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EXECUTIVE SUMMARY

Executive Summary

The Crewed Venus Program for Interplanetary Discoveries (CVPID) aims to answer

critical questions about Venus outlined in the National Academies Planetary Science

Decadal Survey and demonstrate the enhanced science capabilities provided by a crewed

mission. The core of this mission is a 30-day period, where a crew of four astronauts

in a parking orbit around Venus will monitor, deploy, and guide an aerial vehicle and

multiple descent probes. These vehicles shall store and transmit data to the crew in order

to help scientists understand the current state and history of surface and atmospheric

compositions, geological activity, and habitability of Venus.

The 30-day science mission on Venus is driven by three science goals. These goals,

inspired by the Venus Flagship Mission, include investigating water and habitability, con-

ditions and composition, and the geologic activity of Venus [1]. These science goals are the

primary system driver for this mission and can be traced to specific scientific objectives,

measurement objectives, measurement and instrumentation requirements, instruments,

and vehicles in a comprehensive Science Traceability Matrix (STM).

The vehicles that will support the success of CVPID include a Crewed Orbiter, a

Buoyant Oscillating Wing-craft (BOW), and three identical descent probes conducting

Atmospheric Remote-sensing Research and Observation of Weather patterns (ARROWs).

This design shall only include specifications on BOW and ARROW descent probes, as the

design of the Crewed Orbiter is outside the scope of this project as noted in the Request

for Proposal (RFP). BOW is a drone-glider hybrid that utilizes neutral buoyancy and is

designed to oscillate above and below the sulfuric cloud layer in Venus’ upper atmosphere.

The operating altitude range of BOW is 55 km to 70 km, allowing the vehicle to glide

above, below, and through the sulfuric acid cloud layer for solar charging, data collection,

and ARROW deployment. ARROWs are descent probes that will focus on taking data

to determine atmospheric profiles, as well as lower atmosphere and surface composition,

during an approximately 73-minute descent from 70 km to the surface of Venus.

These vehicles have several points of human interaction to help maximize the scientific

return. BOW houses all three ARROW descent probes until the crew is ready to deploy
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each probe after surveying potential target regions. The crew may control the flight path

of BOW through several methods, including manipulating the buoyancy of the vehicle

and adjusting ailerons and flaps located on the aft end of the structure. When the crew is

not actively controlling BOW, the aerial vehicle will function autonomously, continuing to

collect data with selected instrumentation onboard. The crew may also remotely trigger

instruments if they encounter areas of scientific interest, which may include dense clouds,

volcanic activity, and significant surface features such as tesserae and coronae. During

these events, the crew also has the ability to increase the data and sampling rate of select

instruments.

CVPID has several system drivers that highlight the important factors that must be

considered in the mission’s design. These key drivers are mission and vehicle performance,

science capabilities, cost, and risk. To have optimal performance, the mission must

maximize communication, mission lifetime, and human involvement, while minimizing

power requirements and mass. Science capabilities are influenced by the design’s inclusion

of direct imaging and relevant instrumentation and sensors aboard all science vehicles.

Mission cost, including all production, launch, and operational costs associated with the

science mission on Venus, must not exceed 1 billion United States Dollars (USD) as

required by the RFP.

From these system drivers, and constraints outlined in the RFP, eight mission level

requirements were derived. These high-level requirements highlight the design elements

that define the success of this mission, such as timeline and budget constraints and

the optimization of mission operations that include human-robotic interactions. Specific

timeline requirements of this mission state that the crew and science vehicles must launch

and depart from Earth before December 31, 2037 [2]. Additionally, operation of the 30-

day science mission on Venus must conclude and the crew must return to Earth no later

than December 31, 2039 [2].

