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Without boiloff management, the 120-day Artemis Ill mission would
be infeasible, and NASA would be unable to return to the Moon.

Starship Human Landing System (HLS)
Artemis lll Concept of Operations

Crew board Starship Craw board Orion
from Orion from Starship

Fast trans-unar
injection (TLI)

HLS propellant fill
— T

Storage Surface expedition Crew returns
depot launch  aggregation launch in Orion
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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
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To solve the issue of storing cryogenic fluids for Artemis lll, we used
NASA'’s systems engineering approach to ‘architect from the right’.
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Conceptual Design
of Subsystems
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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

Select Figures of Merit
for benefit, cost and risk
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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.

Major Decision Decision Options

Figure of Merit

Definition

Rationale

Earth Departure Orbit LEO, TLI-1000 m/s

Starship Version V2, V3

Structural MLI None, 20, 40, 60 layers

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

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.

Number of Number of A proxy for

Tankers tanker launches mission
required for operating cost
mission and complexity

Relative Sum of “TRL The more techs

Schedule Risk

gap” for required
technologies

and the lower
TRL, the higher
the schedule risk
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Thorough analysis of propellant burns and modeled boiloff led to
three major realizations that guided our design.

Earth
Departure | LAPM | Tankers
Orbit

TLI-3200

(i.e. LEO) -22.6% 8
TLI-1600 | 17.8% 14
TLI-1300 | 22.3% 14
TLI-1040 | 25.5% 15

Illil- @ Presenter: Daniel Rojas 27



To select attractive system concepts, we traded off Lunar Ascent
Propellant Margin (LAPM) vs. tanker launches and schedule risk.

Architecture FaTnily Hybr|d Hyt)l"ld Passive
0% : ﬁi :::s'-l:e V3 V2 V2
@ V3 Hybrid t“-*"ca * (023- (019- (026-
= W V3 Passive MCB) MCB) MB)
§ 20% PS
E t 2 Nominal | 255% | 162% | 14.6%
E‘ lu% I . LAPM . (o] . (¢] . (o]
§ *
5 * . Can
2 owl : withstand ~8 ~45 ~5
s . * DF up to
= ®
% -10%f Req. Techs 6 5 3
3 Relative
—20%T Schedule 29 26 16
Risk Index
—30% 4 - . . . . . :
9 10 11 12 13 14 15 16
Mumber of Tankers # Tankers 15 15 15
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THERMOS enables NASA to choose between increased mission
robustness and lower schedule risk.

Hybrid Hybrid Passive g —— Hybrid V2, Failed Cryos
v3 v2 o V2 T maf ol et
(023- (019- (026- +— Hybrid V3, Working Cryos
MCB) MCB) MB) g 20%( —+— Passive V2
E === Required LAPM
Best-case o 0 0 £ 15%|
LAPM 25.5% 16.2% 14.6% E.
£ 10%
Can =
withstand ~8 ~4.5 ~5 §
DF up to ~ = %
3
# Key 5 0%
Techs 6 5 3 5
T
Relative
Schedule 29 26 16
. -10%k_ . : i . ; . : : i
Risk Index 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
MLI Degradation Facter (DF), Naminal = DF4
# Tankers 15 15 15
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Option 1 summary: best LAPM performance.

V3 Hybrid (Architecture 023-MCB)

e V3 HLS and Depot
e MLI

e Cryocoolers

e \Vertical solar arrays
e Sawtooth radiators
e Baffles

e Mixing Pump
¢ 15 tanker flights
Lunar Ascent
8 Propellant Margin:
25.5%
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Option 2 summary: simplest — lowest schedule risk.

V2 Passive (Architecture 026-MB)

e V2 HLS and Depot
e MLI

e Baffles

e Mixing Pump

¢ 15 tanker flights

Lunar Ascent
e Propellant Margin:

A 14.6%

III il- @ Presenter: Daniel Rojas 27



Option 3 summary: Somewhere in Between.

V2 Hybrid (Architecture 019-MCB)

e V2 HLS and Depot
e MLI

e Cryocoolers

e Vertical solar arrays
e Sawtooth radiators
e Baffles

e Mixing Pump

¢ 15 tanker flights

[AVAANCQ®
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Lunar Ascent
Propellant Margin:

16.2%
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For conceptual design of subsystems, we selected 023-MCB with
Muliti Layer Insulation (MLI), Broad Area Cooling (BAC) and our novel
concept for hydrodynamic mixing baffles ‘ETHER’.

