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1 Executive Summary
THERMOS is an innovative, systems-level solution to the problem of significant boiloff during

long-term storage of cryogenic liquids in the space environment, carefully designed for implemen-
tation on Starship HLS and Depot vehicles within 3-5 years, in time for Artemis III. Our scope is
limited to long-termmitigation or elimination of cryogenic propellant boil-off in LEO,HEO,NRHO,
and on the surface at the lunar South Pole, aswell as some aspects of propellantmixing anddestrat-
ification, but only to the extent that these are required for thepurposeof safe andefficient operation
of our boil-off control system.

The long-term storage challenge implies selecting and optimizing technologies to reduce pro-
pellant boil-off, traded against the added drymass, complexity, and various forms of risk, including
schedule and programmatic risk. However, technology selection can change entirely depending on
when, where, and how the propellant mass is conserved by the proposed technologies. Therefore,
we used the model-based systems engineering paradigm to evaluate a wide range of passive and
active thermal control systems in terms of their predicted impact to two key mission-level figures
ofmerit: the Lunar Ascent PropellantMargin (LAPM), and the number of tanker flights required for
the mission.

Using this approach, we evaluated 26 alternative system architectures and down-selected to 3,
two involving a combination of MLI integrated with BAC (one on V3 and one on V2 Starship HLS),
and onewith justMLI on a V2 StarshipHLS. All three also include a novel propellantmixing system,
and a novel solar array backpanel radiator design. We then stress-tested these three configurations
forMLIDegradationFactors (DF) from4X to 12X, and for failure of up to all 7 cryocoolers, and found
that the V3 Starship with MLI, cryocoolers and propellant mixing system (architecture 023-MCB)
can withstand MLI DF up to 9X, and the failure of up to all but one cryocoolers, and still complete
the Artemis III mission with a LAPM of 10%. We then proceeded to conceptual and detailed design
of the proposed storage andmixing technologies, and also considered systemdevelopment, testing
and integration.

2 Mission Analysis and Design
Westarted by understanding the needs of our key stakeholder. We found that the primary stake-

holder is NASA, and their primary need is for the Artemis IIImission to bring the crew back to Earth
safely, with the mission taking place within the well-publicized target time frames. This under-
standing drove our choices for the metrics we would use to evaluate alternative system designs,
and also led us to first fully analyze and quantitatively simulate the HLS Concept of Operations of
the Artemis III mission, including all burns and orbital propellant transfers.

The first result from this analysis was our decision to adopt two top-level metrics aligned with
NASA’s needs for Artemis III. For amission benefitmetric best alignedwith the impact of reducing
boil-off rates on crew safety, we selected the fraction Lunar Ascent Propellant Margin (LAPM), de-
finedas thepropellant remaining inStarshipHLS tanks returning toGateway /Orion, dividedby the
propellant in the tanks just before lunar ascent. For a proxy for mission cost metric, we selected
the number of tanker flights that will be required to refuel the Starship HLS, so that it can complete
the Artemis III mission with the level of LAPM already calculated for that simulated mission.

Next, we developed a mission architecture model simulating the following events for Starship
HLS, Depot and Tanker: all orbits and locations used by the Artemis III HLS ConOps, all propulsive
burns, all loitering events and their duration in seconds, and all propellant transfer events. Sub-
models were added to simulate boil-off as a function of environmental and internal heat fluxes,
the mitigation of boil-off as a function of the technologies selected for infusion, the calculation of
dry mass as a function of the technologies selected, and various constraints including propellant
load limits, which depend on the version of Starship used (Appendix G), as well as power limits for
technologies that require power.

Using this model, we generated 26 system designs, analyzed them within our parametric mis-
sion context, and scored each system according to its impacts of benefit and cost to the overall
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mission, using the metrics LAPM and the number of tanker launches required.
From our analysis, we learned three key things that would influence our design decisions. The

first key finding was that the last refueling of Starship HLS using a Depot should take place not
in LEO, but at a highly elliptical orbit (HEO), of the order of TLI - 1600 to TLI - 1000 m/s. At
the cost of a few additional tanker launches, this would generate viable alternatives to use either
Starship V2 (1500 tons propellant) or V3 (2300 tons) for the HLS program. The former would have
more mission risk due to lower LAPM than the larger V3, but the latter would carry significantly
more programmatic risk, as it is still a paper rocket. So, we felt it was essential for NASA to have the
option to apply our long-term storage technology in either V2 or V3. The second key finding was
that NRHO (90 days stay) would be a very benign thermal environment relative to the Lunar
South Pole (LSP) (30 days stay), mainly because of the solar insolation angles. This would inform
decisions for different forms of passive insulation at the front and side of the vehicle. The third key
finding was thatHLS could produce twice asmuch electrical power in NRHO than at LSP, so we
assumed that the excess power at NRHO could be used by an active cryogenic storage system. This
finding reduced the burden of including an active system to augment the passive system.

3 Conceptual Design
3.1 Concept Generation and Selection

The preceding mission analysis, together with a technology search and model-building, re-
sulted in thegenerationof 26alternativemissionandsystemconcepts summarized in the tradespace
plot shown in Figure 1:

Figure 1: Tradespace of 26 alternative system concepts, trading LAPM for number of tanker launches. Three
high-performing concepts with different degrees of mission and programmatic risk, named 023-MCB, 019-MCB and

026-MB were down-selected for further design development.

The best-performing concept overall, delivering LAPM of up to 25.5% and requiring 15 tanker
flights, was 023-MCB, which included 60-layer MLI on the sides, 40-layer MLI in the front and
seven power-limited cryocoolers. This system also featured a novel sawtooth-shaped radiator on
the backside of the solar arrays with lower emissivity on the faces looking at the tanks, and de-
ployable lunar vertical solar arrays to enable running the cryocoolers on the Moon. The next best
performing concept was 019-MCB at LAPM = 18.5% and 14 tanker flights, also a hybrid with the
same technologies and approach as above, but using a smaller Starship (V2) HLS, which explains
the large gap in LAPM performance. In order to include an option with the least programmatic /
schedule risk, we also added to the down-selection list the best-performing Starship V2 HLS con-
cept that does not use active cooling: 026-MB with LAPM of 14.7% and 14 tanker flights. All three
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concepts also included a propellant mixing device developed by modifying existing baffles, as de-
scribed in subsection 3.3.
3.2 Large Surface Area Hybrid Radiative Insulation Conceptual Design

Based on our findings above, we were interested to explore both passive and hybrid systems,
i.e. different kinds of coatings and Multi-Layered Insulation (MLI), as well as systems where the
MLI system would be integrated with Broad Area Cooling (BAC), listed in Appendix J. The initial
reference design for our cryocoolers was a flight-like 90K, 150𝑊𝑡ℎ concept by Northrop Grumman
with specific power of 15 We / Wth and specific mass of 0.8kg /𝑊𝑡ℎ [6]. In the second iteration,
we switched to a better-performing Creare model, as described below. Cryocooler sizing at the
conceptual stage was carried out using simple scaling laws[4]. The cooling tubes are spaced 1m
apart and alternate between the seven manifolds, providing surge capacity to remove high spot
heat loads. The tubes continue for 7m past the top of the methane tank, so as to capture any heat
leaks conducted through the steel wall from the crew compartment above. Insulation for the dome
of the methane tank facing the crew compartment remains undeveloped and ought to be revisited
during future design development, in particular exploring the use of internal MLI and alternative
locations for manifolds and tubing.