In accordance with these timeline constraints, the science vehicles will launch and

depart Earth aboard a SpaceX Starship on November 6th, 2037, with an approximate ∆v

of 13.1 km/s. The crew of four astronauts in a Crewed Orbiter will depart Earth on a
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separate launch vehicle the following day on November 7th, 2037. The science vehicles,

enclosed in an entry vehicle in Starship, will reach Venus and enter a parking orbit on

February 10th, 2038, until the crew’s arrival. The maneuver to enter this temporary

parking orbit has a ∆v of 1.6 km/s. Five days later, on February 15th, 2038, the Crewed

Orbiter will arrive at Venus and enter a separate parking orbit around the planet. On

this same day, the Starship will conduct another maneuver, with a ∆v of 1.3 km/s, to

decrease altitude and deploy an Entry Vehicle housing the robotic science vehicles. The

30-day science mission shall begin at the entry, descent, and deployment of these science

vehicles. Throughout the science mission, BOW and the ARROW descent probes will

conduct research in various regions of Venusian atmosphere with the support of the crew.

March 17th, 2038 marks the end of science mission and the beginning of the crew’s transit

back to Earth. The crew will return to Earth on January 6th, 2039.

The Crewed Orbiter will remain in a highly elliptical parking orbit around Venus for

the duration of science mission operations. This orbit has a semi-major axis of 20,000

kilometers, an inclination of 180 degrees, and an eccentricity of 0.58. With a period of 8.7

hours, this orbit will give the crew 7.2 hours of access to BOW on the dayside of Venus

when critical science operations may occur, and 1.7 hours on the nightside of Venus.

There will be 37 access windows across the 30-day science mission, giving the crew ample

time to monitor and control BOW and ARROWs.

The science vehicles in this mission shall be equipped with the proper materials, in-

sulation, and cooling systems to combat the corrosive cloud layer and intense pressure

and thermal environment in the lower atmosphere and on the surface of Venus. BOW

features an outer skin of fluorinated ethylene propylene (FEP) Kapton, an inner super

pressure chamber made of Vectran, a spherical anodized aluminum housing for instru-

ments and batteries, and sapphire crystal observation panels for cameras. BOW will also

utilize ZIRCAL-18 insulation and a Stirling cooler to protect instruments. ARROWs will

be made of titanium and will also feature ZIRCAL-18 insulation and a sapphire crystal

observation panel, as well as lithium nitrate, a phase change material.

CVPID will utilize both solar arrays and batteries to power BOW and ARROWs.
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BOW will be equipped with 27 m2 of Low-Intensity, High Temperature (LIHT) solar

arrays. These solar arrays will provide 6,900 W, which will directly power select instru-

ments and recharge batteries. BOW and all ARROWs will have Lithium-Ion batteries to

sustain scientific research. The batteries on ARROWs have a total usable power of 108

Wh. BOW has distinct duty cycles that define the vehicle’s power profile. Duty cycles on

BOW are broken down into periodic use instruments, near-continuous use instruments,

continuous instruments, and the systems ensuring the health of the vehicle. As BOW

travels across the nightside of Venus, non-critical components will be put on standby to

ensure BOW reaches dayside without losing power. Given the relatively short lifetime of

the ARROW descent probes, all ARROW systems shall be fully powered for the duration

of the roughly hour-long descent to the surface.

The communication, commands, and data handling system for this mission support

relays between the science vehicles, Crewed Orbiter, and Earth via the Deep Space Net-

work (DSN). S-band will be utilized for communications between the Crewed Orbiter

and science vehicles, whereas X and Ka-band will be used for communication with DSN.

Data handling systems shall assist the crew in the acquisition, processing, analysis, and

storage of data collected from BOW and ARROWs. The crew may control the trajectory

of BOW by taking advantage of atmospheric conditions and winds to vary its altitude,

velocity, and buoyancy. The crew shall be able to monitor vehicle and instrument health,

instrument operating status, and may trigger sample collection for select instruments on-

board BOW and ARROWs when in areas of scientific interest. Across mission lifetime,

BOW will collect approximately 1,400 GB of data and each ARROW will collect 3.3 GB

of data. The flight and data computers aboard the Crewed Orbiter and science vehicles

shall assist with data handling, crew control of vehicle flight path, status of vehicle health,

and commands for instrumentation and sensors.