Item Mass (kg) Major Decision Architecture 023-MCB

V3 HLS 138,767 Earth Departure Orbit = TLI-1040 m/s

MLI System 12,797 Starship Version V3 for both HLS and Depot
BAC System 5,389 Structural MLI 40 layers front, 60 layers side
Synergy (-1,979) Cryocoolers 7x Creare 150W / 90K

Other 2,100 Deployable arrays? Yes (8.4 kW)

Payload leave 13,152 ETHER baffles? Yes

Payload return 30,000 Mass of 023-MCB HLS | 157 tons
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MLI and Shielding deter anything--heat, ionizing radiation,
micrometeoroids, orbital debris-- from ever reaching the tanks

Anodized Aluminum Aeroshell (.5 mm)

6 Ply Kevlar 29 Style 710 (.17 mm)

Kevlar Fibers (.17 mm)
Aluminized Beta Cloth (.2 mm)

Kevlar Fibers (.17 mm)

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

Stainless Steel Tank Wall (38.77 mm)

Propellant



The THERMOS MLI design is mounted on the BAC cooling tubes,
helping to prevent some of the heat from reaching the tanks.

6 Ply Kevlar 29 Style 710 (.17 mm) Specific mass k%ﬁ,z
Keviar Fibers (.17 mm)
Aluminized Beta Cloth (.2 mm)
|deal 99.54%
performance
60 Alternating Layers
“BAluminized Kapton (22.86 mm Realistic 98.15%

- AR acron Netting

performance (DF4)

Kevlar Fibers (.17 mm) A144

E G-10 Fiberglass and Tank-Welded Steel Tubes (14 mm) f | Reference (\i(:]f;r;isson

Stainless Steel Tank Wall (38.77 mm) 2010)
Propellant
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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.

47 KE=mvi2

Anodized Aluminum Aeroshell (.5 mm

: Aluminum + 0.84mm,
6 Ply Kevlar 29 Style 710 (.17 mm)

double Kevlar 3.99

Kevlar Fibers (.17 mm) (warm side) kg/m?2
AR . ' — . Gap for
— B0 Alternating Layers debris cone 23mm
D T, m———=Ruminized Kapton (22.86 mm dispersal
A SIS SN0 scron Netting
P W —— Single Kevlar 0.17mm.,
Kevlar Fibers (.17 mm) (Cgld side) 1.32
kg/m?
| | G-10 Fiberglass and Tank-Welded Steel Tubes (14 mm) | |
Stainless Steel Tank Wall (38.77 mm) Gap to”tank 14mm
wa

Propellant
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Beta cloth protects the aluminized kapton layers from ultraviolet
radiation.

Kevlar Fibers ( 17 mn|

Aluminized Beta Cloth (.2 mm)

Kevlar Fibers (.17 mm)

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

Stainless Steel Tank Wall (38.77 mm)
Propellant

THERMOS




Aluminum aeroshell and aluminized beta cloth protect the HLS and
Depot from charging when traveling through the radiation belts.

Anodized Aluminum Aeroshell (.5 mm)

LS EEEEELESESRN SN

Aluminized Beta Cloth (.2 mm)

Kevlar Fibers (.17 mm)

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

Stainless Steel Tank Wall (38.77 mm)
Propellant
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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.

Cryocooler Specifications
. Number of Coolers 7
Red lines represent
Number of Coolant Tubes 28
coolant tubes Coolant Tube Spacing 1m
Type of Coolant Neon Gas
Cooler Model Creare
Cryocoolers under crew _
. Thermal Lift per Cooler 150 W
compartment, internal Cooler Set Point 90 K
MLI Shleldlng the tanks Total Power Requirement 8.4 kW
Total Mass 3.41
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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.

Al Shield
Kevlar

MLI

Tank Wall

Starship Boiloff Rate at Lunar

Architecture and Failure Mode Version 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.

THERMOS



Our novel propeller-shaped baffles retain their original anti-sloshing
function, and our cryopump provides a redundant mixing capability.

THERMOS



A technology maturation plan has been designed to lead to rapid
integration and implementation.

Technology Readiness Level

Category Technology 2025 2026 2027 2028 2029

Active Cooling Creare Cryocoolers

Double Whipple Shield

Passive Cooling
Sawtooth Radiators

Large MLI Blanket

LVSAT
Power Generation
LUNAR SABER
Mixing Pump
ETHER

Twisted Baffles
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The THERMOS project has been architected to support trade-off of
technical vs. schedule risk during detailed design in H2 of 2025.

- =

Year Milestones
2025 H1 Present at HuL.C
2025 H2 | Detailed Design and Project Planning

Structural MLI only (faster, 2026 H1 Build tanks with new MLI, cryocoolers & Baffles
simpler?), or can also add 2026 H2 Flight test aboard one of the regular Starship tests
- Creare BAC (higher- 2027 H1 | Incorporate flight learnings; uncrewed HLS flight to LEO / HEO
i performing) 2027H2 | 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 I1I mission

Starship V2 (faster?) or V3 (higher-performing) Images credit: SpaceX; Sampson et al, IAC-19.D2.5.9x48999; Creare
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The overall cost of THERMOS is affordable, and the 15 tanker
launches per Artemis mission are within range of past estimates.

