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Annomayus. Benepa — smopas no paccmosauuio om Conanya u 6nudcatiuwan x 3emne naanema. Eé am-
mocghepa camasn niomuas, a memMnepamypa Ha nO8epxHocmu Benepul camas evicokas cpedu cex nianem
Conneunoii cucmemvl. M3-3a KOH8eKyuu U Menio8oll uHepyuu NiIomHou ammocgepsl Ha Benepe memne-
pamypa cyujeCmeeHHo He U3MEHAemcs: Medcoy OHeGHOU U HOYHOU cmopoHamu nianemvl. Temnepamypa
sepxHux cioeg ammocgepvl cocmasgisiem oxono —45 °C. Munumanvuas memnepamypa no8epxXHOCMU He
menee 400 °C. Haenenue na nogepxnocmu naanemsi 8 90 paz eviute, yem Ha yposHe NOGEPXHOCU 3eMu.
B cea3u co croacrnocmoio gynxyuonuposanus kocmuueckux annapamos (KA) na nosepxnocmu, nianema
00 CUX nop oCmaemcs RPaAKMU4ecKy He u3y4eHHOU.

Oonaxko, Ha evicome wymu eviuie 50 KM pacnonoxcena mpononaysa — epaHuya mexcoy mponocgepou u
me3zocpepoii. 30ecv ycnosus Hauboaee NoXodcu HAa YCA08Us HA NOBEPXHOCMU 3emau. Dmo OnmumaibHAsl
obaacmye 01a KA, e0e memnepamypa u oasnenue 6y0ym nooooOHvIMu 3eMHbiM. B amy obaacme yerecoob-
pasHetl 6ce2o OMnpasiame a3poCmamHyle 30H0blL, 05l COOpa HAYUHOU UHGOPMAYUL.

Lenvio uccnedosanus asnsemcs paspabomra KOHCMPYKYUU aAPOCAMHO20 30HOA, 8 meyeHue Ou-
MeNbHO20 8peMeny obecneuusarnuyezo nepedayy UHGopmayuu us mpononaysvl ammocgepvi Beunepoi.

B pabome npogeden bOanrucmuueckuii pacuem mMpaeKmMoOpuu CHUNCEHUS KOCMUYECKO20 annapama
6 ammocgpepe Benepul u onpedenenvt xapaxmepucmuxy mpaekmopuu.

s onpedenenusi napamempos mpaekmopuy cnycka Obiia HANUCaHa nPozpamma 0 paciema oudge-
DEHYUATLHBIX YPASHEHUT OBUNCEHUA AMMOCHEPHO20 30HOA.

B pabome paspabomarna xoncmpykyus ammocgeproco 30H0a u onpedeiien NopsAOoK e2o pabomal.

Kniouesvle cnosa: xoncmpykyus ammocgeprozo 3onda, ammocgepa Benepol, ougpghepenyuanvrvie
VPAasHeHUs 0BUNCEHUSL 8 AMMOChepe, mpaeKmopus.
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Abstract. Venus is the second planet from the Sun and the closest to Earth. Its atmosphere is the dens-
est, and the temperature on the surface of Venus is the highest of all the planets in the Solar System. Due to
convection and thermal inertia of the dense atmosphere, the temperature on Venus does not change signifi-
cantly between the day and night sides of the planet. The temperature of the upper layers of the atmosphere
is about —45 °C. The minimum surface temperature is at least 400 °C. The pressure on the surface of the
planet is 90 times higher than at the surface of the Earth. Due to the complexity of the functioning of space-
craft (SC) on the surface, the planet remains virtually unexplored.

However, at an altitude of just over 50 km there is the tropopause — the boundary between the troposphere
and the mesosphere. Here, the conditions are most similar to the conditions on the surface of the Earth. This
is the optimal area for SC, where the temperature and pressure will be similar to those on Earth.