In our conceptual design, theMLI-60 on the sides of the Starship (V3)HLS tanks has alternating
Dacron nets and foils for an effective emissivity of 0.016, using a conservative MLI Degradation
Factor of 4[5]. The blanket segments are structurally mounted on tubes carrying neon gas for the
90K Broad Area Cooling (BAC) system as shown in Figure 3, leveraging the structural and thermal
synergies thatmade the concept attractive. Theblanket is also perforated to allowair to escape after
launch. In addition, lightweight non-conductive mounts are fixed in between the tubes to create a
10cmgrid pattern for securemounting. An outer aeroshell shield is bonded to the outermost Kevlar
layer, and there is also an aluminum layer to address charging[5].

Figure 2: The integrated MLI, BAC andWhipple Shield concept: 28 cooling tubes flat-welded onto the tanks, with 4
connected to each manifold, each of which is served by one of seven 90K cryocoolers.

Figure 3: Cross-section of tank wall, cooling tubes, MLI and shield. The 60-layer MLI is mounted at the top of the
cooling tubes at a distance of 14mm from the tanks, and is enclosed within Kevlar layers and an external shield. Heat
leaks are guided to the cooling tubes where they are intercepted, and the overall arrangement also serves as a double

Whipple Shield, protecting the spacecraft from small, high-velocity MMOD impacts.
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3.3 Propellant Mixing System Conceptual Design
In case of contingency (e.g. failure of the cryocoolers) we have also designed a propellant man-

agement system for HLS, called Equalization of Temperature stratification through Hydrodynamic
Exchange and Redistribution (ETHER), which combines innovatively designed tank baffles and ax-
ial propellant pumps to reduce temperature stratification in the propellant. Themotivation behind
this is to take advantage of the spin-stabilization on HLS to create centrifugal forces on the propel-
lant. The existing baffles will be extended and twisted into hydrodynamic spiral-shapes, with a row
of baffles at the top and bottom of each tank. These baffles would be optimized to direct propel-
lant to the center of the tank forcing mixing to occur, taking inspiration from boat propellers. Both
the depot and the HLS will also incorporate small axial pumps to further ensure mixing and add
redundancy. By having passive geometric structures working in tandem with a small axial pump,
temperature stratification is mitigated with a relatively lowmass penalty. Any boil-off itself is used
to provide RCS thrust and the energy to run the thermodynamic vent system.

The conceptual design phase was followed by a more in-depth design phase of the baffles to
study their hydrodynamic performance. Initial computational fluid dynamics (CFD) simulations
modeled the propeller baffles effectiveness in performing their sloshmitigation function. Remain-
ing future work includes developing the specifications and requirements for the axial pump to re-
duce temperature stratification. Future detailed design development should strive to find the opti-
mal combination of hydrodynamic baffles and axial pump while also mitigating their added mass
to the rocket.
3.4 Design under Uncertainty: Stress-testing the three concepts

Having down-selected to the three concepts above (23-MCB, 19-MCB and 23-MB) and assessed
their predicted performance under ideal, nominal conditions, the next step started by recalling that
our primary stakeholder, NASA, needs an HLS architecture that will bring the crew back home to
safety and which will be ready in time for Artemis III. We interpreted this as a requirement that our
HLS should still be able to complete itsmissionwith acceptable LAPM> 10%, even if theMLI system
experiences a significantly higher degradation beyond the conservative DF = 4 already baselined. So,
wedecided to simulate the performance of eachof the three concepts under uncertainty, by varying
DF from 4 to 12, and varying the number of failed cryocoolers from 0 to 7. The resulting scenarios
which passed the required LAPM > 10% threshold (or were close to 10%) are shown in Figure 4.

FromFigure 4, we observe the following: the LAPM for the Starship V3 hybrid concept 023-MCB
is only slightly reduced from 25.5% to about 22.5% if all cryocoolers fail but DF remains at 4. At aDF
of 9, 023-MCB has a still-decent LAPMof 14.3% if no cryocoolers fail, and a DF of 9.7% if all but one
of the cryocoolers fail. At aDFof 8, 023-MCBexceeds the 10% threshold even if all seven cryocoolers
fail. By contrast, the passive Starship V2-based concept 026-MB starts at 14.7%whenDF=4 and falls
to LAPM of 9.9% with a DF=5. This means that the programmatically more attractive, passive, V2
concept 026-MB is significantly more risky from amission / technical perspective when compared
to 023-MCB. The latter can tolerate anMLI DF of 8 or 9 and still complete its mission. Therefore, to
preserve the option of retiring all risks and to complete the design, development and certification
of the integrated MLI / BAC /Whipple shield in time for Artemis III, at the end of the stress-testing
exercise we made the following design and project planning decisions: NASA and SpaceX could
aim for a hybrid passive-active Starship V3-based concept such as 023-MCB, which is capable of
sustaining its design performance under significant uncertainty; and they should select high-TRL
subsystems and a project plan built around rapid fly, fix, fly again iterations.
3.5 Summary of Down-selected Concepts

In the process of modeling alternative mission modes, we noted that the final refilling for HLS
should not take place in LEO, but rather at a highly elliptical orbit approximately 1 kilometer per
second of delta V away from a translunar injection. While this decision would increase the num-
ber of tankers needed, it would also relax constraints on viable designs. With the last refilling at
HEO, it is feasible to configure a HLS that could complete the mission using only passive cooling
technologies. All three down-selected concepts have acceptable LAPM’s above 10% at our nominal
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Figure 4: Stress Test Results: the three down-selected concepts were stress-tested for two key technical risks, the
possibility of a MLI Degradation Factor (DF) higher than 4, and the possibility of one or more cryocoolers failing. The
resulting analysis showed that the V3 hybrid architecture 023-MCB can tolerate a DF of up to 9 if one cryocooler is

running or a DF of 8 if all cryocoolers fail, vs. a DF of only up to 5 for the V2 passive architecture 026-MB.