—— Starship HLS {no crew) . Tanker X8  Tanker x 7

III il- @ Presenter: Pranav Bala ‘27
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Design and development is currently underway for a baffle prototype
manifested for launch on an Oligo satellite in February.

Preliminary, high-level design of sub-scale space
prototype of THERMOS ETHER subsystem.

THERMOS 5,160 space

THERMOS




Beyond our prototype, to facilitate mitigating risks, THERMOS was
designed around proven and well-understood technologies.

Likelihood —
Impact | Very Unlikely Unlikely Possible Likely WVery Likely
Severe R6, R16 R1
R3, R11, R13,
Major R17
R7, R8, R12,
Moderate R18, R19
Minar
Megligible

o
THERMOS



Overall, THERMOS delivers sufficient long-term cryogenic propellant
storage performance to not only meet the needs of Artemis Ill, but also
return to HEO for refilling and then return to LEO for reuse.

Starship HLS Delta V and Prop Boiloff Budget for Artemis 111
Starship version: V3 Dop, Owbit: TLI - 1040 mis PROPNEEDHED 1,100,363
Endurance HRHO: 90 Endurance L5P: 30 days
Front insulation: MLMO0-AT30  1.Way Payload: 13,152 ke
Side insulation; MLIE0-A144  Return Payload: 30,000 kg
Event Start ai  Event Ends at Tatal
Evant - STAGE or Mission Mission Wat mass Propellant Propellant  Total Boiloff  Wet mass Propellant
Burn # Fram Ta Purpose Elapsed Time Elapsed Time bofore Event  mass before  Della ¥ (mis) Received during Evert  after Event mlu“w mass after
[MET) (MET) {kg) Ewvent (kg) during event [kgh (kg) Event (kg)
(ssconds) [seconds) g
1 LED 250 HEQ Emler HED o fet] 2,500,226 2,300,000 2,160 0.0 4.3 1,309,638 -1.100,388 1189612
REFILL HEQ HEQ Refill propellant 300 9103 1308 838 1,158,812 L] 1,100, 3881 256 2,500,201 1,100,353 2208674
2 HEQ T TLI Manuever 9103 268303 2,500,201 2,200,974 1,040 00 7528 1,680,239 609,962 1,690,013
3 TLI HRHO Eriter MRHO RT3 DEEARY 1,800,235 1.890,013 450 0.0 [i-] 1,575,087 215,152 1474 881
LOITER NRHO HRHO Loiler st MRHD 268483 BO444E3 1.675,087 1,474,861 o 0.0 22,5844 1,652,503 22584 1.452,276
DOCK NRHO NRHO Diock with Orion BO44483 BO4BO&I 1.652,503 1,452,276 100 0.0 105 1,608,708 43,704 1,408 482
4 NRHO LLCH 50 Enler LLO BO4B083 BOGZ483 1608, 708 1,408,482 750 0.0 418 1,318,219 203,489 1,114,993
5 LLO LSP Landing Burn BOG24B3 BOGE0ET 1,315,219 1,114,893 2,050 0.0 105 758,438 556,781 558,212
SURF MISSION LSP L5P COparations during Surface Missio,  B0GE083 10658083 758438 558,212 [ 0.0 134,049 624,389 134,040 424 153
L LEP LLO S Erles LLO 10E58083 10661683 811,237 424 163 1,860 0.0 10.5 3093 =240,315 183,844
T LLO 50 NRHO Enler NRHO 10861683 10676083 170,923 183,848 TS50 0.0 418 303220 57,703 116,145
DOCK NRHO HNRHO Dok with Dirion 10676083 10679683 3220 116,148 100 0.0 105 285,176 -B.044 108,101
8 NRHC TEI TEI Manuawer 10679683 etk 295176 108,101 450 0.0 753 260,828 34,380 T3.751
b TEl HEQ HED 1093883 10038003 260,826 73751 1,040 0.0 o 1972712 63,554 10,187
PROP XFER HEQ HEQ Prog afer at HEQ 10938803 11025303 187,272 10,167 L] 0.0 251 3702 199,749 209,948
10 HEQ HEQ Phading &l HEO? 11025303 11703 3T 209,046 L] 0.0 281 396,770 -251 200,695
1 HEQ LEDQ 2580 Enler LEQ 1111703 11154803 386,770 209,855 2180 0.0 125 222,148 ~174,624 35.0M1

x
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The THERMOS system and mission architecture are enabling for
Starship HLS to perform its Artemis Ill mission by 2029.

Thank you!

