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Without boiloff management, the 120-day Artemis III mission would

be infeasible, and NASA would be unable to return to the Moon.
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90 days

30 days

Propellant capacity of HLS

Starship V3 = 2,300 t

NRHO boiloff with bare steel

90d x 38 t/day = 3,420 t

LSP boiloff with bare steel
30d x 273 t/day = 8,190 t

Image source: NASA
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To solve the issue of storing cryogenic fluids for Artemis III, we used

NASA’s systems engineering approach to ‘architect from the right’.
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Stakeholder need

Land a NASA crew on 
the Moon before the 
decade is out, and 

bring them safely back 
to Earth

Conceive 

& Design

Implement 

& Operate

Mission 

and System 
Architecture

for a Cryogenic Fluid 

Storage System 

- Select Figures of Merit 

for benefit, cost and risk

- Model mission modes and 

alternative architectures (i.e. 
active, passive, hybrid, ….)

Conceptual Design 

of Subsystems 
(i.e. MLI, BAC, 

baffles, axial pump) 

- Model subsystem 

performance and effects on 
mass and delta-v budgets

Inform 

choices

Integrate
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We developed a model (see demo at poster session) to justify our 

architectural decisions by quantifying our key Figures of Merit.
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Figure of Merit Definition Rationale

Lunar Ascent 

Propellant 

Margin  (LAPM)

Propellant mass 

after return to 

Orion, divided by 

propellant before 

lunar ascent

More propellant 

margin increases 

mission 

robustness and 

crew safety

Number of 

Tankers

Number of 

tanker launches 

required for 

mission

A proxy for 

mission 

operating cost 

and complexity 

Relative 

Schedule Risk

Sum of “TRL 

gap” for required 

technologies

The more techs 

and the lower 

TRL, the higher 

the schedule risk

Major Decision Decision Options

Earth Departure Orbit LEO, TLI-1000 m/s

Starship Version V2, V3

Structural MLI None, 20, 40, 60 layers

Cryocoolers None, Petach, Creare

Take deployable arrays? No, Yes

Twisted baffles for mixing? No, Yes

Stress testing: option to increase degradation factor of 

MLI from DF4 to DF8, and option to fail 0-7 Cryocoolers.



Thorough analysis of propellant burns and modeled boiloff led to 

three major realizations that guided our design. 
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Q Q

Earth 

Departure 

Orbit

LAPM Tankers

TLI-3200 

(i.e. LEO)
-22.6% 8

TLI-1600 17.8% 14

TLI-1300 22.3% 14

TLI-1040 25.5% 15
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To select attractive system concepts, we traded off Lunar Ascent 

Propellant Margin (LAPM) vs. tanker launches and schedule risk.
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Hybrid 

V3
(023-

MCB)

Hybrid 

V2
(019-

MCB)

Passive 

V2
(026-

MB)

Nominal 

LAPM
25.5% 16.2% 14.6%

Can 

withstand 
DF up to

~8 ~4.5 ~5

Req. Techs 6 5 3

Relative 

Schedule 
Risk Index

29 26 16

# Tankers 15 15 15



THERMOS enables NASA to choose between increased mission 

robustness and lower schedule risk.
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Hybrid 

V3
(023-

MCB)

Hybrid 

V2
(019-

MCB)

Passive 

V2
(026-

MB)

Best-case 

LAPM
25.5% 16.2% 14.6%

Can 

withstand 
DF up to ~

~8 ~4.5 ~5

# Key 

Techs
6 5 3

Relative 

Schedule 
Risk Index

29 26 16

# Tankers 15 15 15



Option 1 summary: best LAPM performance.
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Option 2 summary: simplest → lowest schedule risk.
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Option 3 summary: Somewhere in Between.
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For conceptual design of subsystems, we selected 023-MCB with 

Multi Layer Insulation (MLI), Broad Area Cooling (BAC) and our novel 

concept for hydrodynamic mixing baffles ‘ETHER’. 
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Major Decision Architecture 023-MCB

Earth Departure Orbit TLI-1040 m/s

Starship Version V3 for both HLS and Depot

Structural MLI 40 layers front, 60 layers side

Cryocoolers 7x Creare 150W / 90K

Deployable arrays? Yes (8.4 kW)

ETHER baffles? Yes

Mass of 023-MCB HLS 157 tons

Item Mass (kg)

V3 HLS 138,767

MLI System 12,797

BAC System 5,389

Synergy (-1,979)

Other 2,100

Payload leave 13,152 

Payload return 30,000 



MLI and Shielding deter anything--heat, ionizing radiation, 

micrometeoroids, orbital debris-- from ever reaching the tanks  
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Aluminized Aluminum Aeroshell