The total predicted payload mass for CVPID, which includes the science vehicles and

all instrumentation and technology, is roughly 4,500 kg. This predicted mass includes a

growth allowance of 35% to ensure that the payload does not exceed the mass capacity of

Starship. Due to the high payload mass capabilities of Starship, cost is the most relevant
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budget constraint for this mission. CVPID is projected to cost approximately 990 million

USD. This includes a growth allowance of 34%, which is derived from several subsystem

growth allowances to mitigate the risk of CVPID exceeding the 1 billion USD constraint.

This predicted mission cost does not include launch, production, and life support system

costs for the Crewed Orbiter, as those factors are outside the scope of this RFP. However,

cost estimates for management, research, and development of the robotic science mission

are included in this budget.

This design shall not consider human risk and will only focus on the mitigation of

events that pose a threat to mission success. CVPID has immense risks due to the extreme

environmental conditions on Venus. Through the careful selection of instrumentation

with high technology readiness levels and suitable materials and insulations, the lifetimes

of this mission’s science vehicles may be significantly extended. A comprehensive risk

analysis is presented in the mission summary, detailing the likelihood and consequences

of a given risk event and the implemented mitigation strategy to decrease the likelihood

of such events occurring.
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1 INTRODUCTION

1 Introduction

1.1 Background

Every ten years, the National Academies of Science, Engineering, and Medicine

releases a decadal survey outlining critical questions related to planetary science and

astrobiology. This decadal survey highlights strategies that may allow scientists to learn

more about topics relating to the solar system and universe. Within these strategies

lie suggestions for investigations that can support the overarching topics discussed in

the survey. This includes interplanetary studies, such as the exploration of Earth's twin

planet, Venus. Many aspects of the history of Venus are relatively unknown and require

more data to formulate answers. Understanding the climate history of Venus may also

provide valuable insight into the future of Earth's climate. Additionally, studying Venus

may support ongoing research of exoplanets in other star systems, given that Venus is a

rocky planet relatively close to its star [3].

The harsh environmental conditions on Venus pose signi�cant challenges to the explo-

ration of the planet. The planet's rotation rate is incredibly slow, with a rotation rate of

roughly 243 Earth days [4]. This allows for a portion of the planet to be on the dayside

for roughly two months before shifting to another dayside window. Within the upper

atmosphere, Venus experiences a retrograde super-rotation, where regions of a thick sul-

furic acid cloud layer move at a near constant speed of 100 m/s [4]. This allows clouds to

circumnavigate the planet in the span of approximately four Earth days [4]. The sulfuric

acid cloud layer is extremely corrosive and may interfere with any attempts to take direct

images of the surface. Although conditions grow more extreme in the lower atmosphere,

there are temperature and pressure conditions similar to that of Earth between 55 to

60 km in the Venusian atmosphere [5]. The lower atmosphere is mainly composed of

carbon dioxide, with an average temperature of 460°C and an average pressure that is

ninety times that of Earth's [5]. Consideration of these intense environmental conditions

is essential to designing productive missions to Venus.

The presence of a crew may support a mission in many ways. For the exploration of

Venus, a crew may provide useful actions such as rapid response to unexpected scienti�c
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discoveries, allowing for 
exible mission execution. The utilization of near real time

control of robotic vehicles in the atmosphere or on the surface of Venus, opposed to

the slight delays incurred by waiting for communication with Earth, is a key method to

maximize the scienti�c return of an interplanetary mission.

1.2 Problem Statement

CVPID aims to satisfy the requirements outlined in the Request for Proposal

(RFP) provided by the American Institute of Aeronautics and Astronautics (AIAA) for

the 2023-2024 Undergraduate Team Space Design competition by emphasizing the value

of human presence in robotic interplanetary missions. At its core, CVPID features a 30-

day science mission where a crew of four astronauts aboard an orbiter around Venus will

monitor, guide, and deploy an aerial vehicle and multiple descent probes. These vehicles,

a Buoyant Oscillating Wing-craft (BOW) and descent probes conducting Atmospheric

Remote-sensing Research and Observation of Wind patterns (ARROWs), shall provide

data to help answer critical questions relating to Venus from the National Academies

Planetary Science Decadal Survey. The presence of a crew in orbit around Venus will

provide opportunities for real time commands, such as vehicle guidance and probe deploy-

ment, to enhance the science capabilities of a mission that may otherwise be autonomous.