Image credit: NASA

Illil- @ Team: Beverly Ma ‘26, Daniel Rojas ‘27, Stone Smith ‘27, Pranav Bala ‘27, Nicole Ding ‘27 28
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Starship HLS Delta V and Prop Beiloff Budget for Artemis Il

Starship version: Vi Dap. Orbit: TLI- 1000 mis PROPMEEDHED 1,126,818
Endurance MRHO: 80 Endurance LSP: 30 days
Frent insulation: MLI4D 1-Way Payload: 17,455 kg
Frent insulation: MLI40 Return Payload: 30,000 kg
Evont Start at  Event Ends at Tolal
g — Mission Mission Wet mass Propellant Propellant  Total Boiloff Wt mass Propeflant  Propeliant
Bum @ From To Purpose Elapsed Time  Elapsed Time  before Event  mass before  DeltaV {mis)  Received  during Event  after Event - Change mass after
MET) {MET) fkg) Evnt [kg) during avont L] (g} Evant (kg)
{seconds) {seconds) fka)
1 LEO 250 HEQ Eriter HECQ 1] W00 2,526 958 2,300,000 2,200 0.0 23 1,369,135 =1,126,819 1473181
REFILL HED HED Reefill propeliant 300 9315 1,309,136 1,173,181 ] 1,126,818.8 0.0 2,525,855 1,126,819 2,300,000
2 HED T TILI Marisver 9315 26E515 2,525,955 2,300,000 1,000 0.0 0.0 1,931,102 -504,853 1.705.147
3 L NRHO Eriter NRHD 268515 268695 1,931,102 1.705.147 450 0.0 oo 1711589 -216.802 1485344
LOITER NRHO NRHO Lo#ter at NRHO 268695 BO44695 1,711,299 1,485 344 1} 0.0 0.0 1.711. 2455 L] 1485344
DOCK HRHO NRHO Dok with Oricn BO44ES5 BO48395 1.711.299 1485344 100 0.0 0.0 1,685,957 =45.342 1.440,003
4 HRHO LLO 50 Erfler LLO BO48Z05 BOB2695 1,665,857 1,440,003 750 00 0.0 1,362,067 -303,890 1,136,113
5 LLO LSP Landing Bun BIB9S BOBEZA5 1,362,067 1,136,113 2,050 0.0 0.0 785 465 -576,603 559,510
SURF MISSION LSP LSFP Operations during  B0GGZ05 10658205 TEG, 465 559,510 a 0.0 86,332 699,133 -86.332 473,178
& LsP LLO S0 Entar LLO 10658295 10661805 681677 473,178 1,860 0.0 0.0 413,680 -HGT 9AT 208,181
T LLO 50 NRHO Eriler NRHO 10661855 10676295 413,680 205,181 150 0.0 0.0 138,220 =T5.460 129,71
DOCK NRHO NRHO Dok wwith Cwrican 106 TH255 10ETHERS 338220 129,741 100 L] a.a 325259 8,541 130,760
B HIRHD TEI TEI Manuever 108 THE0S 10930005 320,255 120,780 450 0.0 [] 704,782 37477 83283
k] TEI HED HED L 10838115 291,762 83,283 1,000 00 L] 723 068 -6B.T14 14,569
PROF XFER HEQ HEDQ Progp shar 8l HEOQ 10639115 1025515 223068 14,565 a 0.0 /] 423,068 200,000 214,569
10 HEDQ HEQ Phasing at HEQ? 19025515 M1es 423,068 214 569 Q 0.0 [ 423,068 0 214 569
1 HEQ LEQ 2580 Eriler LEQ 11111918 11185118 423,068 214,589 2,200 0.0 0 234,340 188,729 25,840
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Theme Category, Major Objectives & Technical Approach

L

Theme Categories: (1) Large Surface Area Radiative Insulation
and (2) Propellant Mixing Devices

Major Objective: A true systems solution for a healthy Lunar
Ascent Propellant Margin of Starship HLS

Technical concept: intercept and reject heat loads, and also
mix the propellant for thermal homogeneity (HLS & Depot)
Systems approach: evaluate & stress- test conceptual designs
for alternative Boil-off Control Systems, for their impact on
Ascent Propellant Margin, number of tanker launches required,
and also for resilience to unexpectedly high MLI degradation

Key Design Details & Innovations of the Concept
* Model-based engineering: simultaneous decisions for mission

ConOps, technology infusion and system sizing, for CFM
technologies which could reduce boil-off but also add mass

Technical innovation 1: modified baffle geometry plus
recirculation pump, leveraging regular flight operations (i.e.
spin-stabilizing, settling thrusts) to mix & destratify propellants.
Technical innovation 2: a combined MLI / Whipple Shield

system mounted on tank-welded BAC cryocooler tubes,
saving structural mass and intercepting heat leaks at source

