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Abbreviation List:

AV - Delta-V

AACE - Association for the Advancement of Cost Engineering
CDR - Critical Design Review

DSN - Deep Space Network

ECLSS - Environment Control and Life Support System

ERV - Earth Return Vehicle

EVA - Extravehicular Activity

FEA - Finite Element Analysis

FRR - Flight Readiness Review

ISRU - In-Situ Resource Utilization

IVA - Intra Vehicular Activity

JCAV - Jemison Crewed Ascent Vehicle

JMARS - Java Mission-Planning and Analysis for Remote Sensing
LMO - Low Mars Orbit

MAV - Mars Ascent Vehicle

MAVE - Mars Ascent Vehicle Engine

MECO - Main engine Cut-Off

MEMLI - Multi-Environment Multi-Layered Insulation

MMH - Monomethylhydrazine

MON2S5 - mixed oxide of nitrogen containing 25 % nitric oxide (NO) with the balance being nitrogen
tetroxide (NTO, N204)

MPS - Main Propulsion System

ORR - Operational Readiness Review

PMDBU - Power & Management Diversified Bus Unit

PDR - Preliminary Design Review

RCS - Reaction Control System (utilized as orbit course and angle thruster)
RPA - Rocket Propulsion Analysis

SDR - System Definition Review

SECO - Second-stage Engine Cut-Off

SLS - Space Launch System

SSTO - Single Stage to Orbit

TRL - Technology Readiness Level

VUDURU - Villanova University, Drexel University, and Rutgers University



Introduction:
Mission Profile Definition

With a growing interest in crewed missions to Mars, the space industry has realized several challenges in
achieving such a feat. One of the largest obstacles is reducing the size of the Mars Ascent Vehicle (MAV),
which will be tasked with transporting a crew from the surface of Mars to low Mars orbit. The VUDURU
Mars Ascent Expedition (MAE) team addresses such a challenge with their Jemison Crewed Ascent
Vehicle (JCAV). As one can observe, the team has embarked upon honoring the first African American
female astronaut, Mae C. Jemison. Just as Mae has trail-blazed and inspired so many, the team hopes to
do the same with their innovative, robust, minimal MAV design fully capable of advancing exploration of
Mars.

Mission Architecture
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Figure 1: Mission CONOPS

Design Requirements:
The Jemison Crewed Ascent Vehicle (JCAV) is constrained by and meets the following design
requirements:

e Delivers a crew of 2 from Mars surface to ERV: Life support system capable of handing the
crew for at least 2 days (with an expected 5.6 hour journey, and an assumed maximum of 9.7
hours for a missed orbit)

e 5,000kg dry mass limit || 20,000kg wet mass limit: MAV has a total estimated mass
(accomadating 400 kg of samples) of 19136 kg, with a dry mass of 4136 kg , and 15000 kg of
fuel.

e Necessary support interfaces: JCAV requires a Mars rover capable of docking with JCAV's
ingress tube, an Earth return vehicle (ERV) in a 200 km orbit, a Mars orbiter for relay
communications, and an available SLS block 1B for launching to Mars.

e Tech and System Development Timelines realistically serve mission landing date by
12/31/2034: development and manufacturing of JCAV requires the use of innovative technology
solutions, including the development of a MON-25 and MMH main engine by Agile,



multi-environment multi-layer tank insulation, rotating sample storage system, and minimum
ingress tunnel concept, all estimated to be integrated and tested by April 2033.

e Budget of no more than $2 billion yearly from 2025-2035: The MAV is budgeted for a total of
811.8 billion and is under the $2 billion maximum for each year.

e Mission Duration: The JCAV mission is estimated to be ready for launch by April 11, 2033,
arriving in Martian orbit on December 26, 2033.

Launch Trajectory

The Mars Ascent Vehicle will be launched from a launch site near NE Syrtis at an orbital inclination of
18.154° and launch azimuth of 90°. This will allow for the MAV to launch parallel to the equator. The
Earth Return Vehicle (ERV) will be in a 200 km orbit in the same orbital plane as the MAV. The MAV
will gain altitude until reaching an altitude of 125 km, 45 km above the Martian Karman line at which
point it will enter initial orbit. Due to Mars having a low atmospheric density, the effects of drag as it
ascends will be nearly negligible, particularly above the Karman line.

For the MAV to successfully dock with the ERYV, it is recommended that the MAV launches when the
ERV has a true anomaly of 14.1 degrees from the apse line, with an argument of periapsis of 90 degrees.
When the MAV launches, it will go through a single stage to orbit. For this single stage launch to
complete, it will take a total burn time of around 480.78s, with a max gravitational force of 2.17 g. The
delta-V for the launch of the MAV to an altitude of 125 km is determined to be 3489.7 m/s, however, the
MAV experiences a gravity loss of 480.04 m/s as its altitude increases and Mars rotation has a benefit of
159.25 m/s on the launch. This results in the total delta-V for launch being 3810.49 m/s.

Orbital Transfers & Delta-V Budget

After the MAV reaches its initial 125 km circular orbit, it will stay there in a parking orbit until there is
confirmation on whether or not it can do its second burn to go into the Hohmann transfer orbit. Doing so
ultimately allows for the transition into the 200 km circular orbit to dock with the ERV. The orbit of the
ERV was changed from a 250km x 1 sol to a 200 km x 200 km orbit. This was changed since this will
reduce the risk associated with failure to dock on the MAV’s first attempt, as it will have a period of only
1.82 hr and its altitude will be high enough to not require excessive burning of propellant to remain in
orbit. Additionally, this will significantly help in decreasing the total time it takes for the MAV to reach
the ERV. The initial parking orbit was also changed from 100 km to 125 km orbit to ensure there are no
drag effects on the MAV. The effects of drag at 125 km should be minimal as suggested in the paper
Optimization of the Mars Ascent Vehicle for Human Space Exploration, which describes that the effects of
drag on the thrust are analyzed for a 100 km parking orbit and are shown to affect the delta-V by 18 m/s
[1]. In this article, this was shown to be negligible and not of concern. Therefore, for a 125 km orbit, drag
would surely not be of concern. If necessary, to compensate for the effects of drag on the vehicle, the
MAV may use extra fuel to do slight burns, which will ensure that the MAV matches the orbital speed.