Propellant

Stainless Steel Tank Wall (38.77 mm)

60 Alternating Layers

Aluminized Kapton (22.86 mm)
Dacron Netting

Kevlar Fibers (.17 mm)

Kevlar Fibers (.17 mm)

6 Ply Kevlar 29 Style 710 (.17 mm)

Aluminized Beta Cloth (.2 mm)

Anodized Aluminum Aeroshell (.5 mm)

G-10 Fiberglass and Tank-Welded Steel Tubes (14 mm)
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The THERMOS MLI design is mounted on the BAC cooling tubes, 

helping to prevent some of the heat from reaching the tanks.

Specific mass
6.47 

kg/m2

Ideal 

performance
99.54%

Realistic 

performance

98.15% 

(DF4)

Reference

A144 

(Johnson 

thesis, 

2010)
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Kevlar fibers at both ends of the blanket and an aluminum aeroshell 

serve as a double Whipple shield and add strength to survive launch.

Aluminum + 

double Kevlar

(warm side)

0.84mm, 

3.99

kg/m2

Gap for 

debris cone 

dispersal

23mm

Single Kevlar 

(cold side)

0.17mm, 

1.32

kg/m2

Gap to tank 

wall
14mm
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Beta cloth protects the aluminized kapton layers from ultraviolet 

radiation.
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Aluminum aeroshell and aluminized beta cloth protect the HLS and 

Depot from charging when traveling through the radiation belts.
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The BAC will employ seven Creare 150W cryocoolers which together 

serve 28 cooling tubes that are flat welded onto the tank. 

Red lines represent 

coolant tubes

Cryocoolers under crew 

compartment, internal 

MLI shielding the tanks  

Cryocooler Specifications

Number of Coolers 7

Number of Coolant Tubes 28

Coolant Tube Spacing 1 m

Type of Coolant Neon Gas

Cooler Model Creare

Thermal Lift per Cooler 150 W

Cooler Set Point 90 K

Total Power Requirement 8.4 kW

Total Mass 3.4 t
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Hybrid MLI and BAC on a V3 Starship (concept # 023-MCB) yields a 

robust architecture delivering the required 10% LAPM performance, 

even in case of 2x MLI degradation and complete cryocooler failure.
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Architecture and Failure Mode
Starship 

Version

Boiloff Rate at Lunar 

South Pole (tons per day)
LAPM

Hybrid 023-MCB-DF4-FC0 (Nominal) v3 4.5 25.5%

Nominal MLI, failed Cryos v3 4.7 24.6%

Doubled heat leak, working Cryos v3 9.0 12.7%

Doubled heat leak, failed Cryos v3 9.3 10.5%

Passive 026-MB-DF4 (Nominal) v2 3.4 14.6%

+25% heat leak (DF 5) v2 4.2 9.0%

+50% heat leak (DF 6) v2 5.1 3.5%

Doubled heat leak (DF 8) v2 6.7 -7.6%
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To prevent temperature stratification we modified existing baffles 

within the fuel talk into hydrodynamic geometries. 
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The modified baffles will induce mixing by taking advantage of 

centrifugal forces from axial rotation. 
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Our novel propeller-shaped baffles retain their original anti-sloshing 

function, and our cryopump provides a redundant mixing capability. 
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A technology maturation plan has been designed to lead to rapid 

integration and implementation.  
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Technology Readiness Level

Category Technology 2025 2026 2027 2028 2029

Active Cooling Creare Cryocoolers 4 6 7 8 8

Passive Cooling

Double Whipple Shield 9 9 9 9 9

Sawtooth Radiators 4 6 7 8 8

Large MLI Blanket 6 7 8 9 9

Power Generation

LVSAT 6 6 7 8 8

LUNAR SABER 4 5 6 6 8

ETHER

Mixing Pump 6 7 8 8 8

Twisted Baffles 3 5 6 7 8



The THERMOS project has been architected to support trade-off of 

technical vs. schedule risk during detailed design in H2 of 2025.
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Starship V2 (faster?) or V3 (higher-performing)

Structural MLI only (faster, 

simpler?), or can also add 

Creare BAC (higher-

performing)

Images credit: SpaceX; Sampson et al, IAC-19.D2.5.9x48999; Creare



The overall cost of THERMOS is affordable, and the 15 tanker 

launches per Artemis mission are within range of past estimates.
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Design and development is currently underway for a baffle prototype 

manifested for launch on an Oligo satellite in February.