1.2.1 Scope of the Problem

The scope of this project is heavily in
uenced by requirements listed in the RFP,

but also re
ects the requirements de�ned by the team to demonstrate the importance of

human presence and ensure the scienti�c impact of CVPID. The main goal of this mission

is to demonstrate the bene�t of adding a human crew to a robotic mission to Venus and

de�ne what additional science capabilities they may provide.

Per the RFP, this mission design must provide details from the following disciplines:

structures, propulsion, 
ight and orbital mechanics, thermal, electric power, attitude

control, communications, sensors, environmental control, economics, and scheduling [2].

The scope of this project will include this material and a detailed description of CVPID's

science goals, which may be traced to speci�c measurements and instrumentation through
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a Science Traceability Matrix (STM). CVPID's science goals are derived from questions

about Venus in the National Academies Planetary Science Decadal Survey. These science

goals are among the primary system drivers for this mission and shall have a signi�cant

in
uence in the results of subsystem trade studies.

As noted by AIAA, design elements such as the crew's launch, transit, and housing

are outside the scope of this RFP and shall not be considered in this design. Select

design considerations relating to the Crewed Orbiter that are relevant to the operation of

the robotic vehicles during science mission operations will be presented accordingly. The

duration of the science mission, with human-in-the-loop components, shall not exceed 30

Earth days [2]. All mission elements must depart from Earth no later than December

31, 2037 [2]. With consideration of development timelines, components such as vehicle

materials and instrumentation, must meet expected readiness levels or feature adequate

protection to the harsh conditions on Venus. Mission closeout, including the end of the

30-day science mission and the crew's return to Earth, must occur before December 31,

2039 [2].

One of the most prominent constraints from the RFP is budget. The total cost for

CVPID, including developmental and operational costs, must not exceed$1 Billion in the

�scal year of 2023 [2]. A growth allowance shall be applied to cost calculations for this

mission to provide a realistic estimate and mitigate the risk of going over budget. The

design of this mission shall abide by this budget constraint and all other requirements

and constraints provided by the RFP.

1.2.2 Needs, Alterables & Constraints

The needs, alterables, and constraints of this mission are outlined in Table 3. Needs

re
ect the overall objectives of this mission and constraints are set parameters de�ned

by the RFP and the team. Alterables are important features of the mission that must be

considered but have more 
exibility than constraints and may be adjusted to meet the

needs of CVPID.
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Table 3. Needs, Alterables, and Constraints for CVPID.

1.3 High-Level Mission Requirements

Eight mission-level requirements, shown in Table 4, were derived to properly de�ne

the scope of the project. Factors taken into consideration when de�ning the mission-

level requirements included the RFP project statement and the team-de�ned science

objectives. These requirements provide a foundation for the subsystem requirements,

which will be detailed in the following sections.

Table 4. High-level Mission Requirements for the Design of CVPID. Index M
refers to any mission-level requirements.

*The scope of this project speci�cally includes interactions between the human crew and the
robotic mission components. All human life support aspects are considered outside of the project
scope.
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1.4 High-Level Design Decissions

1.4.1 Value System Design

To satisfy the top-level mission requirements de�ned by the RFP and the team, the

key system drivers must be identi�ed and ranked in accordance with their overall impact

to the mission's success. These drivers include performance parameters for the science

vehicles, science capabilities of the vehicles and crew, mission cost, and overall risk to

the success of CVPID. This process, known as Value System Design (VSD), provides a

logical system to make informed design decisions. Figure 1 presents the overall system

drivers, as well as subsystem drivers that fall within these categories.

Figure 1. CVPID Objective Hierarchy. Main system drivers are grouped with their
respective subsystem drivers. Each item is paired with a measurement of e�ectiveness
and highlighted to denote whether the item must be minimized or maximized in the
mission's design.