While in the 125 km orbit, the MAV will complete one orbit every 1.76 hours and will keep a constant
speed of about 3489.72 m/s. In this planned mission, the MAV will first complete one orbit around Mars,
during which the crew will do sensor calibrations and perform checks to make sure everything in the
MAV is working properly. As the MAV approaches the zero degree line at the horizontal, the ERV should
be at an angle of 2.79 degrees with respect to the MAV. At this moment, the MAV will do its first orbital
burn to enter the Hohmann transfer orbit of 125 km x 200 km, which has an orbital period of 1.789 hours.
This burn will require a delta-V of 19.2 m/s [2]. If all the launch times have gone successfully, the MAV
will then remain in this orbit until the ERV approaches its periapsis and successful docking is foreseeable.
At this point, the second orbital burn will be performed at the apoapsis of the transfer orbit, which will
have a delta-V of 18.283 m/s [2], so that the MAV can enter into the 200 km orbit, leading slightly ahead
of the ERV. At this point, since the ERV and the MAV will have matching speeds and trajectories, the
MAV can then proceed to go through the process of rendezvous and docking. After consulting with



several NASA engineers, we were able to
conclude that we can estimate the docking and
rendezvous to be around three hours. If by any
case the ERV docking is not successful, the S
MAV will remain in the 125 x 200 km transfer
orbit until the ERV completes a 200 km orbit
and comes in proximity with Mars again. 125X125 KM ORBIT

Through simulations in MATLAB and Excel, we t Delta V: 19.2 s
were able to determine the timings for a second
attempt and a third attempt. Performing a second [SERversss | — (m
attempt would take an additional 1.7179 hours | . S
and to do yet another attempt would take an

additional 2.33 hours. Therefore, with these
numbers the total flight time for the first attempt
at docking with the ERV would be 5.644 hours,
then for a second attempt 7.3619 hours and
lastly, for a third attempt, around 9.701 hours. If
everything goes well on the first attempt, then
the total delta-V for meeting up with the ERV
would be 3791.94 m/s, which is calculated with
the benefit of the rotation of Mars on the Figure 2: Orbital Trajectory (Made using GMAT and 3D Paint tools)
trajectory which is around 56.38 m/s. This required delta -v is significantly less than the total delta-v that
the MAV has available, therefore, there is roughly 1300 m/s ,which includes 197.80 m/s of RCS thrusters,
of extra delta v that the MAV can use for further attempts, docking and for course adjustments.

200X200 KM ORBIT

125X200 KM ORBIT

Environmental Conditions

The VUDURU MAE Jemison Crewed Ascent Vehicle (JCAV), is proposing to land at18'N,77 E, known
as the NE Syrtis site. These coordinates are located in the Utopia Planitia region of Mars, which has been
proposed as a potential exploration zone for human missions to the surface of Mars [3]. The humans will

travel t018.154 N, 76.82E, which is the launch site that is 16.76 km away from the NE Syrtis site
according to the generalized path created in Figure 6. The team previously proposed to launch at a
location that was 112.73 km away from NE Syrtis site because it was believed to have been the only other
safe, flat region to launch from. This previous location would have also included a total incline of 1,773
km. The new coordinates were chosen in an effort to conserve energy, reduce travel time, and increase the
efficiency of the mission.

Figure 3
The left image was taken from the JMARS [4] sofiware. The path begins at coordinates18. 154'N,76. 82 E and ends at the
coordinates18'N,77 E, which is by the Ulricehamn landmark. The right image is zoomed in further.



Using JMARS, a geospatial information system for Mars
PeeSETEa| mission planning, this new site was confirmed to be flat and
safe. From the NE Syrtis site to the launch site, there is
approximately a -53 m incline. Figure 7 shows the graph of
the incline. Along the path, the average annual wind speed
measures 6.2 m/s, and average maximum wind speed values
can reach up to 16 m/s. The mission depicts a launch from
Earth on April 11, 2033 (Julian Date 2463699.457175926), at
Ls = 149° and a landing on the surface of Mars on December
26, 2033 (Julian Date 2463958.457175926), at Ls = 303.5°

75 100

Distance (k) [4]. The mission will last for 30 days, so the crew will be on
1 s _ L. .
: M“L’”"E‘ ‘ Mars until it reaches Ls = 320.9°. This is optimal because, as
FEyE—— o6k seen in Figure 8, certain regions of the northern hemisphere of
| g , g P

Mars are the warmest during the northern hemisphere
winter(Ls = 270°), which is just after Martian perihelion (Ls =
Figure 4 260°) [3].

The incline from the launch site to NE Syrtis in meters.

SUMMER SOLSTICE ON MARS  TEMPERATURE ZONES. FROM MGS TES 150 20 W20

Figure 5
The NE Syrtis region is warmer during the northern hemisphere winter.

Using the data shown in Figure 9, temperature stability around month eleven due to dust storms can be
observed. This data bolsters the decision of landing during winter as it is also the end of dust storm season
on Mars [5]. Operating during the warmest part of the year ensures that systems on board, such as power
and propulsion, do not freeze up and potentially cause damage to onboard hardware. While at the NE

MARS Temperature Data (MGS TES) Syrtis site, the humans will be experiencing some of the

Latitude North 20°£0.5" Lon=0-360" at 14/02h lowest albedo values in the region, meaning surface

2;: |_’_ :§ ¢ tem.peratur.es will be higher on average [6] compared to otl}er
B E g! ﬁ!—l—t-:-ri-i ”:g . |, regions. Figure 10 shows the Martian ch.rnate zones, which
253!!_{{_' S LI M~ G M P demonstrates the albedo levels on the entire Mart.lan surface
- | WL [7]. The north and south poles of Mars have high albedo,
gaal Dust stomy | | gy meaning they reﬂe({t a lgrger relative. portion of sunlight,
103 F" i" i i i 2 480 Wherea_ls th_e NE Syrtis region has a relat.lvely low albedo. One
173kt 53 K 14 2 1100 potential risk posed to the astronauts is the fact that global
e L; RUS 5"! ti %8 | .20 Martian dust storms begin just after perihelion, however it
1apt il appears they will be arriving after the peak intensity of the
| -1999-12-25 (Ls 270°) [Ls 270°) 2001-11-11 | storms [8].