4x degradation factor. Our passive V2 architecture, 026-MB fails to meet the LAPM requirement if
MLI degradation factor exceeds 5. The hybrid V2, 019-MCB, can better withstandMLI degradation
due to its cryocoolers but if those fail, the hybrid V2 ends up being less resilient to degradation.
We therefore selected the hybrid V3 concept 023-MCB, with a nominal 25.5% LAPM requiring 15
tanker refills, that can withstand both complete cryocooler failure and double the expected MLI
degradation and still meet our 10% LAPM target. The ConOps for 023-MCB is shown in App. K.

4 Detailed Design
4.1 Descriptive Goals and Constraints

Table1 summarizes themajordescriptive goals andconstraints (i.e., the "Level 1 requirements")
driving the design of the hybrid insulation and propellant mixing systems. They were derived from
our analysis of stakeholder and mission needs in Section 2, as well as vehicle limitations inherent
in the Starship HLS architecture and program.

The most important design goals listed in Table 1 relate to crew safety and schedule readiness
for Artemis III; these include targeting a robust Zero-Boil-Off (ZBO) capability for HLS at NRHO,
maintaining propellant quality for engine use, and aiming for compatibility and ease of integration
of our CFM system with the Starship HLS that will be used for Artemis III.
4.2 Materials andManufacturing Considerations

All selected materials have been chosen to meet the performance needs of our conceptual de-
sign described in Section 3.5 and Table 1, including adhering to the constraints of the Starship HLS
vehicle (which extensively uses stainless steel) and the space environment. Thematerial selections
are discussed in this section, and Table 3 in Appendix B summarizes all primary materials for each
subsystem component together with the selection rationale.

5



Table 1: Key Design Requirements and Constraints

Requirement or Constraint Description / Value
Max boil-off at NRHO for 90 days ≤ 0.1% of total propellant (targeting ZBO in

NRHO)
Lunar Ascent Propellant Margin
(LAPM)

At least 10% of propellant at time of ascent from
LSP shall remain upon arrival at NRHO, including
any unusable residuals

Propellant thermal stratification Δ𝑇 < 2 K across tank (ensure near-isothermal
propellant)

Robustness Systemmust tolerate severe failures (e.g. multiple
cryocooler outages, severe MLI degradation) and
still meet > 10% LAPM

Power availability (at NRHO) Up to 50kW available for active cooling (surplus
solar power in orbit where all arrays see the Sun)

Power availability (at LSP) All on-board power is assumed to be spoken for
byECLSS; cryocoolerpower&cooling loopduring
surface stay to be provided by external sources /
sinks

Materials compatibility All materials must be space-rated and compati-
ble with Starship (thermal, structural, and inte-
gration constraints)

Launch/landing loads Systems must survive vibration, acceleration,
anddepressurizationduring Earth launch (robust
mounting required)

Micro-meteoroid & Charging protec-
tion

Thermal insulation system should also support
MMOD and Charging protections (dual-purpose
shielding)

Our proposed new stainless steel structures (cooling loops, baffles) use the same 304L stain-
less steel and are welded directly on the HLS tanks. This steel alloy has good performance in cryo-
genic applications. Using the same steel for the external cooling tubes and internal baffles ensures
consistent thermal contraction behavior with the tank and reliable weld joints.

For the Multi-Layer Insulation system we use alternating layers of aluminized polymer film
and spacer meshes to achieve a very low effective emissivity. The blanket also contains specialized
structural layers to survive launch and to function as an effective MMOD shield. Since the HLS
and Depot are not intended to ever re-enter the Earth’s atmosphere, the externally-mounted MLI
does not need to survive Earth re-entry. Thermal modeling described in Section 4.3.1 indicated
that a total of 40 to 60 layers would be required. Aluminized Kapton provides the reflective layers,
with Dacron (polyester) netting as the main separator between layers to minimize solid conduc-
tion. The MLI blanket is subdivided into segments for ease of installation and to accommodate
tank geometry, with custom segments for required penetrations. Each blanket segment is struc-
turally supported primarily by the network of tank-welded steel cooling tubes (acting as strong
attachment rails and aligned with the primary aerodynamic load force vector) and by additional
G-10/PEEK/Aerogel stand-offs as needed between tubes.

Finally, for pump and baffle materials, the key point is that the mixing pumps and modified
baffles reside inside the cryogenic tanks and thus face liquidmethane or oxygen at very low temper-
atures. Stainless steel (304L) is used for baffles and any structural support for the pump, ensuring
mechanical integrity and compatibilitywith the tank. Aluminumpumpcomponents canbeused in
the methane tank to reduce dry mass, but the pump in the oxygen tank may have to be made from
heavier 304L steelmaterials. The pump impellers and internal hardware are stainless or titanium to
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handle rotation in cryogenic fluid. Bearings and seals in the pump usematerials like PTFE (Teflon)
coatings and ceramics that can operatewithminimal lubrication at low temperatures. Manufactur-
ing of the baffles involves cutting and forming stainless steel plates and welding them into a spiral
shape onto existing baffle rings. All welds and assemblies are designed to be inspectable and will
be cryo-tested for leaks and strength. The pump units are designed to be compact and bolt into
tank access ports, making use of existing tank interface points: for example, a top bulkhead fitting
for the pumpmotor wiring and a bottom sump inlet.

Eachmaterial choicehasbeenvettedagainstNASA’s standards for spaceflight (strength, flamma-
bility, outgassing, etc.) and against the Starship’s known constraints. By using mostly flight-proven
materials (steel, aluminum, Kapton, Kevlar), the design minimizes introduction of new material
risks and focuses on innovation in geometry and system architecture.
4.3 Engineering Analysis

To validate the feasibility of the proposed design, engineering analyses were conducted in both
thermal and fluid domains. These calculations demonstrate that the system can meet its perfor-
mance targets (near-zero boil-off and reduced stratification)within realisticmass andpower limits.
4.3.1 Thermal andMass Analysis of Passive Insulation

The dominant heat load on the cryogenic tanks in space is radiative transfer from the warm en-
vironment (solar radiation, planetary IR and albedo, and soakback from the engines) to the cryo-
genic propellant tanks. In a worst-case scenario without MLI, a bare stainless steel tank with emis-
sivity of approximately 0.8 would absorb tens of kW of radiative heat for the full tank surface area.
With theMLI in place, the effective emissivity can be reduced to approximately 0.01 or less, cutting
the radiative heat load by about two orders of magnitude.