When ranked, these drivers and their respective weights are a useful tool in the �nal

decision-making process for trade studies, whether high-level or speci�c to subsystems.

Table 5 outlines the �nal Analytical Hierarchy Process (AHP) weights for CVPID's key

drivers. These weights were calculated using a pairwise comparison matrix .
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Table 5. Analytical Heirarchy Process Weights. Weights are derived from objec-
tive and subjective rankings to determine the importance of each item.

1.4.2 Science Vehicle Selection

In order for CVPID to make signi�cant scienti�c impact, e�ective robotic vehicles must

be selected to carry out the robotic science mission on Venus. Multiple vehicle types were

considered for the science mission. Aerial vehicle considerations, which could be operable

either at a constant or varying altitude in the Venusian atmosphere, included a ballon,

a blimp-like airship, and a drone-glider hybrid. Both the balloon and airship vehicles

o�er relatively simple designs but are di�cult to provide propulsion to. Comparatively,

the drone/glider hybrid o�ers more controllability than the other aerial vehicle options.

Deployable vehicle considerations included a descent probe, a rover, a stationary lander,

and aerial vehicles that could be operated near the surface. Both the rover and stationary

lander would operate directly on the surface, posing additional environmental risks. Near-

surface aerial vehicles are able to operate close to the surface but would not include the

collection of scienti�c data directly on the surface. A descent probe o�ers a compromise

between a near-surface and surface operating vehicle, as it is able to take lower atmosphere

scienti�c data during its descent, followed by the collection of data on the surface.

To emphasize human involvement, it is bene�cial to include an aerial platform and

one or multiple deployable vehicles. Figure 2 provides paths for all possible vehicle

combinations for CVPID. These vehicles are grouped by their ability to have constant or
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variable altitude in the atmosphere and by their vantage points, which include surface or

near-surface contact.

Figure 2. Science Vehicle Trade Tree. Outlines all possible combinations for pro-
posed aerial platforms with deployable vehicle(s).

From this trade tree, �ve vehicle combinations were selected for a more detailed trade

study. These vehicle combinations include a drone-glider hybrid with probes, a rover

with probes, a drone-glider hybrid with a rover, a variable altitude balloon with a rover,

and a variable altitude balloon with probes. This trade study initially considered the

inclusion of one or multiple SmallSats to improve communication throughout the mission.

Although the use of SmallSats may allow for more communication windows for human

interaction, this component was ruled out due to high cost and budget allocations to the

aerial and deployable vehicles. The objective and subjective rankings of these vehicle

combinations for each system driver are shown in Table 6. Objective scores, seen in the

mass, lifetime, cost, and power columns, are derived from existing vehicle designs. These

designs include the National Aeronautics and Space Administration's (NASA) Zephyr

rover, the Deep Atmosphere Venus Investigation of Noble Gases, Chemistry, and Imaging

(DAVINCI) descent probe, the Aerobot Variable Altitude Balloon (VAB) from the Venus

Flagship Mission (VFM), and various drones and gliders from proposed missions for
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interplanetary exploration. Subjective scores, as seen in the risk, science capability,

and human involvement columns, were carefully derived by the team from the research

conducted for this trade study. Final scores indicate the recommended vehicle selection

based on the vehicle speci�cations and the AHP weights of the mission's system drivers.

Table 6. Science Vehicle Combination Trade Study. Includes potential vehicle
combinations for CVPID, with values and scores for each category of mission driver.
Final scores re
ect the rank of each combination with respect to these categories.

The results of this trade study show that a drone-glider hybrid with probes, with a

�nal score of 0.33, is a nominal vehicle combination to support CVPID. Although the

�nal score for the combination of a drone-glider hybrid and rover is close behind, the

risk involved with utilizing a rover is not feasible given the constraints of this mission.

High cost and low vehicle lifetime due to the harsh conditions on the surface of Venus

ultimately eliminate consideration of a rover. The use of one or multiple descent probes

is more suitable for this mission, as these vehicles may be more cost e�ective and include

more points of human interaction.