Mars 56-sol*-Month NMumber (*Menth 12 = 52 sols)

Figure 6
This image depicts temperature data for ~20°N.
Dust accumulation poses minimal risk as it can grow to only a few micrometers in thickness, which the
humans can remove with sensitive dust removal rags, compressed air, or a vacuum [9]. The dust storms



mainly affect the amount of solar radiation being received, which can be seen in Figure 11. At
approximately an Ls of 303°, the Curiosity rover measured a 17% decrease of solar flux on Martian year
(MY 32) and a 10% decrease on MY 33. Figure 12 shows the temperatures on Mars over different
latitudes throughout the year for both daytime and nighttime.

Dust Correction Factor

0 60 120 180 240 300 360

Lo
Figure 7 Figure 8
This image depicts Mars Global Climate Zones based The Dust Correction Factor is a
off of albedo as well as other variables. [5] measure of (normalized) solar

Sflux that the Curiosity rover receives.

daytime on Mars during one Mars
Year, at 0 longitude (14h local time) Minimum nighttime temperatures on Mars during one Mars
Source: MGS TES (Jun 1 2000- Apr 18 2002). Year, at0 |°ngitude (ozh local t"-ne)
61 65 66 64 60 54 50 47 46 47 51 56 length of 30-Ls Month{sol) Source: MGS TES (Jun 1 2000- Apr 18 2002). 90
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Figure 9: The left image is a map of daytime temperatures on Mars throughout the year over different latitudes. The right image
shows nighttime temperatures for the same latitudes.

Julian Date Solar Longitude Martian Month
(Ls)
Launch Date April 11, 2033 2463699.457175926 149° 5
(from Earth)
Arrival Date December 26, 2033 | 2463958.457175926 303.5° 11
(on Mars)
Launch Date January 25,2034 | 2463988.457175926 320.9° 11
(from Mars)
Table 1.

These are the dates of significance, along with their respective Julian Date, Solar Longitude, and Martian Month.



Mass Estimate

Subsystem Mass (kg)
Crew Cabin and Structures 1,368
Ingress Tunnel 120
Communications 103
Avionics 30
Electronics and Power 735
ECLSS 223
MPS and Empty Tanks 1,199
Crew (2) 197
1.5 Days of Oxygen and O2 (and tanks) 30
IVA suits (2) 31
Samples 100
Dry Mass total 4,136
Propellent 15,000
Fueled MAY total 19,136

Table 2. : Subsystems and their Masses
Mass of the MAV is one of the driving constraints for this design. Given the 5000 kg dry mass limit and
15,000 kg fuel limit (with a total limit of 20,000 kg), tracking the masses of the various subsystems was
critical to meet design requirements. As of the current design of the JCAV, the total dry mass of 4,136 kg
provides design with a 17% mass margin on components.

In order to optimize mass, FEA was conducted on team-designed structural components. Specifically, the
landing legs and tank mounts (assumed to be aluminum), which are both mission critical and large
sources of structural mass. Structural analysis was conducted by applying the maximum load to
components: the landing legs were tested under 5000 kg and the tank mounts under the total propellant
mass of 15,000 kg. Masses were reduced on these components while still maintaining a safety factor of 2.
This method allowed for mass savings upwards of 500 kg, allowing for more components to be added to
other subsystems.

Type: Safety Factor

nit;

4/24/2021, 9:30:50 PM
15 Max

Type: Safety Factor

Unit: ul

4/24/2021, 9:52:56 PM
15 Max

|| 3.37 Min

W

Figure 10 Figure 11
FEA Landing Legs FEA Tank Mount



MAYV Design

The JCAV is a single stage design, consisting of a landing structure, crew cabin, propellant tanks,
and solar panels (in the surface configuration).

Figure 12 Figure 13
Landed Configuration Orbital Configuration

The JCAYV, upon launch, will drop the deployed solar panels and surface communications systems, along
with the landing structures. The MAV is sized to fit within an SLS rocket configuration, with a total
launch configuration width of about 5 m.
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Figure 14
Dimension Views of top and side of JCAV

The sample storage system, although a simple concept, provides the JCAV
with versatility in regards to storing samples. The sample storage system

" is a rotating, compartmentalized, section under the crew cabin of the
MAV. In total, it houses 16, hermetically sealed containers, each with a

j _wm volume of 0.037 m?, for a total storage volume of 0.59 m’ . This

/ considerable amount of space allows the MAV to accommodate a large

range of samples and cargo.

Figure 15
Slice view of the sample storage system
The sample storage system allows for a flexible storage architecture. The entire sample storage is
separately sealed and pressurized from the crew cabin. Therefore, samples can be stored from the Martian
atmosphere. Anytime during the 30 day mission on mars, the crew may access the sample storage hatch
(located under the crew side hatch) and can place samples in the containers as needed. Before launch, the

10



sample storage system will also be pressurized by the system used for life support. Given that this system
is filled via the martian atmosphere, a robust dust mitigation system is required. Forward work will be
conducted on this system to provide the safest possible dust mitigation.

In orbit, and upon docking with the ERV, the crew will be able access sample containers via a sealed
hatch on the floor of the MAV. From this hatch, the crew may remove the samples and transfer the
containers into the ERV.

A key factor of launch activities for the JCAV is the crew ingress tunnel. The crew ingress tunnel is
designed to keep the crew isolated from the Martian environment in order to enter the MAV before
launch, without requiring a dedicated airlock on the JCAV. Instead, the crew will rely on the use of a
pressurized rover which the crew will ride to the launch site, and will connect to the MAV via the ingress
tunnel (stored in front of the side hatch). Though the use of an external rover puts extra strain on the
aspects of the mission architecture outside of the MAV, current proposed mission architectures for human
mars mission commonly include a pressurized rover. According to the Mars Design Reference
Architecture, a pressurized rover with the ability to support 2 crew members and provide a system to
perform EVA from the rover [10]. Similarly, current proposed MAV mission architectures utilize a rover
mounted ingress tunnel to facilitate crew ingress [7].

