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Trajectory Trade

* Landing periods

Window | Start Time (UTCG Stop Time (UTCG
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BTN 05/12/203317:01  06/09/2033 14:44
B 09/06/203319:30  10/23/203309:15 180 ®
BER  01/18/203419:32  02/28/203417:40 (3]
B 05/16/203421:39  06/25/203400:38 - 10
W 12/17/203416:56  01/14/203520:29 2
B  04/13/203508:54  05/29/2035 14:21 £_
08/21/203514:13  10/05/2035 00:32 22 60
28
* Launch opportunities 5% o © @
E § 01/01y33 01/01L/34 01/01Y/35 01/01/36
(o]
| No | Launch date | Max. delivery mass | Landing | g § 60
Jun.2030 9403 ke Window 2 <
Dec.2030 9128 kg Window 1 I L6/
9646 kg Window 2
9084 kg Window 3
9654 kg Window 4 -180
9342 kg Window 5 —Earth-Landingsite Daytime access available
H U, 2B SE37kE W!ndow s Figure: Right Ascension of WestOvda
9427 kg Window 7
I Jun. 2032 9174 kg Window 5
9331 kg Window 7
P Dec.2032 9356 kg Window 4

72nd International Astronautical Congress (IAC), Dubai, United
Arab Emirates, 25-29 October 2021.



Arrival date [yyyy-mm]

Arrival conditions

Primary Trajectory
Arrival: Window 6

2035-03 -
2035-01 - K
2034-11 -

2034-09 - *

2034-07 - § ™

2034-05 - L4

2034-03 - =

203I0701 203(1_)705 203I0709 203I];Ol 2035;05 2035;09 203I2701 203I2705 203I2709 203I3*01 203I3*05
Launch date [yyyy-mm]
RA of Periapsis =155 ~ 205 deg
Latitude of periapsis: -9 deg
Flighttime < 4 years

72nd International Astronautical Congress (IAC), Dubai, United
Arab Emirates, 25-29 October 2021.
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Backup Trajectory
Arrival: Window 5 and 7
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Launch date [yyyy-mm]

RA of Periapsis=-5"~ 20 deg
Latitude of periapsis: -9 deg
Flighttime < 4 years
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Baseline Trajectory

Primary Trajectory Backup Trajectory
Departure: June 2031 Departure: June 2032
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Event # 2:
Eventl# 4. Event # 2: Intercept
Chemical burn Intercept Venus
deep-space Venus 8/29/2033
2/7/2034 10/13/2031 Vo = 2.919 km/s
Av = 0.115 km/s Vo = 2.935 km/s DEC = -9.3°
m = 11280 kg DEC = 21.5° > / m = 13020 kg
m= 11694 kg
(Event # 3: ]
- Unpowered flyb
Event # 3: Verlljus oy
Unpowered flyby 8/29/2033
Venus Ve = 2.919 kmys
10/13/2031 DEC = 20.3° \
Ve = 2.935 km/s altitude = 3518 km
DEC = -22.3° Event # 5: m = 13020 kg Illll
altitude = 57395 km ‘Il;tefceg;: 4 ) \
_ enus
m= 11694 kg ) 11!6}’2@34 f Event # 4: Event # 5: |
v, = 2.812 km/s f Chemical burn @ | mtercept |
DEC = -23.1° |I deep-space Venus BE
® m = 11280 kg | || |5/28/2034 9/12/2034 /
\\\ Av = 0.966 km/s Vo = 0.878 kmjs |/
lh Y\ [ m = 9608 kg DEC = -7.0°
| m = 9608 kg

(Event # 1:
(Event # 1: Launch
Launch Earth
Earth _ B 6/6/2032
6/6/2031 R — €3 = 7.287 km?/s?
€3 = 12.737 km?/s? DLA = -20.0°
DLA = -9.2° m = 13020 kg
m= 11694 kg

72nd International Astronautical Congress (IAC), Dubai, United 4
Arab Emirates, 25-29 October 2021.
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Orbiter Mission Characteristics

72nd International Astronautical Congress (IAC), Dubai, United
Arab Emirates, 25-29 October 2021.
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Aerobot Release and Entry

OD for at least 20 days after the DSM BE-30 days
Balloon entry targeting TCM1 (~ 10 m/s) BE-10 days
4 days to update OD, plan, command TCM2
Balloon entry targeting TCM2 (~ 2 m/s)

Balloon deployment and separation (~*5 m/s) |BE-5.5 days

BE-6 davs Flight Path Angle at 175 km Altitude with Target Mvr AND Sep DV Errors
y (30 TCM Err: 0.02 m/s, 1 deg; 30 SEP DV Err: 0.1 m/s, 1 deg)