1.4.3 Crewed Orbiter & Human Involvement

As stated in the RFP provided by AIAA, consideration of all human elements beyond

their involvement with the mission's robotic vehicles is outside of the scope of this project.

While aspects such as human related costs, �v, and life support systems are not included

in the scope of this mission, this design shall include speci�cations on the crew's parking
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orbit around Venus, critical dates for the crew's transit to and from Venus, and details

on points of human-robotic interactions.

The crew of four astronauts will remain in a Crewed Orbiter for the duration of this

mission. The primary purpose of the Crewed Orbiter is to provide a central point of

communication between the crew and all vehicles in the atmosphere or on the surface

of Venus. The Crewed Orbiter will allow the crew to have near real time interactions

with the drone-glider hybrid and descent probes. Through this platform, the crew will

be able to monitor and con�rm data collection and make informed decisions relating to

the vehicles conducting the science mission on Venus.

1.5 Concept of Operations

The concept of operations (CONOPS) for CVPID is shown in Figure 3. As shown

in the CONOPS, the mission begins with two separate launches. The robotic science vehi-

cles, BOW and ARROWs, will leave Earth on a Starship launch vehicle on November 6th ,

2037, and enter their parking orbit on February 10th , 2038. The human crew supporting

the science mission will leave Earth on November 7th , 2037, and enter their parking orbit

around Venus on February 15th , 2038. Once the humans have reached their parking orbit

and are in communication with the science vehicles, Venus entry of the science vehicles

will occur, and the science mission will begin. The science mission will occur over a

period of 30 Earth days, during which BOW and ARROWs will collect scienti�c data to

support the mission objectives. The human crew will maintain communication with the

vehicles to provide real-time control, scienti�c analysis, and operational decision-making

during the science mission. On March 17th , 2038, the science mission will conclude, and

the human crew will depart Venus, returning to Earth by January 6th , 2039.
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2 SCIENCE MISSION

2 Science Mission

2.1 Science Goals

The main system drivers of this mission are the science goals. These goals were

derived from topics discussed in the Decadal Strategy for Planetary Science and Astro-

biology [3] with additional inspiration from the Venus Flagship Mission [1]. CVPID will

provide context to these goals through its science investigations detailed in the science

traceability matrix (STM) found in Table 7. While these science goals could not be an-

swered with a single mission, the sublevel objectives for this mission will provide direct

data and answers supporting these goals that, with a combination of future missions,

could answer these goals. The �rst goal is to understand the history of liquid water and

habitability on Venus. This will be addressed through science investigations such as look-

ing for organic chemicals and rock formations showing signs of past water. The second

goal is to understand the history of surface and atmospheric composition and conditions

on Venus. Spectrometers and atmospheric sensors will address this goal. Finally, the

third goal is to understand the geological activity and history on Venus. CVPID will

look for tectonic activity and any signs of active volcanism to address this goal. The

details of these goals are shown in Table 7.

2.2 Science Traceability Matrix

The implementation of an STM is widely used across national space agencies such

as NASA and ESA to describe what topics these missions will investigate and what

functional requirements must be addressed to accomplish these goals. Our STM shows

the overarching science goals guiding the science mission of CVPID, the science objectives

addressing these goals, and the high-level measurement and instrumentation requirements

to address these objectives. CVPID's STM was inspired by the Venus Flagship Mission's

science goals due to the relevancy of these topics discussed in the Planetary Science

Decadal Survey [3]. The CVPID STM is shown below in Table 7.
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Table 7. CVPID Science Traceability Matrix. GRS { Gamma Ray Spectrometer, NIR { Near Infrared, TLS { Tunable Laser
Spectrometer, NMS { Neutral Mass Spectrometer, AMS-N { Aerosol Mass Spectrometer with Nephelometer (Neph), MET { Meteorology
Suite, AS { Atmospheric Structure Suite, FM { Fluorescence Microscope, LIBS { Laser Induced Breakdown Spectrometer [1].
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2.3 Scienti�c Impact & Human Involvement

There are several upcoming NASA and ESA missions to Venus with launch dates

within the next decade including DAVINCI (Deep Atmosphere Venus Investigation of

Noble Gases, Chemistry, and Imaging), VERITAS (Venus Emissivity, Radio Science,

InSAR, Topography and Spectroscopy), and EnVision. Two of these platforms are Venus

orbiters while DAVINCI consists of an atmospheric probe and 
yby. The combination

of these three missions will provide complimentary data on the atmospheric chemistry,

global crust, and active surface processes [6]. CVPID's scienti�c impact shall aim to

complement these data sets as well as expand the range of data.