1t is most advisable to send balloon probes to this area to collect scientific information. The aim of the
study is to develop a design for an aerostat probe that will provide long-term transmission of information
from the tropopause of the Venusian atmosphere. The work includes a ballistic calculation of the descent tra-
Jectory of the spacecraft in the Venusian atmosphere and the trajectory characteristics. To determine the pa-
rameters of the descent trajectory, a program was written to calculate the differential equations of motion of
the atmospheric probe. The work includes a design for an atmospheric probe and the order of its operation.

Keywords: atmospheric probe design, atmosphere of Venus, differential equations of motion in the at-
mosphere, trajectory.

Introduction

Visiting extraterrestrial worlds has been a goal pursued by humanity since the dawn of the space
age. While humans have only managed to personally visit the Moon, probes and robotic vehicles have
made much greater progress in exploring celestial bodies.

Venus is the second planet from the Sun and the closest to Earth. It has been known to humans
since ancient times. Its atmosphere is the densest, and its surface temperature is the highest of all the
planets in the Solar System [1; 2].

Venus's atmosphere consists primarily of carbon dioxide and a small amount of nitrogen. The pres-
sure at the planet's surface is enormous — 90 times greater than that at Earth's surface, or equivalent to
the pressure in Earth's oceans at a depth of about 1 km. The carbon dioxide-rich atmosphere causes a
strong greenhouse effect, raising the planet's surface temperature to 500 °C.

Due to convection and the thermal inertia of the dense atmosphere, the temperature on Venus does
not vary significantly between the day and night sides of the planet. Solar energy at the planet's surface
is much lower than in the upper atmosphere, and its dense cloud cover reflects most of the energy back
into space. Without the greenhouse effect, Venus's temperature would be very close to Earth's surface
temperature. Venus's high clouds consist primarily of droplets of sulfur dioxide and sulfuric acid, mak-
ing the planet's surface invisible in optical wavelengths. The temperature of the upper atmosphere is
approximately —45 °C. The average temperature on Venus is 464 °C. The minimum surface tempera-
ture is at least 400 °C.

However, the Tropopause is situated at an altitude just above 50 km. The Tropopause is the bound-
ary between the troposphere and the mesosphere. Here, conditions are most similar to those on the
Earth's surface. According to measurements by the Soviet probes Venera 4 and 14 and the American
Pioneer Venera 2 [1; 2], the region from 52.5 to 54 km has a temperature between 293 K (20 °C) and
310 K (37 °C), and at an altitude of 49.5 km, the pressure becomes the same as on Earth at sea level.
This is the optimal region for research ships or colonies, where the temperature and pressure will be
similar to those on Earth. And it is precisely into this region that it is most practical to send balloon
probes capable of collecting physical data and scientific information over a long period of time with-
out contact with the planet's surface, while remaining within a given range of altitudes in the atmos-
phere of Venus [3-7].
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The challenge of developing such space probes is unique, as evidenced by the small number of
spacecraft that have conducted research near Venus throughout the history of its observations. The
specific nature and complexity of such research determine the relevance of such developments.

The aim of the study is to develop a design for an aerostat probe that would transmit information
from the tropopause of the Venusian atmosphere.

The design of the probe requires it to remain in the Venusian atmosphere at a certain altitude for a
sufficiently long period (approximately 100 days) while maintaining optimal operating conditions. To
maintain the apparatus's viability, it is necessary to develop a helium refueling system for the balloon,
which leaks at a rate of approximately 2.5 % per day.

Features of the atmosphere of Venus

The atmosphere of Venus is the gaseous envelope surrounding Venus. It consists primarily of car-
bon dioxide and nitrogen; other compounds are present only in trace amounts (Fig. 1). Venus's atmos-
phere contains clouds of sulfuric acid, which make visible-light observation of the surface impossible,
and is transparent only in the radio and microwave ranges, as well as in certain regions of the near-
infrared region (Fig. 2). Venus's atmosphere is much denser and hotter than Earth's atmosphere:
its average surface temperature is approximately 740 K (467 °C), and its pressure is approximately
93 bar [2].