The design of the crew ingress tunnel is based on a few assumptions. Besides the need for a pressurized
rover, this rover must also be equipped with a 1 m by 1 m square docking port, which is the specification
given for a crew ingress architecture [11]. Similarly, the rover must be able to physically interface with
the ingress tunnel.

The crew ingress tunnel is stored in-front of the side hatch of the MAV, and is covered by a cap which can
be removed by the crew. When operations begin for the tunnel ingress, the crew will be required to
perform EVA and remove the cap storing the ingress tunnel. After this is completed, the MAV will begin
pressurizing the tunnel (which is sealed on the rover end) with the same system used for the crew cabin
pressurization. This partial pressurization will allow the crew to easily maneuver the tunnel off the MAV
and onto the docking port on the rover. At this point, after leak checks have been conducted, the crew can
fully pressurize the tunnel via the rover’s pressurization system. Upon full pressurization, the crew may
begin operations to enter the MAV. To enter the MAYV, the crew will don clean IVA suits, and travel
through the ingress tunnel to the MAV side hatch. Before opening the hatch, the MAV will have been
fully pressurized, such that the pressure is slightly higher than the pressure of the rover. This pressure
difference will encourage a flow of air outside of the MAV further mitigating dust and contamination.
The crew ingress tunnel will stay connected until lift off. Close to liftoff, the tunnel will be
pyrotechnically ejected. Although the ingress tunnel is only single use, it will be removed at the latest
possible event before lift-off in order to mitigate this risk.

The ingress tunnel mass and general design is based on study conducted to evaluate various MAV tunnel
concepts. The JCAV ingress tunnel utilizes the collapsible tunnel concept, in order to save space and
mass. Additionally, the ingress tunnel in JCAV’s mission architecture is installed by the crew through
mars surface EVA, removing the need for an automated alignment and connection system. In total, the
estimated mass of the crew is 120 kg [11]. This mass includes the tunnel material, support structures,
docking interfaces, handrails, and maintenance kit.

Engine Configuration

The MAV will consist of a single stage to orbit (SSTO) main propulsion system (MPS) with a reaction
control system (RCS) for small orbital maneuvers. The engine design in the MPS will be custom built,
henceforth referred to as the Mars Ascent Vehicle Engine (MAVE), as shown in Figure 15. The MAVE
will utilize turbopumps in a fuel rich open cycle to allow for high efficiency. The MAVE will be
regeneratively cooled using MMH [12]. The dimensions and performance parameters of the MAVE,
calculated assuming 95% efficiency from Rocket Propulsion Analysis (RPA) software, are shown in Table
4 and 5 [13].

11



The MPS contains five 20 kN MAVE’s that can be gimbaled plus or minus eight degrees in the pitch and
yaw axes, four nested Aluminum-Lithium 2195 tanks that each hold oxidizer and fuel (mass per tank
listed in Table 6), and a helium pressurization subsystem [14][15][16][17][13]. This subsystem will be
contained within the propellant tanks, in order to address structural MAV design constraints [18]. The
nested tank design was chosen to reduce volume allocation and to ensure a balanced center of mass [18].
After the MPS is depleted of fuel, the crew cabin, RCS, and nested RCS propellant tanks (mass per tank
listed in Table 6) remain. There are four RCS units on the corners of the MAV that each contain four
thrusters, for a total of 16 thrusters. The RCS is an innovative design utilizing the same propellant as the
main engines, MON-25/MMH, using a pressure fed design [19]. Tank dimensions are shown in Table 6
which includes anti-slosh, anti-vortex, and ullage accommodations [20][21][22]. Volumes were calculated
using the density of both MMH and MON-25 at 25 °C, as this is the temperature at which the propellants
will be loaded on the pad.[23]

Performance Parameter Performance Parameter

Delta V (MAVE) [m/s] 4893.45 | RCS Propellant Mass [kg] 293.74
Delta V (RCS) [m/s] 197.80 Total Propellant Mass [ke] 15000
Required Delta V [m/s] 379194 Chamber Pressure [psi] 1100
Margin of Error [%4] 3452 Helium Tank Pressure [psi] 10000
Safety Factor 1.497 Maximum G-Force [g's] 217
MAVE Propellant Mass [kg] | 1470626 | MAVE Burn Time [s] 480.78

Table 3. Summary of chemical propulsion system parameters

. . . . Engine Paramete Magnitud
Engine Dimensions Magnitude
Chamber Thrust [kN] 2035

Chamber Radius [ﬂlﬂl] 6530 Specific Impulse at Ground [s] 326.63
Chamber Lenoth [I'IM] 36.03 Specific Impulse i Vacuum [s] 33354
i Total mass flow rate [kg/s] 5.90
Throat Radius [mm] 21.56 >
Oxidizer mass flow rate [kg/s] 4.09
Exit Eadms [n:]_tn] 431.06 Fuel mass flow rate [kg/s] 1.81
. . Oxidizer-Fuel Ratio 2.16
Expansion Fatio 400:1
Total engine mass [kg] 70
Bell ]_.E'Ilgth [II]I'ﬂ] 229 83 Divergence Efficiency [%] 98.90
. Drag Effica 7 [%a 99.16
Exit Angle [degrees] 8.00 rag Eficiency [
Thrust coefficient in vacuum 2.02
Table 4. Summary of MAVE Table 5. Summary of MAVE
specifications from RPA dimensions from RPA
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Figure 16. Custom MAVE CAD model and RPA design schematic

2.55m

Figure 17: Top view of MAVE featuring MPS, Figure 18: Side view of the MAVE
featuring RCS tank diameters, and tank distancing RCS propellant tanks including tank height