A key finding: contingency operational modes compensate for
high MLI Degradation Factor (DF) up to DF of 9X if V3 Starship

+ Cryocoolers are used, vs. just 5X if passive-only V2 Starship
P

Translunar Heat Rejection and Mixing for Orbital Sustainability
(THERMOS)

MLI, Whipple Shield
and BAC system
Summary of Schedule & Costs: Design, Build, Fly, Fix & Fly Again!
2025 H1: Present at HULC; H2: Detailed Design and Project Planning

2026 H1: Build tanks with new MLI, Cryocoolers & Baffles;
H2: Flight test, aboard one of the regular Starship tests

2027 H1: Incorporate flight learnings; uncrewed HLS flight to LEO / HEO;
HZ: Uncrewed HLS to HEQ, NEHO & LSP, uncrewed Depot to LEO
2028 H1: Incorporate changes to HLS and Depot;
H2: repeat all uncrewed flight tests
2029 Q1: Conclude human-rating certification of THERMOS;
Q2-Q4; THERMOS available for use in crewed Artemis |1l mission
Lifecycle development cost (internal to SpaceX): from $200M - $500M
Annual Operating cost during Artemis llI: from $40M - $100M

Modified Baffle Geometry +
Pump = Propellant Mixing Device
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Likelihood —

Impact | Very Unlikely Unlikely
Severe R6, R16 R1
Major

Moderate

Minor

Negligible

Possible Likely

R3, R11, R13,
R17

R7, R8, R12,
R18, R19

Very Likely



Risk ID Risk Description

R1

R4

RS

R7

R10

Complete
cryocooler failure  Severe
MLI degradation

exceeds design DF

-3 Major
Propefant mixing
ineffective due to
baffie/pump failure Major
Structural failure of
BAC cooling tubes
during launch
vibrati

Power shortfall at
lunar surface limits
cryocooler
operation

Delay in Starship
HLS development
blocks integration Severe
Internal tank
sensor or adal
pump failure

Excess conductive

heat through MLI

mounting brackets Moderate
Radiator sawtooth
panel
underperforms
under specific sun
angles

Material
incompatibility
(e.g., Alin LOX
tank, charging risk
with Kapton)
CFD predictions do
not maich true

Major

Moderate

Moderate

Moderate

Major

behavior in zero-g I‘Aa'

Impact

Likelihood

Unlikely

Possibie

Unlikely

Likely

Possible

Possible

Unlikely

Unlikely

Mitigation Strategy
Hybrid passive-active system;
ETHER ensures mixing; vent gas
used for pressure control

MLI alone will keep boil-off low
enough

CFD-tested geometry; dual-mode
mixing via rolation and axial pump

Stainless steel tubes;
FEA-validated welds; launch
vibration testing

Deployable vertical solar arrays.
tolerate minor boil-off; prioritize
mixing on surface

Modular additive design; coordinate
early with SpaceX for interface
alignment

Sensor redundancy, fallback to
passive mbang and pressure control
Use low-thermal-conductivity
mounts (PEEK/G-10); verify
through modeling

Secondary radiators or altemate
geometry under review, validate in
thermal modeling

Use compatible materials only;
incorporate electrostatic discharge
path; verify safety standards

Validate via parabolic flights and
nd rotation tests

R12

R13

A4

R13

R16

RI17

R18

Bosl-oil venting

induces unwanted

rotational or

translational threst  Moderate
Madified baffles
amplify slosh
dunng propulsive
MANSUVETS

MLI suffers launch
damage or
displacement
during ascent
TVS (venting
system) fails lo
maintasn proper
ullage préssure
Excess boil-off
jeopardizes LAPM
=10% for safe crew
retum

Overall system
mass of volume
exceads Slarship
integraton
envelope

Grownd cryo
besling does nol
represent true

Major

Moderate

Major

Severe

Major

Possible

Possible

Possible

Possible

‘ent direction controBed: inlegraled
into RCS logie

CFD and dynamic modeling. shape
oplimizalion preserves anli-slosh
funclion

Perforated MLI design;
Heviar-reinforced culer shiekd,
wibration-tested mount points

Redundani venting paths;
aulomated thermal-pressune
feadback loop

Concepl stress-lested for up o 3
cryocooder failures and MLI DF = §

CAD and mass fracking with
miargin; early interface checks with
SpaceX

Flight tesi campaign in LEQMHEQ;
simulate NRHO via envircnmental
modeling

Closed-loop architeciure;
high-quality fittings; laak testing and
pressure monitoring

Software-in-loop testing; falback
logic; watchdog profocols

Use segment-based blankels with
installation tolerance; edge sealing
to prevent hol spols

Use dry nitrogen purge; redundant
thermoccuples; flag data



Scenario  MLIDEG FAILED B“LETE ASCENT
number  RADE CRYOS MARGIN
(t/day)