Sulphur dioxide

Carbon dioxide

) (150 ppm)
(96,5%) " Other Nean
~(0,03%) (7 ppm)
Helium
(12 ppm)
Carbon monoxide
(17 ppm)
Water steam
(20 ppm)
Puc. 1. CocraB atmocdepsl Benepst
Fig. 1. Composition of the atmosphere of Venus
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Fig. 2. Graph of temperature and pressure versus altitude
above the surface of Venus
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Unlike Earth, Venus has no magnetic field, and its ionosphere separates its atmosphere from outer
space and the solar wind. The ionized layer blocks the solar magnetic field, giving Venus a unique
magnetic environment.

Despite the extreme conditions on the planet's surface, at an altitude of 50-65 km, the atmospheric
pressure and temperature are virtually identical to those on Earth's surface. This makes the upper at-
mosphere of Venus the most Earth-like in the Solar System (even more so than the surface of Mars).
Because of these similarities in pressure and temperature, the upper atmosphere has been proposed by
scientists as a suitable location for exploration and colonization [3—7]. This region of the atmosphere is
particularly suitable for study using balloon probes. Long-term exploration below 50 km is currently
unfeasible due to the extreme conditions in the atmosphere and on the planet's surface.

Ballistic calculation of the spacecraft's descent trajectory in the atmosphere of Venus

The mission to deliver a balloon probe to the atmosphere of Venus consists of two stages:

— the interplanetary flight of the spacecraft carrying the probe from Earth to Venus and its entry in-
to a circular orbit;

— the undocking of the orbital module and the ballistic reentry of the probe itself into the atmos-
phere.

The spacecraft itself remains in orbit and is used as a relay satellite to transmit the data collected by
the probe to Earth.

We consider only the second stage of the mission, without taking into account the spacecraft’s
flight to Venus.

The goal of the ballistic calculation is to deliver the payload from a given circular orbit not to the
surface of Venus, but to the operational altitude range in the atmosphere (H = 50-55 km). To achieve
this, it is necessary to dampen the radial velocity component to values close to zero before reaching
the specified altitude.

The study examines a computational model of the ballistic descent trajectory [1,8—10] of an atmos-
pheric probe from a circular orbit at an altitude of 300 km to a specified altitude of 50-55 km above
the planet’s surface, consisting of an exoatmospheric elliptical section and an atmospheric entry sec-
tion with subsequent aerodynamic braking, including with the help of a parachute. In this case, the
exoatmospheric section is considered in the central gravitational field, and the motion in the atmos-
phere is in a plane-parallel.

Calculation of motion parameters on an elliptical section of a trajectory

The motion diagram on the elliptical section of the trajectory is shown in Fig. 3.

For the impulse transition from a circular orbit around Venus to an elliptical descent section
(Fig. 3), we will select a solid propellant rocket engine (SPRE) with the following characteristics:

— engine thrust P=4.5 kN ;

— specific impulse J,,=2700 m/s.

To study motion on an elliptical section of a trajectory, we use a model problem known in celestial
mechanics as the two-body problem. This problem examines the motion of two material points with
specific masses under the force of their mutual attraction.

We make the following assumptions:

1) we consider the passive motion of the descent module;

2) the gravitational force with which Venus attracts the descent module is calculated as the Newto-
nian force of interaction between two material points with specific masses located at the centers of
mass of Venus and the descent module (balloon probe);

3) we neglect the gravitational pull of other celestial bodies in the Universe;

4) we ignore the aerodynamic effect of the environment on the descent module;

5) we assume that no other physical forces (electromagnetic forces, radiation pressure, etc.) act on
the descent module.
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Puc. 3. Cxema nBrKeHHS Ha IUTHNITHYECKOM YUaCTKE TPAEKTOPHUU

Fig. 3. Scheme of motion on an elliptical section of the trajectory

For the point of the trajectory A (Fig. 3), corresponding to the moment of the beginning of the de-
scent (initial conditions of movement), we can write :

— 0 =0, the angle of inclination of the trajectory will be equal to 0, since we are considering the be-
ginning of the motion at the apocenter of the elliptical branch ;

— Hyp, = 300 km is altitude of a circular orbit ;

-V, =7151,53 nv/s is speed in a given circular orbit ;

—d,, = 2,5 mis midsection diameter of the descent module.