Tank Parameters

Propellant Selection
No. Nested Tanks 4 4 The MAV will utilize an innovative MON-25/MMH
hypergolic propellant combination in both the main
engines and the RCS. This facilitates a design that
Tank Mass [kg] 154 13.4 requires less complexity and power requirements than
current MAV propulsion systems and allows for
operations over a wide range of temperatures [25]. The
MMH Tank Volume [m°] 133 0.0241 inherent risk of using hypergolics in close proximity is
accounted for with the Aluminum-Lithium 2195 nested
tank material [26][27]. Oxidizer MON-25 is a mixture of
MMH Ullage [%] 248 2.48 75% nitrogen tetroxide, N204, and 25% nitric oxide, NO,
in mass [14]. This ratio is desirable because of its low
freezing point (-55 °C) compared to traditional N20O4
MMH Tank Pressure [psi] 10-50 | 176333 | oxidizers, and a freezing point similar to MMH (-53 °C)
[14]. Such temperatures are important for withstanding
the harsh Martian climate and allowing for less complexity
than that of cryogenic propellants such as common liquid
oxygen/liquid methane designs. An ideal temperature range above -40 °C is pursued because N204
begins to crystallize out of MON-25 at this temperature [14]. Below 0 °C, MMH has a significant
increase in viscosity as temperature decreases [14]. As a result, the constant internal tank temperature is
held at 0 °C to minimize the difference in viscosity between oxidizer and fuel and optimize power
consumption through heating. Minimizing viscosity difference is preferable in design of the fuel injectors.
To perform the requisite temperature adjustments, the MAV will use a resistance-based patch heating
system applied on the inner layer of the insulation on the propellant tanks, functioning at near 100%
efficiency [28].

To date, there has not been in-space flight testing using these propellants as the MPS. However, such an
engine will be designed and manufactured for use on the MAV by Agile Space Propulsion, who have
evidence of manufacturing engines to TRLS in as little as twelve months [29]. An existing N204/MMH
engine can be retrofitted to utilize different propellants to expedite this process, and in this case, MON-25
will replace N204 [30]. In addition, the benefits of MON25/MMH allow for the MAV to land on Mars
fully-fueled without the need for an In-Situ Resource Utilization (ISRU) system, which would create

Tank Volume [m®] 3.15 0.0621

MON-25 Tank Volume [m?] 1.82 0.0379

MON-25 Ullage [%4] 3.49 3.49

MON-25 Tank Pressure [psi] 10-30 176-333

Table 6: Prapellant towk design summary (247
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additional timeline and design complications while increasing the possibility of a critical system failure
[31][32].

Thermal Information

The Martian surface at the landing site is subject to temperature fluctuations and complications that, if not
accounted for, could cause issues including freezing propellant, crystallization, and viscosity variations
for the MON25/MMH fuel and oxidizer combination supplemented by NO [14].

In order to prevent these issues, the fuel tanks have been insulated with a Multi-Environment Multi-Layer
Insulation (MEMLI) [33]. The fuel tanks’ temperature will remain at or above 0 °C, which minimizes the
variations in viscosity and prevents freezing and crystallization[ 14]. The configuration of MEMLI has a
heat flux of 1 W/m?, with an emissivity of 0.01 and a mass of 1.2 kg/m?*[34]. MEMLI will be at TRL 6
[34]. The performance of MEMLI is shown at various internal and external environmental temperature
differences in Table 7. The internal temperature of the propellant tanks will be kept at 0°C (to ensure no
crystallization of propellant). Considering the external environmental temperature is -55°C, the average
heat flux of MEMLI will be 0.96 W/m?.

Polyimide, etched foil patch heaters with a single aluminum
side for heat spread, will be used to heat the cabin and
20 0.35 propellant tanks. [28]. For each propellant tank, heaters are
55 0.96 evenly spaced patches that are 24 mm by 165 mm. Each
MPS tank has 676 patches of heaters, and each RCS tank
will have 52 heaters. In addition, every other heater will be
Table 7. MLI insulation heat e at interna  10ACtive and will be used as a backup or in case of
and extarnal temperature differences failure/degradation. Each heater will provide 1 W/m? of heat,
and the bonding adhesive will be Stycast 2850 [28]. The

heaters perform better than the Kapton film heaters traditionally used for heating purposes in spaceflight,
have a negligible change in resistance after 24 hour cycles (and less than 1% after a simulated 1033
day/night cycles simulating a Martian summer and winter), and can start at cold temperatures of down to
-80 °C [28].

Temperature difference (°C) Heat Flux (W/m?)

150 2.625

1410-1 165 mm

24 mm 83-Ohms

Figure 19. The dimensions of the heater configuration

Propulsion System Changes

The proposed propulsion system utilized staging maneuvers which was moved away from for design
simplicity. Transitioned from heritage systems as Mars is a foreign environment and systems would need
to be qualified for a mission there. Propellant will no longer be stored at -20 °C for further viscosity
optimization. Replaced immersion heaters with patch heaters for tank simplicity. MAVE was changed
from pressure fed to gas generator cycle for increased efficiency.

Human Factors

The MAV will consist of 2 astronauts with each weighing between 50 kg minimum to 98.5 kg maximum.
The height range minimum and maximums will be anything between 149.5 cm to 190.5 cm. The selected
suit for astronauts for the MAV flight is the IVA (Intra Vehicular Activity) with a mass of around 15 kg
per suit. This will ensure the safety of the crew of 2 astronauts during launch and flight. Since the duration
of the mission is rather short, an IVA suit would be suitable as it will provide comfort during the mission
that is not motion intensive.

The MAV will be using two recumbent seating arrangements (approximately 25 kg each) that will give
the crew capability to move freely in the seats. For crew safety, the crew will be seated perpendicular to
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the direction of motion during the flight, such that most forces travel through their chest. This means that
crew seats will be horizontal relative to the surface. Although this may pose some challenges to entering
the MAYV, the mobility of the IVA suits should allow the crew to manage the seating arrangements.

To maintain a safe environment for the astronauts, the MAV respiration environment for astronauts will
consist of N, & O, gas tanks that will supply the crew for the mission. Estimatedly, the crew will need
about 0.85 kg of oxygen per day [35]. The estimated mass for the N, tank is 22.84 kg and the estimated
mass for the O, tank is 6.85 kg. The MAV will be supplied with 1 of each. According to performed
calculations, this amount will supply the crew for 1 and a half days. This value is notably larger than the
maximum flight time, but was chosen in order to provide ample air supply for the launch operations and
tunnel pressurization. Accordingly, the pressure maintained inside the cabin will be maintained at 1
standard atmosphere (14.7 psi) [36].