023-MCB-DF9-FCO 9 0 7.7 14.3%

023-MCB-DF9-FC1 9 1 8.0 13.5%

023-MCB-DF9-FC2 9 2 8.2 12.2%

023-MCB-DF9-FC3 9 3 8.5 9.7%

023-MCB-DF8-FC4 8 4 7.8 11.4%

023-MCB-DFT-FC4 T 4 6.8 15.1%

023-MCB-DFG-FC4 i 4 59 18.1%

019-MCBDF6-FCO 6 0 32 13.0%

019-MCB-DF6-FC1 6 1 3.5 11.5%

019-MCB-DFB-FC2 6 2 38 9.4%

023-MCB-DFS-FC4 5 4 4.9 20.7%

026-MB-DF5-FC0O 5 1] 36 9.9%

023-MCB-DF4-FCO 4 1] 2.9 25.5%

023-MCB-DF4-FC1 4 1 3.1 25.1%

023-MCB-DF4-FC2 4 2 3.4 24. 7%

023-MCB-DF4-FC3 4 3 3.7 23.9%

023-MCB-DF4-FC4 4 4 39 22 8%

019-MCB-DF4-FCO 4 0 1.8 18.5%

019-MCB-DF4-FC1 4 1 2.1 1T.7%

019-MCB-DF4-FC2 4 2 2.4 16.8%

. 019-MCB-DF4-FC3 4 3 2.6 14.9%
b 026-MB-DF4-FCO 4 1] 2.9 14.7%
THERMOS 019-MCB-DF4-FC4 4 4 2.9 11.5%
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Lookup table name Excel data range name Rows lookup range:

Starship Version Lookup Table STARSHIPLOOKUP STARSHIPLOOKUP_ROWS
Starship Version Model var name Row Mo. V1 v2 Vi Units
Max payload mass to destination 2 0 100000 200000 kg
Tanker propellant load TNKPROPMASS 3 1200000 1600000 2500000 kg
Depot propellant load DEPPROPMASS 4 1200000 1600000 2500000 kg
HLS propellant load HLSPROPMASS 5 1200000 1500000 2300000 kg
Ship height SHIPHEIGHT 3] 50.3 521 69.8 m
Tanker dry mass baseline, before tech TNKDRYMASS T 100000 103578 138767 kg
Depot dry mass baseline, before tech DEPDRYMASS 8 100000 103578 138767 kg
HLS dry mass baseline, before tech HLSDRYMASS 9 100000 103578 138767 kg
Booster prop load SHPROPMASS 10 3300000 3650000 4050000 kg
External surface area of Starship SURFACEAREA 1 1428 1479 1979 m2
Front surface area of Starship, projected | FRONTAREAPROJ 12 64 64 64 m2
Front surface area of Starship, conic FRONTAREACONE 13 232 232 232 m2
Side surface area of Starship SIDEAREA 14 1196 1247 1747 m2
Baffles Subsystem Mass STDBAFFLES 15 kg
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30%

Robust Architectures e 25.5%
(Lunar Ascent Margin > 20%) 023-MCB

[
N
&~

S
=S

18.5%

Feasible Architectures 019-MCB
(Lunar Ascent Margin 10 - 20%) 14.7% %
$026-MB x

o
S

High-risk Architectures
(Lunar Ascent Margin < 10%)

o
=

x
x

Lunar Ascent Propellant Margin
(includes unusable residuals)
o 2
2 2

10 11 12 13 1 15 16
59, | * | | |
* Infeasible Architectures
(insufficient propellant for return from LSP)

-10%
/ Number of Tanker Flights Required for HLS, Artemis Il|

+ MARGIN V3-CC xMARGINV2&CC +»MARGIN - NO CC
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Starship Version

Passive Insulation solution - S5 front
Passive Insulation solution - S5 sides
Cryocooler technology

Max thermal lift per cryocooler
Mumber of Cryocoolers to use

Custom Baffles for Prop Mixing

Met heat flux into propellant tanks
Met heat flux into propellant tanks
Met heat flux into propellant tanks