A general theoretical model for MLI design to mitigate heat flux has terms for radiative, con-
ductive and convective heat transfer and is driven by material choices, design decisions and en-
vironmental factors. Starting from the Lockheed Equation 1, W. B. Johnson in his 2010 thesis [3]
rearranged it to search the design space for optimal layer thickness and, in the process, tested var-
ious coupons vs. model predictions to conclude that conduction through the MLI is a larger factor
than predicted by previousmodels [3]. We referenced Tables 4, 5 and 6 and Figure 20 from Johnson
2010 [3] to populate our model lookup tables with a few MLI options with realistic mass per unit
area and apparent thermal conductivity (k-values), as shown in Appendix H. In our final configu-
ration, based on the best k-value per areal density figure of merit, we selected the A144 Ball MLI
60, Coupon B. This was 60 layers in 15 sub-blankets, 2.6 mm per layer, 0.9 inch total thickness ex-
cluding the aeroshell, Kevlar and standoffs. With a warm boundary temperature of 305K and a cold
boundary temperature of 78K, the heat leakwas 0.369𝑊 /𝑚2 and the k-valuewas 0.037𝑚𝑊 /𝑚−𝐾 .

𝑞 =
𝐶𝑠 �̄�

2.63 (𝑇ℎ −𝑇𝑐 ) (𝑇ℎ +𝑇𝑐 )
2 (𝑁 + 1) +

𝐶𝑟 𝜀 (𝑇 4.67
ℎ

−𝑇 4.67
𝑐 )

𝑁
+
𝐶𝑔 𝑃 (𝑇 0.52

ℎ
−𝑇 0.52

𝑐 )
𝑁

(1)

Where,

𝑞 = Heat flux (Wm−2)

𝐶𝑠 = Coefficient of solid conduction (Wm−2 K−2)

𝐶𝑟 = Coefficient of radiation heat transfer (Wm−2 K−4.67)

𝐶𝑔 = Coefficient of gas conduction (Wm−2 Pa−1 K−0.52)

𝑇ℎ =Warm (hot) boundary temperature (K)

𝑇𝑐 = Cold boundary temperature (K)

�̄� = Layer density (layers per unit thickness (-)
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𝑁 = Number of layers (-)

𝜀 = Emissivity of the radiation shields (–)

𝑃 = Environmental pressure (Torr), valid for 𝑃 < 10−4 Torr (free molecular flow regime)

Conduction heat leaks, expressed in Eq. 1 by the first𝐶𝑠 term, are addressed in the THERMOS
design by carefully exploiting a synergy with the active cooling system. The active cooling tubes are
made of steel andwelded onto the tank exterior walls for broad area cooling, to structurally support
the MLI blankets during launch, and to "pull in" and intercept conductive heat leaks which reach
the cold boundary of theMLI blanket. By preferentially guiding heat conduction pathways into the
cooled steel tubes, the design efficiently intercepts heat leaks and helps prevent the formation of
“hot spots” on the tank. All other supports, mounts and penetrations aremade of low-conductivity
materials. The last layer at the cold boundary has added thickness for increased thermal conduc-
tivity to give rise to lateral thermal gradients towards the cooling tubes and reduce the flow through
the low-conductivity supports. Modeling, quantifying, optimizing and experimentally validating
the performance of this hybrid design is future work, as per our proposed technology development
program described in Section 6.
4.3.2 Lift, Mass and Power Analysis of Active Cooling

To maintain near-zero boil-off (NZBO), the seven Creare cryocoolers must remove as much of
the 1,400W residual heat leak (calculated for NRHO) as possible. Each Creare 150W@90 KReverse
Turbo-Brayton cryocooler provides up to 150 W of lift, for a combined capacity of 1050 W leaving
a 350W deficit of heat leak which will result in very slow boil-off in NRHO rather than true ZBO.
The electrical power required would be approximately 8.4 kW and the cryocooler systemmass, in-
cluding the seven cryocoolers, the network of broad area cooling tubes and seven manifolds was
estimated at approximately 3.4 metric tons (see dry mass calculations in Appendix E). This 8.4 kW
power draw is well within the NRHO power and likely heat rejection budgets and, on the lunar sur-
face, would bemet by deployable vertical solar arrays, such as the LAMPS or LVSAT concepts under
study for NASA.

The broad-area cooling (BAC) loop uses neon gas circulating through 28 cooling tubes on the
tankwalls. Neon remains gaseous at 90K (boiling point 27K at 1 atm), avoiding phase-change com-
plications and providing ample thermal capacity. Seven manifolds (one per cryocooler) provide
redundancy and segmentation: if one cooler is offline, the remaining six share its load via the inter-
connected network, preventing any single zone from warming excessively. The tube network also
adds thermal inertia (from neon and metal), buffering short heat spikes. Tubes are spaced at 1 m
intervals as shown inFigure 2 so that any localizedheat leak fallswithin 0.5mof a cooled tube—well
within the wall’s conduction length. This layout handles both uniform background loads and tran-
sients (e.g. sun patches or thruster firings). Any heat conducted through the tank structure from
the crew cabin and life-support systems (atop the methane tank) is intercepted by extending the
BAC tubing 7 m above the dome, capturing conducted heat from the crew-module interface.

Creare’smechanical engineering-modelhardwarehasbeenperformance-verifiedatNASAGRC,
achieving TRL 5, while its control-electronics package is at TRL 4. Ongoing vibration, thermal-
vacuum, and integratedheat-load tests aim to elevate both toTRL6,with a suborbital flight demon-
stration planned under CFMPP in 2025 [1].
4.3.3 Fluid Mixing and Stratification Analysis

To analyze the propellant thermal stratification, we consider the scenario of extended coast or
loiter where external cooling is reduced (e.g., cryocoolers off for a period). Inmicrogravity, without
active mixing, a thermal gradient can establish: warmer fluid tends to rise to the top of the tank
(though inmicrogravity “rising” is drivenbyany slightdensitydifferences andconstrainedby lackof
convection). In our design, two mechanisms induce mixing: the vehicle’s rotation (if any) creating
a centrifugal acceleration, and the internal axial pump circulation.
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(a) Design of baffles inspired by ship
propellers, with dual functions of slosh
mitigation and propellant mixing.

(b) CFD simulation indicates that the new
baffle design can fulfill the slosh mitigation

functionality.

Figure 5: A modified baffle geometry inspired by ship’s propellers will be used to help induce propellant mixing during
spin-stabilization.

Even a modest spin rate of the spacecraft (on the order of 2–3 RPM) can generate an effective
“gravity” on the order of 0.02–0.05 𝑔 at the tank radius, which is enough to cause the heavier (colder,
denser) fluid tomove outward and the lighter (warmer) fluid tomove toward the center. This forms
a stable stratification in a rotating frame. Our modified baffles disrupt the flow pattern to deliber-
ately induce radial mixing. The baffles are shaped like a ship’s propeller blade so that as the fluid
moves due to rotation of the tank. The spinning motion plus the curved baffles set up a secondary
flow that drives fluid from the bottom center of the tank upward and pulls fluid from the top pe-
riphery down toward the bottom. This convective loop helps equalize any temperature differences.