To keep astronauts comfortable inside the MAV, a thermal system has been devised to keep the internal
cabin temperature regulated. There are two parts to the system, active and passive. Both systems are
similar yet slightly different to those found on the International Space Station. The active system involves
using resistance-based heating patches that have been calculated to need about 355Wh to run. These
patches will be attached specifically to the cabin walls, as it allows for better heat transfer. The location of
the patches will not harm any electronics or the astronauts, but it is worth noting that the patches should
not be touched due to them being used as a major heat source. As a result of the power consumption
required to run the system, it will mainly be active when the astronauts are not in the MAV and when
temperatures fall below -20 °C. This allows for the electronics and other equipment to remain functional
at a safe temperature as it isn’t designed to be exposed to the freezing temperatures on Mars. It will also
help keep the cabin’s electronics and necessary systems working and allow the astronauts to access at a
reasonable temperature.

At this point, the heaters will be used to increase the temperature to a more comfortable temperature. The
passive system then utilizes itself and expels heat from the astronauts and electronics to keep the cabin
comfortable. The passive system in question does not use any external power or have moving parts. The
major equipment associated with the passive system is multi-layered insulation (MLI) that is coated
outside the cabin. These MLI layers are typically made up of Mylar and Kapton and are similar in design
to what is being used on the MAV fuel tanks. The layers help to keep heat inside the cabin while also
keeping external heat from entering the cabin. Thus, it allows for the cabin to stay at a comfortable
temperature without getting too warm due to external factors. The MLI also helps protect astronauts
inside the MAV from solar radiation [37]. The reason the MLI is coated on the outside is because of how
the layers need to be set up. It requires one side that is reflective and opaque, and another side that is not
reflective in order for the MLI to fully function. This helps dissipate and reflect any radiation or external
heat. In addition, the reason for multiple layers of insulation is because each additional layer of insulation
helps to reduce heat transfer and offer better reflection toward any radiation trying to penetrate the cabin
(thermal, solar, cosmic rays).

In the event the cabin gets too warm, due to any variety of factors, a heat rejection system is built into the
MAV. The heat rejection system works by maintaining a system of fans and liquid loops to transfer heat
from the cabin to the external environment. These fans within the cabin ensure that air is being circulated.
The air then transfers heat to a loop of water circulating throughout the cabin which then transfers the heat
to a loop of allyl alcohol located outside of the cabin through a heat exchanger. The allyl loop then
transfers energy to the external environment through a heat sink. The purpose of using allyl alcohol is due
to the fact that it has a low freezing point of -129 degrees celsius (below the environmentally predicted
temperature) [38][39]. Using allyl alcohol also requires a few safety precautions due to the highly toxic
nature of the compound. Firstly, the alcohol is separated from the cabin through the usage of the water
loop and secondly will be piped in a stainless steel 316L pipe to ensure compliance with safety standards
[40]. In addition, the water loop will also be similarly piped, and both loops will be powered by 1/12 hp
magnetic drive pumps [41]. The fans used to be IMV fans as similarly found in the International Space
Station [42].
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To keep the crew safe, a dust-mitigation filtration system is implemented inside the cabin that will ensure
the safety of the astronauts. This is a 30 cm x 10 cm system with a mass of roughly 2-3 kg which would
prevent dust from getting inside the cabin. To further ensure the cabin from exposure of any dust the crew
will change into IVA suits which will prevent atmospheric dust from getting inside the cabin. Due to the
brevity of the MAV mission, complex CO, scrubbing systems can be avoided. Instead, utilizing a
chemical reaction with LiOH, which will react with CO, from the air effectively scrubbing it. The only
requirement for full functionality is consistent airflow across the cabin. One cartridge (7 kg) of LiOH used
on the Space Shuttle would be sufficient for the two astronauts [35].

For fire protection and safety of the crew, there will be a system of accessible and low powered sensors
capable of detecting multiple fire signature signals and other hazardous odors and deploying a fire
elimination system. Optimization will be done to fit the spacecraft environment with measured sensitivity
and false alarm amelioration. There will be a total of 2 smoke detection sensors with a total mass of 6 kg
that will be mounted inside the MAV. The fire elimination system will consist of a water-based foam at
least [43].

The JCAV mission time will be a minimum of 5.644 hours and a maximum of 9.701 hours. To ensure the
comfort of the crew the MAV will be supplied with 1 day supply of water for drinking (1.6 kg per person
per day), water in food (1.15 kg per person per day) and solid foods (0.62 kg per person per day) for
consumption . The food packaging will be low mass and high barrier that will be easily processed as
waste. Since the mission time is short, for crew waste management system, the crew will be provided with
Maximum Absorbency Garment (MAG) - an undergarment worn under IVA suit that will support the
crew for up to 8 to 10 hours.

Based on the research regarding “Recommended Crew Systems Capabilities for a Mars Ascent Vehicle as
a Function of Flight Duration” since the mission will not exceed 10 hours, extended waste management
systems (toilets) will not be included in the MAV [44]. There are steps that NASA requires all MAV
flights to contain. NASA-STD-3001 requires all MAV flights to contain space for crew for a good quality
rest (even for short MAV flights), crew to perform personal hygiene and some level of medical care. To
ensure that, MAV will be provided with a first aid kit and hygiene kit (no rinse shampoo, no rinse body
bath, deodorant, floss, toothpaste, toothbrush) both estimating around 1.8 kg per crew for both kits [45]
[44] .