CVPID will be adding data on geochemistry, mineralogy, and speci�c rock types on

the surface of Venus. Additionally, CVPID will provide more observations below the

clouds along with sustained atmospheric exploration compared to any of the current

Venus missions. Some highlighted instruments onboard BOW include the Gamma Ray

Spectrometer (GRS) that will take radiogenic element measurements, the Laser Induced

Breakdown Spectrometer (LIBS) that will measure the abundances of common rock-

forming elements, and the Near Infrared (NIR) cameras will provide imaging on the

mineralogy and rock type. Onboard the ARROW probes the Tunable Laser Spectrometer

(TLS) and Neutral Mass Spectrometer (NMS) look at the abundances of light isotopes,

noble gases, and trace species, the Nephelometer (Neph) examines the structure and

particle size of clouds, and the Net Flux Radiometer studies the upwelling/downwelling

radiation and atmospheric circulation.

Additionally, unique to CVPID compared to other upcoming Venus missions, CVPID

will utilize humans-in-the-loop with the Crewed Orbiter to maximize science output.

Speci�cally with BOW, the crew will have semi-autonomous control of 
ight, and there

will be 4 NIR cameras that will be monitored while the vehicle is on the dayside of Venus.

A graphic of the �eld of view of these camera systems is shown in Figure 4(a). The crew

will be monitoring for any interesting features including dense lower atmosphere clouds,

signs of active volcanism, and signi�cant surface features including tesserae and coronae.

Upon the detection of these features, the crew might trigger the Fluorescence Microscope
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(FM) or the Raman-LIBS (R-LIBS) sampling. In the event of increased turbulence, the

crew might increase the data rate of the Meteorological (MET) suite to capture the data

of these events.

The most signi�cant aspect of human involvement is the real-time decisions on when

to deploy the ARROW probes from BOW based on the environment below. Scenarios

in which it would be advantageous for the crew to deploy the ARROWs include when

there are dense lower atmosphere clouds or signs of active volcanism including active lava


ows, smoke or ash plumes, and active eruptions. The crew may also choose to deploy a

probe if there was a repeat pass of an interesting surface feature in which they wanted

closer imaging of. The ARROWs each have one descent imager, with the �eld of view

(FOV) shown in the graphic on Figure 4(b).

Figure 4. Camera FOV. Graphic of camera FOV and directionality for CVPID vehi-
cles.

2.4 Instrumentation

2.4.1 BOW Instrumentation

All the instruments on board BOW support each of the science goals in multiple ways.

As discussed, there are four multispectral NIR cameras onboard BOW that will provide

high-de�nition video and panoramic capabilities to provide invaluable visual context to

the crew. This camera system is supported by a Digital Electronics Assembly (DEA). As

BOW 
ies overhead, the images collected could be stitched together to make panoramic

range images. The concept for this camera system was inspired by MastCam 34mm

onboard the Curiosity Rover [7].
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In addition to the camera systems, BOW houses two mineralogical spectrometers

including the R-LIBS and the Neutron Generator/GRS to study the rock features and

atmosphere. There is also an Aerosol Mass Spectrometer with Nephelometer (AMS-N) to

study the composition of the atmosphere. Additionally, a Fluorescence Microscope (FM)

will search for 
uorescing organic material and biosignatures. Importantly, there will

be a Meteorology (MET) Suite consisting of a barometer, temperature sensor, radiome-

ter, and wind sensor. These instruments shall be supported with a Sampling Handling

System (SHS) to ingest atmospheric samples through a pneumatic assembly. All these in-

struments excluding the camera systems are referenced from the Venus Flagship Mission

[1].