Parameters of the exoatmospheric portion of the elliptical orbit :

1) focal parameter :

p=Ra*(1-e). (1)
2) orbital eccentricity :
_Ra—Rn
‘- Ra+Rn’ 2)

3) true anomaly angle at the atmospheric entry point:

9 =arccos (p;ﬂ] . 3)

e atm
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The equation of the trajectory is determined by the formula

S )

1+ecos$”

The speed at any point of the elliptical trajectory can be calculated using the formula

V= [“—V'\/lJre2 +2ecos 9 (5)
p b

where p, is a gravitational parameter of Venus (My =324.859 * 10" m’/s?).

The result of the calculation at this stage is the speed and angle of inclination of the trajectory at the
point of entry into the atmosphere.

Calculation of motion parameters at the entry point into the dense layers of the atmosphere

The section of entry into the dense layers of the atmosphere begins with a conditional boundary,
which is located at an altitude of 120 km from the surface of Venus (Fig. 3).

We make the following assumptions:

1) we consider motion in a plane-parallel gravitational field;

2) we assume the angles of attack and sideslip to be zero;

3) we neglect lift.

The initial motion conditions are taken from the calculation results for the exoatmospheric seg-
ment.

The force of frontal aerodynamic drag is determined by the formula

V2
X, =c, pz S, | (6)

where c, is a drag coefficient ; p is density of the medium ; S,, is midship cross-section area.
The atmospheric parameters are determined using the standard atmosphere table of Venus
(Table 1).
The differential equations of motion at the entry section (Fig. 4) will have the following
form (7), (8):
dv

1 2 .
m—=——c.pS, V- —-Gsin0O
i 5 PRy , @)

do
mV —=—-Gcos0
o , (8)

where 9is the angle of inclination of the trajectory relative to the plane of the local horizon;

G=m*g, is gravity acting on the descent module; 8vis acceleration of gravity on Venus, m is

a mass of the descent module.

Table 1
A working model of the atmosphere of Venus up to an altitude of 120 km [2]

z, km T, °K p, atm p, g/sm? Note
0 750 93.0 6310 The surface of the planet
5 713 69.0 5.0
10 675 50.3 3.8
15 636 35.0 2.8
20 596 25.2 2.18
25 556 17.3 1.58
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End of table 1
z, km T, °K p,atm p, g/sm? Note
30 515 11.5 1.15
35 472 7.4 8.1-10°
40 428 45 5,5
45 382 2.6 3.58
50 340 1.43 2.16
55 304 0.71 1.25
60 274 0.24 6.6:107
65 250 0.14 2.7 Cloud top
70 240 5510 " 1.2
80 220 7.0-10° 1.7-10°
90 200 74107 1.9-10°
100 180 6.2:-107 1.8-107
110 160 49-10° 1.6:10° Mesopause
120 205 3.9-107 1.0-10° Eclipse of Regulus
The kinematic relations are of the form (9), (10):
by =V cosO )
dt ’
ay, )
i VsinO (10)

where Yo is a linear coordinate x, relative to the Venusian coordinate system; Jo is a linear coordi-
nate y, relative to the Venusian coordinate system.

Puc. 4. K BbIBOly ypaBHEHUS ABHXKEHHS HAa y4acTKe BXOJa
B ILIOTHBIE CIOU aTMOCGhEPH

Fig. 4. To the derivation of the equation of motion at the entry section
into the dense layers of the atmosphere

We will integrate the equations of motion (7—10) using the Euler method, having previously set the
integration step over time.

The calculation takes into account the parachute's effect on propulsion parameters. The parachute
begins to deploy when the speed drops to 245 m/s and is released along with the top cover of the Ve-
nusian atmospheric probe at 3103 seconds into the flight.

The calculation of the trajectory and its parameters was performed in a specially created software
product, Mapple 17. Table 2 shows four variants of the probe descent trajectories for ellipses with dif-
ferent focal parameters.