Power, Avionics, & Communications (PAC) Systems
JCAV Mission Modes

Surface Attempt 1 Attempt 2 Attempt 3
. Operations (5.7hrs.) (7.4hrs.) (9.4hrs.)
[ e sl Daytime |Ascent/Orbital | Ascent/Orbital | Ascent/Orbital | Nightime
(Wh) (Wh) (Wh)
Propulsion- Thermals & Sensors 20.2 792.2 272.8 354.2
Propulsion- Gimbals 36.3 0.0 2.0 0.0
Avionics 29.7 0.0 2,052.0 2,664.0
Crew Operations, Life Support
Systems, Cabin Essentials 200.0 5,102.4 7,649.2 9,035.8
Power Electronics & Supporting
Elements 120.0 2,940.0 1,396.5 1,813.0
Communications- Surface
Operations 36.8 592.0 0.0 0.0
Communications- Orbital
Operations 67.0 0.0 581.0 830.0
Totals: 509.9 9426.6 11953.5 14697.0 17302.0

Figure 20: JCAV Power Budget- Gives breakdown of power used during different points of the mission.
JCAV utilizes two 1323.1 watt solar arrays with gallium arsenide triple-junction technology. Such has
been utilized on the InSight Mars Lander as well as the proposed Orion Crewed Exploration Vehicle
[46][47]. With approximately twelve hours of sunlight on Mars, the total power generated is
approximately 31,754 kWh. As seen in Fig. 19, a sol on Mars (twelve hours for daytime, twelve hours for
night), the JCAV consumes upwards of 20kWh, with built-in margins for emergencies. JCAV utilizes five
120V/55Ah Li-lon batteries for storage totaling 33 kWh [48][49]. It is important to note that one of these
five batteries is an extra for emergency activation if necessary. While designed for Orion, this battery
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technology has been rigorously tested through the years [48] and includes a ruggedized enclosure. There
is also a Power Management & Diversified Bus Unit (PMDBU) which regulates, distributes (DC-DC
converters) necessary loads, and features plugins for various bus-line operations (standard 120V, 28V, 5V,
52V). Other electronics and the supporting elements accounted for include the docking sensors, docking
camera, star trackers, data loggers, protection circuitry (watchdog timers, etc.), crew cabin thermals, and
crew cabin sensors (pressure, temperature, environmental) [50].

JCAV features a modified FMZ-2000 flight management system from Honeywell [51-54]. There are also
interactive screens aboard for the crew to utilize and adjust cabin settings as necessary. This will have
been flight-proven through voyages on Orion. The main system has three glass screens with a back-facing
redundant set.

LEGEND

Surface RX

Figure 21: Communications Map- displays the available communications links
JCAV will be utilizing multiple avenues of communication including S-band [55], Ka-band [56-58], and
UHF [59-60]. A Ka-band High Gain Antenna (HGA), a Ka-band Low-Gain Antenna, and a UHF antenna
will all serve as the eyes and ears for NASA back on Earth during the surface stay. The Ka-band HGA is
an innovative proposed design for a future Europa lander [61-62], while the LGA and UHF antenna are
optimized versions of the respective antennas found on previous martian rovers including the most recent,
Perseverance. As seen in Fig. 21, JCAV will use its UHF to transmit daily status telemetry to one of the
orbiting Mars Relay satellites (MAVEN [63-66], MRO [67-68]) which will in turn transmit to the Deep
Space Network (DSN) back on Earth. The Ka-band HGA will utilize a traveling wave tube amplifier
(TWTA) and transmit and receive telemetry/commands to and from Earth [69]. The LGA will accept any
incoming signals. For launch and orbital operations, conformal Haigh-Farr/Ball Aerospace phased array
antennas (PAAs) [70-73], as well as an experimental optical communications payload, will be utilized.
Haigh-Farr has legacy on the following: SpaceX’s Dragon vehicle, commercial jets, satellites, and
military vehicles requiring SATCOM, while Ball Aerospace has already delivered its PAAs designed for
Orion. JCAV will utilize the conformal PAA’s for direct communications to the DSN. Since it is the worry
of some at NASA that the current relay system might not be sufficient in the next decade, the
experimental MAScOT Optical Terminal payload will aim to demonstrate relay communications with a
future orbiter and/or direct communication downlinked to Earth [74-76]. While there are some
innovations being made within JCAV’s communications, the systems are robust and flight-proven/will be
flight proven upon JCAV’s use of them.

Development Timeline and Cost Estimate

With 2025 being the starting point of the
funding and development of the mission, the Total Cost Estimate (-10%)  Total Cost Estimate  Total Cost Estimate (+15%)
team would effectively have a grand total of

$10.607,196.054 $11.786,773.394 $13.554.639.403

Tolele 8 The extimates for total mission cost, ax well ax the cost margin
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18 billion dollars to utilize after the collective two billion dollars per year. Using a class four AACE
estimation model [77], as well as a cost estimate range of -10% to +15% [78], this provides a total
mission cost estimate as seen in Table 8. A more detailed breakdown of the cost estimate can be found in
Table 9, where the prices are broken down into the 2025 cost estimate and the 2033 cost estimate, using
an inflation factor estimate of 2.5% per year.

The development timeline, Figure 21, takes into account the lowest TRL items first, allowing the teams at
each station to devote efforts to maturing these items at a faster rate than those that are already at a higher
TRL level. This also incorporates the major review requirements done in order to verify the proposal and
development meet NASA’s standards for a vehicle in development.