The axial pump augments this process by actively circulating liquid in a controlled manner.
We have conceived a small cryogenic pump (one per tank) that draws fluid from the bottom of
the tank and pushes it toward the top. The pump is sized to provide a flow on the order of the
tank volume every 24 hours. This turnover rate, combined with the passive mixing from rotation,
prevents sustained thermal layers from forming. Anywarmer fluid parcel rising to the top is quickly
re-mixed with bulk liquid before it can significantly evaporate or increase tank pressure. In the
event of excess ullage buildup within the tank, a thermodynamic vent system can be implemented
to release small boiloff amounts, which could potentially be utilized as thrust for attitude control
as well.

A crucial considerationwas ensuring themodifiedbafflesdonot impede theoriginal functionof
suppressing propellant slosh duringmaneuvers. Early computational fluid dynamics (CFD) analy-
sis results, shown in Figure 5b, suggest that by reducing the size of current Starship baffles together
with the addition of a layer of curved baffles, slosh dynamics will remain controlled. Further CFD
simulations are planned to iterate on the baffle shape to achieve efficient mixing, while still break-
ing up slosh waves. We have validated this by simulating linear acceleration cases in CFD. We will
continue this validation by simulating rotational acceleration cases as well. Additional CFD analy-
sis will also verify that the pressure drops induced by the baffles and pump are within acceptable
limits and that the pump size can indeed deliver the required flow. These simulations will be con-
ducted using StarCCM+, and will directly inform the pump specifications needed. The design goal
is an optimal combination of passive (baffles) and active (pump)mixing withminimal addedmass
or complexity.

In summary, the fluidmixing calculations and simulations indicate that the ETHER system can
effectively mitigate thermal stratification with modest rotational spin and a small pump. By doing
so, it preserves propellant in a useable state for engine ignition even after long dormant periods.
This satisfies the requirement for thermal homogeneity and backup pressure control without im-
posing large mass or power penalties.
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4.3.4 Shield / MLI Design Details to Survive Launch, Orbit, and Descent
Theoutermost layer of theMLI assembly is amicrometeoroid shield: twoKevlar-reinforced fab-

ric layers and a thin Al2O3 aluminummetal oxide aeroshell bonded to it on the hot boundary, with
a single Kevlar-reinforced layer near the cold boundary. The outermost grounded aluminummetal
oxide shell serves as the first impact surface (Whipple shield bumper) and also dissipates any elec-
trostatic charge acquired while transiting the Earth’s radiation belts. The outer, dual Kevlar layer
provides impact energy absorption and dissipation and tear resistance, while the inner Kevlar layer
supports the blanket curvature and serves as a second point for secondary MMOD fragments im-
pact and energy dissipation. The outer shield additionally functions as an aeroshell to protect the
delicate MLI during atmospheric ascent, and is perforated to allow air evacuation so that the blan-
ket segments do not balloon or rip during launch. Once in orbit, ultraviolet degradation and atomic
oxygen erosion aremitigated by an aluminized PTFE-impregnated fiberglass fabric (known as Beta
cloth) that sits directly on top of the outermost reflective MLI layers. This layer has the added ben-
efits of providing additional ionic charge dissipation and structural support. All MLI materials are
rated for vacuum use with low outgassing, and the assembly can withstand temperature extremes
without material degradation (Kapton and Dacron remain stable at cryogenic temperatures and
through expected temperature cycles). Further research can be done using vibrational and shock
modeling to ensure that this structure survives the extreme forces of ascent.
4.3.5 Thermal Performance Summary

With the combined passive and active system boil-off in NRHO is reduced to approximately
260kg of LOX per day, or 23 tons, which is 0.1% of the initial propellant capacity. Therefore, the
design meets the initial design goal of < 0.1% prop loss in NRHO, and only a few percent over 30
days on the surface. On the surface, cryocoolers will be used, and will be powered by a carry-along
deployable solar power array system. The mass for this solar array system is included in the delta
V budget shown in Appendix A. These losses are well within the delta V budget to maintain the
required Lunar Ascent Propellant Margin of at least 10%.

5 System Integration
Integrating the required subsystems into the StarshipHLS and theDepot Starship requires care-

ful consideration of physical layout, control systems, and operational procedures. The thermal in-
sulation and cooling system and the propellant mixing system must function together seamlessly
and interface with other vehicle systems.
5.1 Physical Integration and Layout

The Large Surface Area Hybrid Radiative Insulation system is mounted externally on the HLS
propellant tanks, occupying the cylindrical sidewall region of the Starship vehicle. The 28 cool-
ing tubes are arranged vertically along the tank walls, evenly spaced azimuthally and connected at
seven manifold rings, dividing tubes into seven groups of four.

Thesemanifolds house the interfaces to the cryocoolers. In our design,we assume the cryocool-
ers dump heat via Starship’s radiator panels, but we have not designed them in detail. If additional
heat rejection capacity is needed in orbit, we will use the back side of solar array panels as addi-
tional radiators, with low-emissivity coating on the side facing the tanks to prevent unwanted heat-
ing. The MLI blanket segments are draped over and attached to the steel tube framework and the
10cm x 10cm grid of G-10 standoffs, forming amulti-panel insulating “jacket” and doubleWhipple
shield around the tanks. Clearances are maintained for all protrusions; for instance, around the
attachment points of landing legs or Starship’s maneuvering thrusters. Where theMLImust be dis-
continued (e.g. mounting points or penetrations), careful edge sealing and thermal bridging to a
cooling tube are implemented to minimize local heat leaks.

Inside the tanks, the modified baffles are positioned at the top and bottom dome regions. Star-
ship’s LOX andCH4 tanks are separated by a commonbulkhead; themethane tank is above the LOX
tank. We incorporate a spiral baffle ring near the top of the CH4 tank and one near the bottom of
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the LOX tank (since stratification ismost likely in low-gravity environmentswhen propellant settles
in a layer; the top of an upper tank and bottom of a lower tank are where warmer fluid accumulates
in microgravity). The axial pump for each tank is integrated such that it draws fluid via a pipe from
the bottom of the tank and discharges near the top. For the CH4 tank, the pump inlet is at the com-
mon bulkhead (which is the bottom of that tank) and the outlet is near the top dome. For the LOX
tank, the pump inlet is at its bottom sump and outlet near the top (common bulkhead). The pump
can be installed through an access port at the bottom and have a discharge pipe running up the
tank wall interior, or it might be built into the central column structure if one exists. In either case,
the design avoids impeding the main engine feedlines – the pumps are auxiliary and only operate
during coast phases, not during engine feed operation.