The result of the calculation is the values of speed, maximum overload, descent time and trajectory
of movement in a plane-parallel gravitational field.
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Table 2
Results of calculation of the descent trajectory options for the spacecraft
Ne Hpericemer > km AV; m/s m,, kg Ttum on remote control > € ®in ° Vin s m/s Nmax
1 0 87.01 16.4 2.46 -1.36 7272.6 2601¢g
2 50 72.15 13.5 2.03 -1.03 7287.04 2574 g
3 100 57.42 10.8 1.61 —0.55 7301.34 2543 ¢g
4 119 51.87 9.7 1.46 —0.12 7306.74 253 ¢

Calculation of balloon characteristics that provide buoyancy in a given range of altitudes in
the atmosphere of Venus

After a ballistic descent to a predetermined altitude (approximately 50 km), the aerostat balloon in-
flates and the probe enters operational mode. To maintain the apparatus at operational altitude, it is
necessary to calculate the buoyant force acting on it (the Archimedes force).

The buoyant or lifting force is opposite in direction to the force of gravity and is applied to the cen-
ter of gravity of the volume displaced by the body from the liquid or gas.

The designed aerostat must remain at a constant altitude for a long time. This requires the condition
of floating bodies to be met. A body floats in a liquid or gas if the buoyant force is equal in magnitude
to the force of gravity (Fig. 5).

Based on the condition of floating bodies:

Fy=mygy +mygy +my gy (11)
paTMVI_LIgV =my 8y + Mys8y + pHeVmgVﬂ (12)
m.. . +m
Vm — 06 T ,
Parv —PHe (13)’

where "uar, Mo, Mpe are the masses of the balloon probe's payload, the probe's shell, and the filled
helium, respectively; Pam is the density of Venus's atmosphere at a certain altitude (Table 1); Pre is

density of helium; Vi is volume of the helium balloon of the aerostat probe.

Fa
/Da/m

He

[The g

/775/7vg

Menl

Puc. 5. K pacuéry BeITalIKUBaOLIEH CUIIBI

Fig. 5. To the calculation of the buoyant force

The calculation was performed for altitudes in the range of 50-55 km above the surface (Fig. 5).
The results are presented in Table 3.
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Table 3
Results of calculation of the parameters of the ball to create the required buoyant force
Height from | Tempera- | Pressure in | Density atm | Volume of | Radius of Helium Mass of | Volume
the surface of | turein atm p, kg/m’ a sphere | asphere losses helium | of helium
Venus atm P, atm Vsp, m’ Rsh, m (in 2 days) Mye , Kg Ve » m’
H,km T,K MHe los s KE
50 340 1.43 2.16 129.3 3.14 1.47 73.3 0.59
53 322 1.07 1.71 161.3 3.38 1.29 64.6 0.5
55 304 0.71 1.25 219.8 3.74 1.24 61.8 0.48

The procedure for entering the operating mode of the descent vehicle with the aerostat probe

Based on the characteristics obtained during the preliminary design, a descent module [11-18] was
constructed, including an aerostat probe placed in a special container. A general view of the descent
module is shown in Fig. 6.

Parachufe

Envelgpe of balloon

Helwm vessel
Scienfific equipment

Frame

SRB (4 pcs/)
Torus pressure vessel

HRSI

Puc. 6. O0muii Bua cryckaeMoro anmapara

Fig. 6. General view of the descent vehicle

During the initial phase, the orbital space module (OSM), coupled with the descent module (DM),
moves in a circular orbit around Venus at an altitude of 300 km above the surface. After the descent
module separates from the OSM, the descent module, driven by the thrust of the solid-propellant rock-
et engines (SPRESs) located in the lower cover of the OSM (Fig. 6) at timp = 1.46 s, enters an elliptical
descent trajectory through the Venusian atmosphere (Fig. 3), freely descending along a ballistic trajec-
tory until reaching the upper atmosphere.

When the craft reaches a speed of 245 m/s, the parachute compartment hatch is released and the pa-
rachute is deployed. Aerodynamic braking occurs using the parachute (Fig. 7).

