory to impEove rapid recovery. 575
= i S A o ELOWAA L ST .
The rges.ltlllts show that the flight mission can be finished within the limited airspace 576
e ._ ancma?.i'é: as little time as possible.-Afid the landing vel_oe:rit): can reach 0, which helps 577
~forthe-safe landing. F‘?' el o v pg\uﬁ A S“-’“i ~— JPOT0Ach 578
Ty - o : 3 L gre) h
5. What's imore,the ballast flow rate is determined by the ballast threwed altitude for & 579
adnreve ® certain flight mission and determined experimentally by a threwing ballast device 580
B before the balloon flight mission. d/ry‘/g‘a {\/\O 581
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