The plumbing andwiring integration leverages existing infrastructure asmuch as possible. Cry-
ocoolers require electrical power and commanding, which ties into the vehicle’s power and data
systems. They also likely have compressors or moving parts, so mounting them on vibration iso-
lators and outside the crew compartment is prudent. The BAC tubes and cryocooler cold heads
contain neon working fluid in a closed loop, so penetrations through the tank wall are needed for
the tubing into the cryocooler – these are kept minimal and sealed with high-grade cryogenic fit-
tings. The control of venting is leveraged to assist in mixing when needed (e.g., using vent thrust to
spin-up or stir the tank). The axial pumps are electric and draw power from the HLS power system;
they will be on switched circuits that activate only when required (to avoid continuous draw). The
pump controller receives temperature data frommultiple tank thermocouples (sensors distributed
vertically in the tank) to determine stratification levels. If a thermal gradient beyond a set threshold
is detected, the controller will automatically turn on the pump and, if available, command a gentle
vehicle rotation or firing of small RCS jets to help with mixing. All control software is assumed to
run on the HLS flight computer with a dedicated cryo subsystemmanagement routine.

6 Technical Management
6.1 Testing, Validation and Technology Maturation

A comprehensive testing and technology maturation plan is in place to bring this combined
system from the current conceptual stage (approximately Technology Readiness Level 3) to flight
readiness (TRL6-7 for a full-scale demo, TRL8-9 for theArtemis III / IVmissions). Theplan includes
progressive component testing, subsystem integration demonstrations, and ultimately a full-scale
validation in relevant environments.
6.1.1 Component-Level Testing

The first step is to validate individual components under laboratory conditions:
• CryocoolerPerformanceTest:Usingadevelopmentmodel cryocooler (preferably theCreare
90 K unit or an analogue), we will test its cooling power and efficiency at various loads in a
thermal vacuumchamber. This verifies that the unit can achieve the expected 8We /Wth per-
formance and handle cycling. We will also test the neon circulation in a representative tube
loop to ensure heat transfer rates meet predictions.

• MLIThermalVacuumTest: A60-layerMLIblanket (withKevlar andaluminum layers)will be
applied to a cold surface in vacuum tomeasure heat flux and verify 0.016 effective emissivity.
Tests will also assess outgassing through perforations and durability under thermal cycling.

• Baffle and Pump Cryogenic Flow Test: A subscale cryogenic tank (perhaps a cylinder of 1m
diameter) will be outfitted with a prototype spiral baffle and a small cryo pump. Filled with
liquidnitrogenor liquidoxygen, this setupwill testmixing efficacy. Wewill intentionally strat-
ify the fluid (by letting it sit and warm at the top) and then activate the pump (and rotation, if
possible, on a turntable) to measure temperature equalization over time. Data from thermo-
couples at different heights will confirm the destratification performance. This subscale tank
will be flown in LEO on an Oligo satellite by October.

• Structural and Vibration Testing: Sections of cooling tubes andMLI hardware will undergo
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launch-like vibration and shock testing to ensuremechanical integrity. Kevlar/aluminum lay-
ers will also be tested against MMOD-like impacts to validate Whipple shield performance.

Successful completion of these tests will raise the TRL of each technology (e.g. MLI, pump, etc.)
to about 4, demonstrating that they work in a lab environment under relevant conditions.
6.1.2 Subsystem Integration Demonstrations

The next phase involves integrating components into working subsystems and testing them in
more mission-like conditions:

• Thermal Subsystem Demo (TRL 5): We plan to integrate a large insulated cryogenic tank
simulator with one cryocooler and BAC loop in a thermal vacuum chamber. This could be a
cylindrical tank of perhaps 2mdiameter equippedwith several cooling tubes andwrapped in
theMLI blanket. The cryocooler (placed outside the chamberwith feed-through connections
to the tubing) will actively cool the tank while we simulate orbital heat loads using infrared
lamps or heaters on the outside. The objective is to demonstrate near-zero boil-off in a vac-
uum environment. We will measure boil-off gas production with and without the system ac-
tive to quantify improvement. This test validates the combined performance of MLI + active
cooling as a subsystem.

• Mixing Subsystem Demo (TRL 5): In parallel, a larger-scale mixing test will be conducted,
potentially in a microgravity simulation. One option is a parabolic flight experiment: a small
insulated LN2 tank with internal baffles and pump can be flown on a parabolic trajectory air-
craft. During periods ofmicrogravity (20 seconds), we can trigger a heater at the top to create
a stratification and then start the pump to see if mixing initiates. Although the micrograv-
ity duration is short, repeated parabola runs with incremental heating can mimic a partial
stratification and demonstrate the pump’s ability to move fluid. Another option is to use a
neutral buoyancy or rotating simulator on ground: for example, spinning the tank to create
pseudo-gravity and then stopping it to simulate microgravity while monitoring temperature
(this is complex but can provide some data). The main goal is to refine CFD models with
experimental data.

• Integrated System Demonstration (TRL 6): Once the separate subsystems are validated,
we aim for an integrated test of the full system in a relevant environment. A LEO orbital flight
on Starship, while short relative to 90 days and with a different thermal environment than
NRHO or the surface near the lunar South pole, would demonstrate that the systems operate
as intended in zero-g and vacuum together. This could achieve TRL 6 by validating operation
of the full-scale integrated system in a relevant environment (space-like conditions).

Throughout these tests, wewill use analytical tools (ThermalDesktop for thermal analysis, CFD
for fluid, FEA for structural) to correlate predictionswith results, increasing confidence in ourmod-
els. Discrepancies will be used to improve the design (for example, adjusting layer counts, pump
sizes, control algorithms).
6.1.3 Prototype Subscale Tank with Baffles

We are collaborating with Oligo Space, a satellite startup, to fly a sub-scale prototype of our
novel baffle system in space in early 2026. The experiment requirements and high-level design
are complete, and we are now finalizing detailed design, manufacturing, and testing in compli-
ance with Oligo and SpaceX payload integration guidelines. Although the flight unit is based on the
model presented here, qualifying a pressurized payload for launch requires extensive validation, all
scheduled for completion this summer. The small, agile teams at both Oligo and our group enable
rapid development. One of our teammembers is interning at Oligo during summer 2025, facilitat-
ing coordination. Oligo’s CEO, JacobRodriguez—anMIT alumand formerNASABig IdeaChallenge
participant—is enthusiastic about this collaboration as a test case for their ability to mature low-
TRL hardware. The objective is to advance the baffles from TRL 2 to TRL 6.