Current Cost Future Cost
Estimate Estimate (2033
(millions) millions)
Avioric Desgn MAVE Engine $449 $406
- Tesing Begns Struclural Build w Development [79]
Funding Begins ST - Sl ris Avionic Landing on Mars
T L Wiy TE‘L"‘""" T RCS Engine $182 $103
INRRRE e COPV Tank m"’:""mm Final Buld 2. Dl ]
et evsloment o eign i oy | - B e
Comeotegn o e peant g Desgn & ukd sokeg | Engine Propellant $20 $23
777777 T Qualification Testing
TS| WS o5 08| IS e S 01| 2T | 2021 0 D |08 02| 28 D03 00| O Do 200 20 I |G 0 02| EE |02 203 | WO Do 200 [20]
‘fi‘:;"":"’!"" _ Miscellaneous 803 S118
it PropelantTank Rk lcimo ooy M':e;;g"ﬂ Power& Contol | comminicafons Propulsion Costs [30]
- P
Deve\o::::l Dedon 416 Power Design & S jﬁ'zcimihj ET_‘T, Bl
Begins Manufacturing . =
R Solar Panel Engine Supports g P e 5
: Dm‘;p,:':" . e Imp‘er‘:‘:" - Llfe Support Systems $135 $168
SDR&PDR Opfical Production Begins T e [82]
Completed Pior
to Development | =T Astronaut IVA Suits [83] $0.54 $0.67
Materials Development $3.625 84,159
[81]
Structure Integration and $1,087 $1,358
.I"'ni;i_"rru.J 22 .I'}('l'i-'l'rﬁrj.li'l#rlf fnin'rjtf.l'frli’.,rr.u JOAV Fehiede Production [81]
Structure Testing [84] 3815 §1,018
Control Systems [81] 580 §725
. . Power Internals [81] $118 $147
Risk Analysis & TRL
Communications [81] $315 $304
Solar Panels [81] $210 $262
Risk List Human Training [85] $240 $300
1 - Dust Storm 8 - Inadequate Delta-V Ground Processing and $1.065 $1,330
- - - Integration [81]
2 - Dust Accumulation on Solar 9 - Missed Rendezvous with
Panels ERV SLS Block 1B Launch 3876 §1,004
Cost [86
3 - Missed Launch Window 10 - Docking Failure (6]
4 - MAV Legs Detachment Failure 11 - Cabin Pressure Leak T
s ) e ke i
5 - Unintended Fuel/Oxidizer Mixture |12 - Communications Failure Table 9. HH("I-L*" t Breakdown
6 - Propellant Heater Failure 13 - Sensor Malfunction
T - Gimballing Electronic Failure

Likelihood
MAVE 3
Sure RCS 3
MEMLI &
MON25/MMH 5

Possible

Egress Tunnel 4
Improbable m Sample Storage 3
e b Dust Mitigation 5
Moderate | High Severe IVA Suitsu g
Table 10: Risk Analysis Matrix & list Table 11: Technology Readiness Levels
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Quad Chart

Theme: Minimum Mars Ascent Vehicle

* Deliver a Crew of 2 from Surface of Mars to
Earth Return Vehicle

+  Wet Mass limit of 20,000 kg

+  Dry Mass limit of 5,000 kg

Innovations:
* Utilizing an innovative engine
* 3 engine configurations
* Introducing an innovative fuel system
+  MON25 + MMH, Unused in Space Travel
* Innovation of crew ingress system
* Tunnel on Mars
*  Smooth, Problem-Free Crew Entry
* Improved communications
* Deep Space Communications Payload
*  Enhances Communication Between Earth
And Mars

VUDURU ML.A.E. Jemison Crewed Ascent Vehicle (JCAV)
Villahova x Drexel x Rutgers

(3 RASC-AL
Image depicting concept:

e

Concept Synopsis:

Our innovative idea is to further advance rocketry
through use of a mixture of MON25 and MMH as
propellant. Furthermore, our designed MAV features a
tunnel ingress system and an experimental
communications payload; some of the most cutting-
edge technology used in space travel. The parts of the
Jemison Crew Ascent Vehicle combine into an

unparalleled method of leaving the Red Planet..
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Appendix
Calculations

ROCKET EQUATION: Au = Isp * g * ln(%—)

Au - change in velocity

Isp - Specific impulse of rocket engine

9y standard acceleration due to gravity, 9. 8075
S

m £ final mass
m- initial mass

GRAVITY LOSS: AVGL = gmtbsin(cl))

g - standard acceleration due to gravity on Mars, 3.71-5
m s

t ) duration of burn time

¢- flight path angle at burnout

BENEFIT OF MARS TANGENTIAL VELOCITY: VMH = w 1 cosicos(incang)

My

[MarsBenefit]
W, - rotational velocity of Mars

" radius of Mars

A - latitude at take off

incang - inclination angle of the orbit

—QAV/V)
STAGE BURN TIME CALC: At = (M *m ) * (1 — e )

M - mass of rocket at start of stage
m - mass flow rate

AV- delta V of burn
Ve— exhaust velocity

ANTI SLOSH CALCULATIONS: s <0.2*R, a=2*w/R)- (W /R’)
s - spacing between baffles

R - radius of tank

a - fraction of the tank cross-sectional area covered by the baffle
w - width of baffle

LIFE SUPPORT COST ESTIMATES:

Cost = 5.65 * 10 " * Q"> * y*°
Q- total quantity of materials

*80.6° * (3.81* 10 )

M- dry mass of materials (kg)
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S- mission specification

10C- year of initial operational capacity (2033)
B- hardware generation

D- estimated difficulty

BUDGET CALC FOR GENERAL MATERIALS:
Cost = q * Qb s € x g5 x Q(/UOC—1900) o pf

a-9.51 * 10 "
Q- total quantity
b- 0.59

W- dry mass (kg)
c- 0.66

d- 80.6

S- system type
e-3.81 %10 >
f-—0.36
g-1.57

D- difficulty
inflation- the inflation rate (assumed here to be 2.5)

D, . .
g * inflation

ORBITAL EQUATIONS:

Kepler's Third Law: TZ/R3 = (4* 112) /(G * M) - Used for calculating orbital period
T = time in seconds
R = orbital radius

G = gravitational constant = 6. 67 * 10 "'m’ [(kg * sz)
M = Mass of Mars in kg

Vis- Viva Equation: v = J(u((1/r) — (1/a))) - Used for Hohmann Transfer Calculations
v = velocity

1 = Standard Gravitational Parameter of Mars

r = orbital radius

a = length of semi-major axis

Orbital Velocity: v = V(GM)/R
G = gravitational constant

M = mass of Mars
R = orbital radius

Equations Used for Simulating Times: - Timing and Launch Window Calculation:
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ERYV angular velocity: 360 degrees/ 109.05 min = 3.30 degrees / min.
ERV orbit : x(t) = 3.30t + 2.79 « initial starting angle of ERV
Hohmann Transfer orbit: y(t) =3.35t , 3.35 degrees/min«— angular speed of MAV on transfer orbit

2 equations above were run on MATLAB for 500 seconds. Data set was imported into Excel

400

300

200

Angle (degrees)

100

0 5.555556E+1 1.111111E+2 1.666667E+2 2.222222E+2 2.77TTT8E+2 3.333333E+2 3.888889E+2 4.444444E+2

Time (min)

The red line represents the MAVs path and the blue line represents the ERV path.
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