Orbiter VOI targeting mvr (~20 m/s) BE-5 days T2 - Eii”“’
3 days to update OD, plan, command TCM 74k SN = 75 deg| -
Orbiter VOI targeting TCM (~5 m/s) BE-2 days

Balloon entry (BE) BE+0 days

AL A )

WO LIRTARRATRT A

-84 :

Orbiter & SmallSats

allow Aerobot tracking S Aerobot is
&commswhen carried around
Aeroflrbgt ng:t w;isible l' the plaf:\et
m Eart every five
“‘ Earth days
= 3

Flight Path Angle (Deg)
o

-8.6 0

-8.8

/ -9 : : l :

E;fry& Inflation 0 10 20 30 40 50

Tracking Aerobt;t motions Point on dayside, Monte Carlo Case No
reveals 3-D winds (ritical event coverage |
& turbulence via SmallSats

72nd International Astronautical Congress (IAC), Dubai, United
Arab Emirates, 25-29 October 2021.
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Baseline Polar Orbit Maintenance

» Periapsis altitude keeping is needed
— Altitude decreases due to the solar gravity

* Primary Trajectory

Date [UTC] Delta V [m/s] F .

9 Nov 2034 12:47:08.745 529.676829 OrbiterVOl 5-Day Capture Orbit

31 Dec 2034 23:04:45.432 5.088827 \ \ \,\ \ \ Fent 2-

11 Jan 2035 00:09:28.996 5.22893 Em_j_“"\'-\, \ Orhiter-Lander separation

21 Jan 2035 01:33:08.849 7.07365 \’\f\, \ \\

31 Jan 2035 03:08:57.403 6.789112 \J\ W 2 P ea \ |

10 Feb 2035 04:47:11.189 4.492094 Wl \\ i v ‘ o

11 Apr 2035 13:44:51.732 4.328001 3 a

26 Apr 2035 18:06:29.645 5.427822 wb PAGRERRAEER] | EEErrkF A .

6 May 2035 21:36:14.781 6.909071 w7 T T e T e s ) < —

Total 45.337507 Periges luse (km) Orhiter divert maneuver Vﬁ“nov - Orbiter+Lander
° Backup Trajectory r %% target Lander Entry Interface

Date [UTC] Delta V [m/s] k Y

20 Sep 2034 17:36:44.053 157.607062 Orbiter VO L. \/‘ \ N\

13 Oct 2034 08:06:19.636 5.795453 /\, \adll \-\_

23 Oct 2034 09:54:21.387 4.695284 \/\

2 Nov 2034 11:52:05.301 5.018622 Wb \\ \

17 Nov 2034 14:36:02.725 4.363974 ok & \ /!

11 Jan 2035 22:39:47.718 4.829876 : \ i

27 Jan 2035 02:59:18.864 4.529397 B L e T

Total 29.232606 e e Event 4:

Venus_Altitude_Of_Periapsis (km)

Lander Entry interface

72nd International Astronautical Congress (IAC), Dubai, United
Arab Emirates, 25-29 October 2021.



Lander Release Sequence
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* Orbiter periapsis adjustment to 300 km Flight Path Angle at 175 km Altitude with Target Mvr AND Sep DV Errors
e Av=4567m/s 84 (30 Mvr Err: 0.19987 m/s, 1 deg; 30 Sep Err: 0.1 m/s, 1 deg)
* Entry corridor target maneuver -8.15 | -
» Targets the entry point for the probe s
e Av=23.03m/s
* Land (from interface to ground) ~1 hour @-8.25 -
. . . )
* Divert maneuver and communications 5 -83F /\ /\A |
* 80 minutes access time § 635 \ n . A VA R VA,
* Access starts ~¥8 min after landed £ e \/
e Av=130m/s O g4t 1
L
* Polar orbit 2 845 I
* Insert into a polar orbit for mapping
. o 85F |- FPA :
* Same apoapsis, periapsis of 200 km e
+ Ov=491.48m/s Py —— _
) : 3*RMS = 0.23653 deg
* Aerobrake Av not yet evaluated - ] 1 l 1
0 10 20 30 40 50
Monte Carlo Case No.
Lander entry interface [UTC] Lander operations start [UTC] Access start [UTC] Access end [UTC] totaltime
Lander 1 Feb 2034 07:51:45.745 1 Feb 2034 08:51:45.745 1 hour
Orbiter 1 Feb 2034 07:59:45.592 1 Feb 2034 09:19:45.586 80 min

72nd International Astronautical Congress (IAC), Dubai, United
Arab Emirates, 25-29 October 2021.