12



6.2 Path-to-Flight Schedule &Milestones
The project requires certain novel technologies which must be prioritized for TRL maturation

in order to achieve the 3-5 years schedule for Artemis missions. Following successful subsystem
demonstrations, the next steps would involve scaling up to full-size systems and integrating into a
prototype lander stage for flight testing, as shown in Figure 6 and Table 2:

• Full-scaleHEOFlight Test forHLS (TRL 7): taking a prototype StarshipHLS, integrating the
complete insulation system and mixing system, and performing a long-duration cryogenic
storage test in orbital flight in HEO. This would demonstrate the system at full scale in an
operational environment that approximates NRHO.

• Certification Uncrewed Test for HLS (TRL 8): Perform a multi-month flight test of the full
system—includingHLS,Depot, and Tanker—in operational orbits (LEO,HEO,NRHO, LSP). A
Starship test article outfitted with instrumentationwould validate the boil-off control system
under crewedmission ConOps, certifying it for Artemis III.

• Flight Operations (TRL 9): occurs when the system is proven in an actual mission environ-
ment with crew on board (for example, Artemis III or IV HLS using the system to successfully
loiter and return). At that point, the design would be fully validated and any last operational
tweaks would be incorporated.

In parallel to these hardware tests, the project coordiante closely with SpaceX and NASA to en-
sure that integration issues are ironed out. For instance, we would pursue a flight qualification of
the MLI blanket in terms of flammability (due to Kevlar) and verify that all materials meet NASA’s
safety standards for crewed flight. We will also develop operational procedures and failure mode
contingency plans through simulations and possibly hardware-in-the-loop tests (e.g., simulate a
cryocooler failure in a lab and verify that the mixing system and venting can handle it).

This stepwise, build-test-learn approach advances systemmaturity, reduces risk, and improves
design confidence. By crewedmission time, the Large Surface AreaHybrid Radiative Insulation and
Propellant Mixing System will be rigorously validated for reliable HLS performance during long-
duration loiter and surface phases.

Figure 6: TRL maturation plan for technologies used in THERMOS
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Year Milestones
2025 H1 Present at HuLC
2025 H2 Detailed Design and Project Planning
2026 H1 Build tanks with newMLI, cryocoolers & Baffles
2026 H2 Flight test aboard one of the regular Starship tests
2027 H1 Incorporate flight learnings; uncrewed HLS flight to LEO / HEO
2027 H2 Uncrewed HLS to HEO, NRHO & LSP, uncrewed Depot to LEO
2028 H1 Incorporate changes to HLS and Depot
2028 H2 Repeat all uncrewed flight tests
2029 Q1 Conclude human-rating certification of THERMOS

2029 Q2-Q4 THERMOS available for use in crewed Artemis III mission

Table 2: THERMOS Project Timeline

6.3 Risk Analysis andMitigations
Three critical risks were identified. First, total cryocooler failure would be catastrophic, but the

hybrid passive-active system—using MLI, the ETHER mixer, and venting—can maintain safe tank
conditions without active cooling. Second, failed propellant mixing (from baffle or pump issues) is
a major concern during coast phases, mitigated by CFD-optimized baffle design and redundancy
via passive (spin) and active (pump)mixing. Third, excessive boil-off threatening the Lunar Ascent
Propellant Margin (LAPM) below 10% is rare but severe; the system has been stress-tested under
worst-case scenarios (e.g., triple cryocooler failure, degradedMLI) to ensure propellant retention.
6.4 Cost Estimates &Margin

We assumed that the primary cost driver will be the form of contract used. The subsystems
described above are intended to be integrated with vehicles already being developed by SpaceX to
fulfill its obligations under the HLS program. So, the natural contractor to carry out this work is
SpaceX, and the natural form of contract would be a firm, fixed-price extension or addendum (if
one is required) to the current Artemis HLS contract. To estimate the value of this contract, we as-
sumed the following. Firstly, SpaceX has a track record of bringing in systems at 1/10th the cost of
traditional space systems development. Edgar Zapata, a now-retired NASA costs expert, estimated
that Falcon 9 would have cost $4B instead of the actual amount of $400M to develop, had it been
developed using the traditional cost-plus approach [7]. The esteemed space journalist Eric Berger
has compared Starship development ($3B to date, and 8 test flights) with SLS development ($30B,
1 test flight) and also concluded that SpaceX and Blue Origin can complete space systems devel-
opment and operations projects at 1/10th of the traditional cost-plus costs[2]. Secondly, we noted
that SpaceX has recently accepted a firm, fixed price contract with NASA to de-orbit the ISS for
approximately $850M, to include developing and testing a spacecraft and executing the mission.

Compared to the above, the THERMOS proposal is for only a small subset of a spacecraft’s sys-
tems. Therefore, SpaceX’s costs should, in principle, be significantly less than the contracted cost
for the ISS deorbit project. However, we are still in conceptual design; thus, an indicative range for
development cost is $200M-$500M. A more accurate development cost estimate will be provided
with our final report. Operating costs have been budgeted to not exceed 20% of maximum devel-
opment costs, which is a reasonable analog formany similar projects, and therefore will not exceed
$100M per year for the years of active Artemis III mission operations. The main element of operat-
ing cost would be vendor support, training, etc. for the MLI, cryocooler, active pump used by the
propellant mixing device, and deployable lunar solar arrays.
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7 Technical Innovation Summary
7.1 Novelty & Uniqueness of the Proposed Concept

THERMOS addresses the HuLC challenge area of "long-term cryogenic propellant storage in
orbit and on the lunar surface for Starship HLS." We focus on safely and reliably storing cryogenic
propellants in liquid form for the Starship HLS vehicle, meeting the quantity and time interval re-
quirements of the Artemis III mission CONOPS. Our approach centers on intercepting and reject-
ing heat loads that would otherwise cause boil-off and secondarily on promoting cryogenic pro-
pellant mixing to maintain thermal homogeneity. We achieve this through an integrated thermal
control systemcomprisedofMulti-Layer Insulation (MLI)with integratedbroad-areaactive cooling
(BAC) and a novel propellantmanagement system. The propellantmanagement system consists of
curvedbaffles, featuring two-dimensional curvature, integratedwith stirring jets. Unlike traditional
approaches that treat MLI and cryocoolers as independent subsystems, we propose a tightly inte-
grated design where the MLI is structurally supported by the cryocooler cooling tubes. By placing
thermal bridges into theMLI that lead directly to the cryocooler loop, we aim to intercept any heat
leaks before they reach the propellant tankwalls, maintaining near-ZBO and thermal homogeneity.
Our propellantmanagement system incorporates curved baffles featuring two-dimensional curva-
ture and stirring jets. The curvature of the baffles is specifically tailored to induce swirling flows
within the tank, increasing the surface area for heat transfer and preventing stratification.
7.2 Potential Impacts & Benefits

The integrated MLI and BAC system minimizes heat leaks into the propellant tanks, signifi-
cantly reducing boil-off rates during the extendedNRHO loiter and lunar surface stay. By achieving
near-ZBO in NRHO and controlling boil-off on the lunar surface, our solution maintains healthy
propellantmargins and enhancesmission robustness, ensuring sufficient propellant for ascent and
rendezvous with Orion. The core concepts of our integrated thermal control and propellant man-
agement system are readily scalable and adaptable to other cryogenic propellant storage applica-
tions in cislunar space andonplanetary surfaces. Thismakesour solutiona valuable asset for future
lunar exploration and development efforts, as well as potential missions to Mars and beyond.