At 3103 seconds after undocking from the OSM (500 seconds of atmospheric descent), when the
vehicle reaches an altitude of 58 km, the upper cover and parachute are jettisoned (Fig. 8). At the same
time, the process of inflating the aerostat balloon with helium gas begins from a torium cylinder at-
tached to the lower cover of the descent module (Fig. 6). Inflation occurs in 96 seconds.

By the time the balloon is fully inflated, the descent module reaches an altitude of 50 km. At this
point, the lower cover, containing the spent engine and the empty helium cylinder, is jettisoned to re-
lease ballast (Fig. 8).

The balloon reaches a drift altitude of 53 km and switches to operating mode as an atmospheric
probe.
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fmaspheric re-enfry
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Parachute deplayment
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Fig. 7. Opening the parachute

Detaching the fap cover with fhe
parachute and starfing the balloon
nflation process
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Puc. 8. 3anmonnenue mapa a’pocrara reamemMm

Fig. 8. Filling a balloon with helium

The detachable lower cover of the spacecraft withstands the high temperatures generated during
aerodynamic braking in the Venusian atmosphere (Fig. 9). To provide the required thermal protection,
it is covered with a layer of heat-protective coating. A pulsed solid-propellant rocket motor is attached
to the load-bearing frame of the lower cover of the spacecraft to detach the spacecraft from a circular
orbit around Venus to an elliptical descent orbit.

Additionally, a high-pressure toroidal cylinder filled with compressed helium (He) is attached to
the lid. This is necessary for the initial inflation of the balloon. This solution allows for a reduction in
the balloon's operating weight by separating the empty cylinder and lower lid, which together weigh
160 kg.

with He

Puc. 9. HuxHsis KpbllIKa CIIyCKaeMOoro amnnapara

Fig. 9. Lower cover of the descent module
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The design and operating principle of a balloon probe

The design of the balloon probe is shown in Fig. 6.

All of the probe's working components and assemblies are attached to the load frame. The helium-
filled balloon shell and the scientific equipment sensors are hermetically secured to it. Inside the struc-
ture, beneath the shell, the load frame houses scientific instruments and a dual vessel containing liquid
and gaseous helium, which make up a significant portion of the balloon's mass.

According to the technical specifications, the probe is to drift at an altitude of approximately 50 km
above the surface of Venus and collect scientific data for 100 days. Until now, spacecraft operating
near the surface of Venus have operated for no more than two days due to extremely harsh environ-
mental conditions (Table 1). Existing projects (Venera-D, Venera GLOBE, DAVINCI) are also lim-
ited to a lifespan of approximately 30 days.

Thanks to the Vega mission, it is known that helium leakage from the balloon during the probe's
estimated operational period (approximately two days) did not exceed 5%, corresponding to an alti-
tude loss of approximately 0.5 km. Therefore, by providing a constant supply of additional helium (up
to 5% over two days), the spacecraft's active operational period can be extended without the risk of
descending to an altitude with unfavorable atmospheric conditions. For this purpose, a cryogenic he-
lium vessel is located onboard the balloon (Fig. 6). Gradually evaporating, the helium accumulates in
the upper compartment of the vessel, from where it is released directly into the balloon through an
electric valve. Sensors inside the balloon determine when the pressure has dropped sufficiently for a
new supply of gas. This way, the probe's drift altitude can be maintained for at least 100 days.

The helium vessel (Fig. 6) consists of two parts: a Dewar flask for storing the liquefied helium and
a cylinder connected to it, which accumulates the gaseous helium. In its liquid state, helium exists only
at a temperature of 4.2 K and is a cryogenic liquid. Therefore, to maintain it in a liquid state, we will
use a vessel with screen-vacuum insulation [17; 18].

The masses of the structural elements of the descent vehicle and the balloon probe after the neces-
sary calculations (taking into account helium refueling) are presented in Tables 4 and 5.