NETHEATFLUX
NETHEATFLUX
NETHEATFLUX

HVAPLOX
Boiloff rate LOX tank
Boiloff rate LOX tank
Boiloff rate LOX tank

HVAPMETH
Boiloff rate LCH4 tank
Boiloff rate LCH4 tank
Boiloff rate LCH4 tank

LEO
NRHO fHED
LSP

214000.00
LED

NRHO / HEO

LSP

511000.00
LEO
NRHG fHEO
LSP

HLS
V3
MLIBO-A144
MLIGO-A144
CREARE
150
7
Regular

6805
1304
24698

0.015980
0.00305
0.05771

0.00666
0.00128
0.02417

DEP
V3
MLIBO-A144
MLIEO-A144
CREARE
150
&
Regular

1138

TNK
V3
301STEEL
S0M1STEEL
NONE
0
0

Regqular

82778

i
£ =

0.00266
0.00000

0.00111

0.00000 -

Ws/kg
kg/s
kgls
kgls

0.18341

Ws/kg
kg/ls
kgls
kgls

0.08100




Net Heat Flux Calculations

Projected aa front FRONTAREAPROY =11 636 16 m
Adwa s SIDEAREA 17474 1. 7474 17474 mE
Orbit-average front anea looking at Sun OAFRONTSUM LED 50 S0% 50%
Ovbil-avragee side anea kooking At Sun OASIDESUN LEQ s % L)
Orbit-average front anea looking at Earth OAFRONTEARTH LEQ il A1t A%
Orbit-averags side ares Koking ot Eath OASIDEEARTH LEG 20.5% 29.5% 20.5%
Debi-averags kont nren koking i Sun OAFRONTSUN KRHO 100% wes [
Ovbi-avirages Fonl A koking At Sun LSP % % ]
Orbit-average side anesa kooking al Sun LEP B S0% B0
Orbi-morage fido aned kooking al Moon LSP 0% 5% 50%
Froxil absipivity D.01&S 00046 [ F ]
Front eflectrsn amisskiity 00185 Q.0046 il ]

Sk akmonithity D.O1ES 006 1]

S effective emissivity 0.0NES 10,0045 058
[Errviroremantal heat flux reaching sxionor tank ENVHEATFLUX LEQ TN
Errvircremental heat flux nasching satiror tank EMVHEATFLUX MRHO 1610
Errvirorenantal baal fux reaching sxinnor ank ENVHEATFLUX LsP 0

Errsiroramisnital bl Thoo raaching tanks ENVHEATFLLX LEQ TN

Erreiroramental beat fux reaching tarks ERVHEATFLUX RHO 18180

ErrsioraTstibil il Thox rbching tacks ENVHEATFLLX LEP 40

ritipreal hapad A Sonductid o anks INTHEATFLLIX =0

Sotar panl heat Mus oo side of tarks BACKPANELFLUY  LED 144

Eoiar panal hoat fux cnio side of tanks BACKPAMELFLL NRHO i

Soae panil hoat Mux ot side of tasks BACKPANELFLUX LSP 1219

Perenr-Emited cooling capaciy (in orb) 632

Power-Emited conling capacity (on lunar surface) 1250

Haat fux removed by CC (in orbit)
Haat fux removed by CC (on lunar suriscs)




| Buarlnce Maberial Lookeg name  mass inkg/ mE Wb Errm
ol e this
BLACH 1 L) 0.58
0 Coslin), 301 shinsl MIETEEL 4] 025 0.58
Witute Paisl WHITE| i aiF (1]
| Magrarsasm Crwici bn VWhita paird Iﬂﬂ!l'l-l‘l‘l[ 1 (-1 1]
AT Tach Inorganic Low Alpha Wit Paint AZTWHITE 1 008 051
QIORTI 1 08 083
mibvpr lbackpd . usad on pindlab, space
s, S hobible
SOLEC 1 a2y oar
| SOLTC LOwaT
LI, 0 H_.l-lﬂ 12 1 00 000%
|w.znm ML [] 000 G005
ML B0 leysre MLED 18 0004 [l
Imlnm L] Lo R R
Imlﬂm [l LSRR 643 [l O H] [l eyl
Im“ﬂ.dﬂm [yl WL ISR 140 6.78 00042 Ll
IMALIB AR, Johen (2040) WL SR 4 B.ET 00059 Ll
ML [0 A 1430, Joheron (2010} MLERSAT4ZG)  5T0 0007 o.0eT
LI A 143, Johen () MLIEE-AT43] B [ ]
MLIG0-A 144, Johen (010 MLIGE-ATAE]  haT 00046 00066
Type of Cryocooler Model var name Row MNo. SPEC MASS | PWR RATIO
units kgWith) none
no cryocooler used NOMNE 2 0
generic efficient cryococler GEMERIC 3 2 20
heavy, inefficient cryocoaler HEAVYGEN 4 [ &0
Petach pulse-tube cryocooler PETACH 5 0.7 15
53