The cost, mass, power, data rate, and volume breakdown of all the instruments on-

board BOW is displayed in Table 8 below. All instruments referenced from VFM include

development cost, and a contingency of 30% was applied to all instruments budgets as

well, including cost.

Table 8. BOW Instrument Budgets. Outlined is the mass, cost, power, data rate,
and volume with contingency of each instrument aboard BOW.

2.4.2 ARROW Instrumentation

As with the instruments on BOW, all the instruments on board the ARROWs support

the science goals in multiple ways. There is a single multispectral NIR camera pointed

towards the surface for the duration of the descent. This camera will provide a high frame

rate video feed capturing the events of the descent. Like BOW, this camera is supported

by a DEA, and this camera system was inspired from the MastCam 34mm onboard the
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Curiosity Rover [7]. One point of further investigation for the camera system onboard

the ARROWs would be how to ensure the camera is facing down during the duration of

the descent. The assumption with CVPID's design is that there will be minimal swaying

of the probe once the parachute is deployed, but this topic needs further investigation

and analysis.

In addition to the camera, there will be two atmospheric spectrometers to take samples

throughout the descent, the Tunable Laser Spectrometer (TLS) and the Neutral Mass

Spectrometer (NMS). There will be a Nephelometer (Neph) like the one within the AMS-

N on BOW to measure aerosol light scattering. Studying the atmospheric environment

will be the Atmospheric Structure (AS) Suite, with a barometer, temperature sensor,

and radiometer. Finally, to support these instruments there will be a pneumatic Sample

Handling System (SHS) to ingest atmospheric samples. Again, all these instruments

excluding the camera system are referenced from the Venus Flagship Mission [1].

The cost, mass, power, data rate, and volume breakdown of all the instruments on-

board each ARROW probe is displayed in Table 9. All instruments referenced from

VFM include development cost, and a contingency of 30% was applied to all instruments

budgets as well, including cost.

Table 9. ARROW Instrument Budgets. . Outlined is the mass, cost, power, data
rate, and volume with contingency of each instrument aboard each ARROW.

16




	Signature Page
	Executive Summary
	List of Figures
	List of Tables
	List of Abbreviations
	List of Symbols
	Introduction
	Background
	Problem Statement
	Scope of the Problem
	Needs, Alterables & Constraints

	High-Level Mission Requirements
	High-Level Design Decissions
	Value System Design
	Science Vehicle Selection
	Crewed Orbiter & Human Involvement

	Concept of Operations

	Science Mission
	Science Goals
	Science Traceability Matrix
	Scientific Impact & Human Involvement
	Instrumentation
	BOW Instrumentation
	ARROW Instrumentation

	Geographic Regions of Interest
	Geography on Venus
	Regions of Interest for CVPID


	Transit, Orbit, & Entry
	TO&E Requirements
	Science Vehicle Trajectory
	Crewed Orbiter Parking Orbit
	Entry & Descent

	Structures
	Structures Requirements
	BOW Structure
	Design
	Exterior Structure
	Interior Sturcture
	BOW Instrumentation
	BOW Flight

	ARROW Structure
	ARROW Parachute

	Launch Vehicle
	Entry Vehicle

	Propulsion
	Propulsion Requirements
	Launch & Entry Vehicle Propulsion
	Propulsion Profile Overview

	BOW Propulsion
	Design Concept
	Buoyancy & Maneuverability


	Electric Power
	Electric Power Requirements
	BOW Power
	Power Generation
	Power Storage
	Power Usage

	ARROW Power
	Power Storage
	Power Usage

	Power Budget

	Environmental Control & Thermal
	EC&T Requirements
	Environmental Control and Themral Material Analysis
	Insulation & Cooling

	Communication, Commands, & Data Handling
	CC&DH Requirements
	CC&DH Relay CONOPS
	Links & Antennas
	Data Handling
	Commands

	Mission Summary
	Budgets
	Mass Budget
	Cost Budget

	Risk Analysis
	Scheduling
	Conclusions


	References