Science Orbit Aerobraking

Periapsis altitude for aerobraking : 130km-132km

— Atmospheric density at 130kmis 6.85 kg/km? on the dayside and 49.7 kg/km3
on the night side (MAVEN’s max. atmospheric density ~ 5 kg/km3)

— Max. velocity at periapsis 10.1 km/s (MAVEN’s max. velocity ~ 4.2 km/s)

Periapsis lowered for aerobraking
* From altitude of 7000 km to 130 km
« AV=116m/s

It takes 2 years to lower the apoapsis to 300km.

Requires 376 maneuvers and total AV of 215 m/s to maintain the periapsis altitude
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72nd International Astronautical Congress (IAC), Dubai, United
Arab Emirates, 25-29 October 2021.
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Small Satellites (SmallSats
Mission Design

72nd International Astronautical Congress (IAC), Dubai, United

Arab Emirates, 25-29 October 2021. 10



rdAansd

SPACE FLIGHT CENTER

Small Satellites Trajectory Design

e SmallSats requirements:
- Need to be in place before the balloon 9 Nov 2034 12:42:36.196 UTC ﬁna“_sat 1 (Venus ICRF) \
- Each need to provide 4 hrs of communications to the lander
- Total communicationtime 8 hrs (2 x 4 hrs)
- Lander atmospheric interface contact 19 May 2035 14:16:52.538 UTC

e Apoapsisaltitude: 18494.4 km
* Periapsisaltitude: 500 km
* Period:5.937 hr

* |Interplanetary transfer with arrival spiral (primary) * Inclination: 22.5 deg
- Start (separates shortly after launch): 6/6/2031 * RAAN:Odeg
- Venus arrival: 1/09/2034 \ Arg. of per.: 340.2 deg /
- End of upper spiral: 2/28/2034
- Dry mass: 175.1kg

- Phase propellant: 79.543 kg (10% margin already included with duty
cycle 90%) ﬁnall-satz (Venus ICRF) \
99.931 kg (backup) s Apoapsisaltitude: 18494.4 km
e Spiraldown requires .

Periapsis altitude: 500 km
- Phase duration: 32.65 days

- Phase propellant: 18.15 kg of Xenon (10% margin included)
* Orbit adjustment from circular to elliptical requires

- Phase duration: 135.00 days

- Phase propellant: 7.2 kg of Xenon (10% margin already included) \ Arg. of per.: 351.056 deg /

* Period:5.937 hr
* Inclination: 65 deg

* RAAN:347.726 deg

72nd International Astronautical Congress (IAC), Dubai, United

Arab Emirates, 25-29 October 2021. tH



Small Satellite Specifications

June 2031 Solution

Event # 2:

Venus
1/9/2034

Event # 1:

Departure

free point [ o, _____--- ==
6/6/2031

m = 280 kg

Begin spiral

m = 225 kg F

Primary Trajectory
*  Wet mass: 279.993 kg
* Dry mass: 175.1 kg

Event # 1:

e Engine: 2xBTH600 e it
16/2032
e Thrust: 0.0674N m = 300 kg
* Isp:1750s

* Power: 1kW array, 200W bus

e Launch date: 6 June 2031 10:47:38.66
UTC

* Final orbit arrival date: 15 Aug 2034
12:30:40.44 UTC

* No station keeping needed

72nd International Astronautical Congress (IAC), Dubai, United
Arab Emirates, 25-29 October 2021.

Event # 3:
End spiral

e
3/11/2034
m=210kg
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June 2032 Solution

Backup Trajectory
*  Wet mass: 300.381 kg
* Dry mass: 175.1 kg

* Engine: 2xBHT600
* Thrust: 0.0674N
* Isp:1750s

* Power: 1kW array, 200W bus

* Launch date: 6 June 2032
00:01:26.4 UTC

* Final orbit arrival date: 24 Aug
2034 15:38:52.46 UTC

* No station keeping needed

12
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{48 Conclusions

This work proves the feasibility of a Venus Flagship Mission with a single launchvehicle
* The design considered the most challenging configuration, with four platforms
* To a pre-phase A level of fidelity, such mission is possible with current technology and within the
capabilities of operationallaunch vehicles
* Mission would be possible as early as June 2031 with a backup launch opportunityin June 2032.

* The orbiting platforms (Orbiter and SmallSats) can be placed in orbits which satisfy the required science
goals as well as provide adequate communication access link to all planet bound platforms (Aerobot and
Lander).

* |t was shown that a propellant-efficient design exists for a Lander released from Orbit as opposed to the
more traditional “release upon arrival” used in other missions

* A one-of-a-kind Venus aerobraking campaign was identified as a mission enabler

Overall, the designed mission architecture complies with science and operational requirements. Such
architectural success s driven primarily by its timeline requiring each platform to be in place prior to the
execution of the next phase.

72nd International Astronautical Congress (IAC), Dubai, United

Arab Emirates, 25-29 October 2021. 13