8 Conclusion and Next Steps
THERMOS enhances Starship HLS by controlling cryogenic fluid boiloff to extend mission du-

ration, while also respecting the constraints of the original system. This integrated thermal man-
agement system combines Multi-Layer Insulation (MLI), broad-area active cooling (BAC), and the
PropellantMixing System (ETHER) to achieve near-zero boil-off in orbit, prevent stratification, and
ensure propellant readiness. Carry-along vertical solar arrays such as LAMPS or LVSAT, currently in
development, are deployed by the crew to power the cryocoolers on the lunar surface. The design
balances passive and active elements, leveraging synergies such as structural cooling tubes dou-
bling as insulation support and vented boil-off aiding the necessary attitude control. Engineering
analyses confirm feasibility: thermalmodeling indicatesminimal boil-off due toMLI and cryocool-
ing; fluid dynamics demonstrate effectivemixing, preventing vapor pocket formation; and the sys-
tems engineering process, where mission design was carried out concurrently with system design,
leads to the CFM system remaining mission-capable even with active cooling failures or severely
degraded MLI. A Technology Readiness Level maturation plan will validate the system and its ele-
ments through prototyping, testing, and flight demonstrations. Beyond Artemis III these technolo-
gies could support propellant depots in cislunar space and extended-duration missions, enabling
deep-space human spaceflight to the Moon, Mars and beyond.
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A Calculations Appendix: HLS Delta V and Propellant Budget

Figure 7: HLS Delta V and Propellant Budget accounts for burns, boiloff and propellant transfers and results in the calculation of LAPM
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B Calculations Appendix: Material Selection

Table 3: Materials Selection for Major Components

Component Material Rationale
Propellant tanks Stainless Steel (304L) Baseline Starship tank material;

high strength and toughness at
cryogenic temperatures

Cooling tubes (BAC loops) Stainless Steel Welded directly to tanks for ther-
mal contact; compatible CTEwith
tank; robust under launch loads

MLI Outer Cover Material Aluminized Beta
Cloth

MLI reflector layers Aluminized Kapton
film

Low emissivity reflective alu-
minum layers for radiative
insulation; Kapton is space-rated
(vacuum&UV). Although Kapton
is 50% denser than mylar, it is
more resilient to the extreme
lunar temperature swings (mylar
can become brittle). These layers
only make up 25% of the MLI
mass, so Kapton proves to be a
better option despite the added
mass.

MLI spacer material Dacron netting
(polyester)

Low thermal conductivity spacers
to separate layers; minimal solid
conduction paths

MLI structural layers Kevlar fiber fabric Forms outer MLI blankets for ten-
sile support; Kevlar is lightweight,
high-strength, and maintains in-
tegrity in vacuum

Outer shield (Aeroshell and
MMOD protection)

Aluminum alloy thin
shell

Mountedexternal toMLI asWhip-
ple shield, to protect MLI during
launch and to prevent charging

MLI blanket mounts G-10 fiberglass, PEEK
and/or Aerogel

Rigid, non-thermally conductive
stand-offs and brackets to attach
MLI blanket to steel tubes/tank
with minimal heat conduction

Internal baffles Stainless Steel 304L Only baffle geometry is changed,
welding and steel alloy same as
current approach

Axial mixing pump Aluminum housing,
SS impeller

Aluminummetal oxide for weight
savings in pump body; stain-
less impeller and hardware for
strength in cryogenic fluid

Pump seals/bearings Teflon-coated or ce-
ramic

Non-reactive, low-temperature-
rated seals and bearings for
cryogenic fluids (LCH4, LO2)
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C Calculations Appendix: Model Parameters

Figure 8: Main Model Parameters and Variables (1 of 2)
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Figure 9: Appendix: Main Model Parameters and Variables (2 of 2)
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D Calculations Appendix: Model Dashboard

Figure 10: Appendix: Model Dashboard, showing the Design Vector variables available to change. Each design vector is
potentially a different architecture.
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E Calculations Appendix: Dry Mass Calculator

Figure 11: Appendix: Dry Mass Calculator. The technology choices made result in dry mass changes which update the
vehicle and feed through to the delta V budget and the calculation of LAPM
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F Calculations Appendix: Boiloff Calculator

Figure 12: Appendix: Boiloff Calculator. This sheet performs all the calculations to estimate the net heat fluxes into the
tanks.
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G Calculations Appendix: Starship Lookup Tables

Figure 13: Appendix: Starship Lookup Tables. This sheet reconfigures the calculation parameters such as Starship dry
mass, propellant capacity and surface area, depending on which Starship block (V1, V2, V3) was selected for each

element (HLS, Depot or Tanker).
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H Calculations Appendix: Coating Properties Lookup Table

Figure 14: Appendix: Coating Lookup Tables. This sheet reconfigures the assumed parameters for absorptivity and
emissivity for the front and sides of each element (HLS, Depot or Tanker), depending on what passive insulation

strategy is chosen for that element and for its front and side.

25



I Calculations Appendix: Cryocooler Version Lookup Table

Figure 15: Appendix: Cryocooler Lookup Tables. This sheet reconfigures the assumed parameters for the specific mass
and power ratio of cryocoolers for each element (HLS, Depot or Tanker), depending on what active cooling strategy (if

any) is selected for that element.
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J CalculationsAppendix: MLIOuterCover andReflector LookupTable

Figure 16: Appendix: MLI Outer Cover and Reflector Lookup Table. This sheet reconfigures the assumed parameters for
the MLI outer cover and reflector, detailing a list of characteristics for multiple options of potential MLI configurations

used in boiloff reduction calculations.
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K Appendix: Concept of Operations

Figure 17: THERMOS Concept of Operations: the key idea is that the HLS is fully refilled in a highly elliptical orbit at approximately TLI minus 1000m/s, which reduces the required delta
V performance for the rest of the mission resulting in higher margin and the opportunity to select and integrate CFM technologies with lower schedule risk.
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