25Presenter: Pranav Bala ‘27

Preliminary, high-level design of sub-scale space 

prototype of THERMOS ETHER subsystem.



Beyond our prototype, to facilitate mitigating risks, THERMOS was 

designed around proven and well-understood technologies. 
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Overall, THERMOS delivers sufficient long-term cryogenic propellant 

storage performance to not only meet the needs of Artemis III, but also 

return to HEO for refilling and then return to LEO for reuse.
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The THERMOS system and mission architecture are enabling for 

Starship HLS to perform its Artemis III mission by 2029.
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Thank you!



Appendix Slides 
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Backup: NASA GEVS

https://standards.nasa.gov/standard/gsfc/gsfc-

std-7000

General Environmental Verification Standard 

(GEVS) for GSFC Flight Programs and Projects
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Replace with your point!! High Level Testing Flow
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https://atos.net/wp-content/uploads/2020/10/Atos_Satellite_Testing_An_Introduction.pdf



Ship
Assy

CFM
Assy

Starship 
HLS 

Integration

Functional Test
CFM Functional 

Tests

Functional Test ShockVibration Mass 
Properties

Functional Test

Functional 
Test

Arm Flight 
Software

Day in the Life 
Test

Final FSW 
Functional Test

Pre-Ship 

Review

Spacecraft Delivery Functional Test
Launch Vehicle 

Integration
Mission 

Readiness Review 
Review Comms Plan Launch

BakeoutThermal Vacuum

Integration
Readiness

Review

Bakeout
Solar panel 
installation

Over the Air Test

Replace with your point!! Notional SV Integration and Test 

Flow… 

66



V3 Hybrid (Architecture 023-MCB)

●V3 HLS and Depot

●MLI
●Cryocoolers
●Vertical solar arrays

●Sawtooth radiators
●Baffles

●Mixing Pump
●15 tanker flights

Lunar Ascent Propellant 

Margin: 25.5%



V2 Passive (Architecture 026-MB)

●V2 HLS and Depot

●MLI
●Baffles
●Mixing Pump

●15 tanker flights

Lunar Ascent Propellant 

Margin: 14.6%



V2 Hybrid (Architecture 019-MCB)

●V2 HLS and Depot

●MLI
●Cryocoolers
●Vertical solar arrays

●Sawtooth radiators
●Baffles

●Mixing Pump
●15 tanker flights

Lunar Ascent Propellant 

Margin: 16.2%
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Aluminized Aluminum Aeroshell

Propellant

Stainless Steel Tank Wall (38.77 mm)

60 Alternating Layers

Aluminized Kapton (22.86 mm)
Dacron Netting

Kevlar Fibers (.17 mm)

Kevlar Fibers (.17 mm)

6 Ply Kevlar 29 Style 710 (.17 mm)

Aluminized Beta Cloth (.2 mm)

Anodized Aluminum Aeroshell (.5 mm)

G-10 Fiberglass and Tank-Welded Steel Tubes (14 mm)

Qin

Qthru

QMLI

Qrefl
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Aluminized Aluminum Aeroshell

Propellant

Stainless Steel Tank Wall (38.77 mm)

60 Alternating Layers

Aluminized Kapton (22.86 mm)
Dacron Netting

Kevlar Fibers (.17 mm)

Kevlar Fibers (.17 mm)

6 Ply Kevlar 29 Style 710 (.17 mm)

Aluminized Beta Cloth (.2 mm)

Anodized Aluminum Aeroshell (.5 mm)

G-10 Fiberglass and Tank-Welded Steel Tubes (14 mm)

UV



72

Aluminized Aluminum Aeroshell

Propellant

Stainless Steel Tank Wall (38.77 mm)

60 Alternating Layers

Aluminized Kapton (22.86 mm)
Dacron Netting

Kevlar Fibers (.17 mm)

6 Ply Kevlar 29 Style 710 (.17 mm)

Aluminized Beta Cloth (.2 mm)

Anodized Aluminum Aeroshell (.5 mm)

G-10 Fiberglass and Tank-Welded Steel Tubes (14 mm)
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Aluminized Aluminum Aeroshell

Propellant

Stainless Steel Tank Wall (38.77 mm)

60 Alternating Layers

Aluminized Kapton (22.86 mm)
Dacron Netting

Kevlar Fibers (.17 mm)

Kevlar Fibers (.17 mm)

6 Ply Kevlar 29 Style 710 (.17 mm)

Aluminized Beta Cloth (.2 mm)

Anodized Aluminum Aeroshell (.5 mm)

G-10 Fiberglass and Tank-Welded Steel Tubes (14 mm)

KE = mv2/2
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