Table 4
Masses of the landing vehicle structural elements, kg
Balloon sonde Top cover with pa- Bottom cover
rachute
250.0 71.0 Compressed | Torus cyl- SPREs Housing with | Total weight
helium inder (4 pcs) FSP (fuel
supply point)
25.8 64.5 10.0 68.7 169.0
Table 5
Masses of the structural elements of the balloon probe, kg
Helium for refuel- | Helium balloon Scientific Power frame Gel container Total weight
ing shell equipment with body (refill)
64.6 30.4 20 41.9 93.1 250.0

Strength calculation of the frame of a balloon probe

The balloon probe's load-bearing frame is the primary load-bearing element of the descent module's
design. Attached to it are the top and bottom covers of the apparatus, as well as all of the balloon
probe's components: the helium refueling vessel, the probe body, the balloon shell, and the scientific
equipment.

Ballistic calculations (Table 2) indicate that the maximum g-force acting on the descent module
during reentry is n = 25.3g. Accordingly, the load frame must be strong enough to withstand high g-
forces, while having a minimal mass to reduce the required amount of helium.
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Table 6
Results of strength calculations for various titanium alloys

Ne Material Weight of frame structure, kg Safety factor
1 Texuuuecku yuctsiii CP-Ti 46.7 0.71

2 Ti-10V-2Fe-3Al 48.1 1.6

3 Ti-3A1-8V-6Cr-4Mo-2Zr 49.9 2

4 Ti-5A1-2,5Sn 46.4 1.4

5 Ti-6Al1-2Sn-2Zr-2Mo-2Cr-0,25Si 48.1 2

6 Ti-13V-11Cr-3Al 49.9 1.6

7 Ti-5A1-2,5Sn 46.3 1.6

8 Ti-8Al-1Mo-1V 45.2 1.7

9 Ti-8Mn 48.9 1.5

The strength calculation of the balloon probe frame was performed using SolidWorks Simulation
software.

The calculation results for various materials of the power frame are presented in Table 6.

Based on the calculation results, three alloys were identified: Ti-3A1-8V-6Cr-4Mo-2Zr and Ti-6Al-
28n-2Zr-2Mo-2Cr-0.25Si, which provide the highest safety factor, and Ti-8Al-1Mo-1V, which pro-
vides the lowest structural weight.

The geometric dimensions of the load-bearing frame structure were optimized for the selected ma-
terials. The calculation results for the selected materials are presented in Table 7.

Table 7
Results of strength calculation for lightweight frame design

Ne Material Weight of frame structure, kg Safety factor
Ti-3Al1-8V-6Cr-4Mo-2Zr 36.7 1.6
2 Ti-6Al-2Sn-2Zr-2Mo-2Cr-0,25Si 354 1.6
Ti-8Al-1Mo-1V 333 1.4

Thus, following strength calculations, the Ti-6Al-2Sn-2Zr-2Mo-2Cr-0.25Si alloy was selected for
the balloon probe frame structure. The safety factor diagram for this alloy is shown in Figure 10. This
alloy provides a sufficient safety factor with the lowest weight. The final weight of the load-bearing
frame was 35.4 kg.

Safety margin distribution: minimum safety factor = 1,6

Puc. 10. 3n}0pa 3amnaca IMpo4YHOCTH CHUJIOBOM PpaMbl a3pOCTATHOI'O 30HAA

Fig. 10. Safety factor diagram of the power frame of the balloon probe
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Conclusion

This paper examines the design of a Venusian surface lander and a balloon probe for atmospheric
characterization. A ballistic trajectory for the descent of the probe into the Venusian atmosphere to a
specified altitude is calculated. A principle for securing the balloon probe at a specified altitude in the
Venusian atmosphere is discussed and a system for securing the balloon probe at a specified altitude is
developed. Mass calculations are performed for the structures of the descent module, the balloon
probe, and their main components. A strength analysis of the atmospheric probe's load-bearing frame
is conducted for the case of maximum G-forces during descent.

A solution to differential equations for descent through the Venusian atmosphere was implemented
in the Maple computer algebra environment using the Euler method. This solution yields ballistic cha-
racteristics of descent trajectories for various ellipse parameters.
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