MLI Outer Cover Material Lookup Table MLIOUTERLOOKUP MLIQUTERLOOKUP_ROWS

Type of MLI Outer Layer Model var name Row No. SPEC MASS Abs Em thickness
units kgim2 none: nong m
beta cloth BETACLOTH 2 0.237 0.45 0.8 000002
aluminized beta cloth ALBETACLOTH 3 0.27T1 0.37 0.3 0.00002
thin backed teflon THINBTEFLOMN 4 0.028 0.1 0.4 0.0000013
thick backed teflon THICKETEFLON 5 0.55 0.1 0.85 0.0000254
thin coated and backed teflon THINCETEFLON & 0.11 0.14 0.6 0.000011
thick coated and backed teflon THICKCEBTEFLON T 0.27 014 0.75 0.0000127
thin coated and backed kapton THINKAPTON 8 0.019 0.41 0.5 0.0000013
thick coalad and backed kaplon THICKKAPTON a9 0.19 0.54 0.81 0.0000127
Lookup fable name Excal data range name Rows lookup range:

MLI Reflector Material Lookup Table MLIREFLLOOKUP MLIREFLLOOKUP_ROWS
Type of MLI Reflector Material Meodel var name Row No. SPEC MASS Abs Em thickness
units kg/m2 mone none m

thin aluminized kaplon THINALKAPTON K 0.011

thick aluminized kapton THICKALKAPTON 3

thin goldized kapton GOLDKAPTON 4

thick goldized kapton GOLDKAPTON 5

thin aluminized mylar ALMYLAR G

thick aluminized mylar T
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Backup: NASA GEVS

https://standards.nasa.gov/standard/qgsfc/gsfc-
std-7000

General Environmental Verification Standard
(GEVS) for GSFC Flight Programs and Projects

@/ GODDARD TECHNICAL GSFC-STD-7000B
STANDARD

Goddard Space Flight Center
CGrecabelt, MD 20771

Approved O428:2021
Revalidatson Date: 04-28-2026
| Superseding GSFC-STD-7000A

General Environmental Verification Standard (GEVS)
for GSFC Flight Programs and Projects

THIS STANDARD HAS BEEN REVIEWED FOR EXPORT CONTROL RESTRICTIONS;
APPROVED
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Replace with your point!! High Level Testing Flow

The assembly, integration'and test process
normally lasts between 6 and 36 months

Assembly Integration & Test

1 Mechanical Functional 3 Environmental
assembly test test
(eg. interface, (EMC/EMD
electrical RF)
Thermal tests
Acoustic tests
Vibration tests

https.//atos.netwp-content/uploads/2020/10/Atos_Satellite_Testing _An_Introduction.pdf



Replace with your point!! Notional SV Integration and Test

Flow...

Ship
Assy L] Integration Starship ]
CFM Funct |
Readiness HLS —> TZ:tcs lona Bakeout Functional Test _SOI: r”pe:'nel
CPM | ™ Review Integration instafiation
Assy
Vilsriier Functional Test Mass Flnlal FSW N Shock 5 Functional
Properties Functional Test Test
. Arm Flight Day in the Life Pre-Ship
i Over the Air Test > Bakeout
Thermal Vacuum Functional Test Software Test Review
Y
Missi . . L h Vehicl .
. tsston . Spacecraft Delivery Functional Test aunch vehicle > Review Comms Plan > Launch
Readiness Review Integration
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V3 Hybrid (Architecture 023-MCB)

e \/3 HLS and Depot
o MLI

e Cryocoolers

e \/ertical solar arrays
e Sawtooth radiators
e Baffles

e Mixing Pump

e 15 tanker flights

Lunar Ascent Propellant

o vargn: 25.5%




V2 Passive (Architecture 026-MB)

e\/2 HLS and Depot ,
o MLI ~
e Baffles
e Mixing Pump
e 15 tanker flights
e Lunar Ascent Propellant

margin: 14.6%
A




V2 Hybrid (Architecture 019-MCB)

e\/2 HLS and Depot
o MLI

e Cryocoolers

e \ertical solar arrays
e Sawtooth radiators
e Baffles

e Mixing Pump

e 15 tanker flights

Lunar Ascent Propellant

Margin: 162%

=Y
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nodized Aluminum Aeroshell (.5 mm)

Aluminized Beta Cloth (.2 mm)

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

Stainless Steel Tank Wall (38.77 mm)

Propellant



Anodized Aluminum Aeroshell (.5 mnr

Aluminized Beta Cloth (.2 mm)

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

Stainless Steel Tank Wall (38.77 mm)

Propellant



Anodized Aluminum Aeroshell (.5 mm)

Aluminized Beta Cloth (.2 mm)

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

Stainless Steel Tank Wall (38.77 mm)

Propellant



KE = mv?/2

Anodized Aluminum Aeroshell (.5 mm)
6 Ply Kevlar 29 Style 710 (.17 mm)

Kevlar Fibers (.17 mm)

Aluminized Beta Cloth (.2 mm)

Kevlar Fibers (.17 mm)

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

Stainless Steel Tank Wall (38.77 mm)

Propellant
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	Slide 2: Without boiloff management, the 120-day Artemis III mission would be infeasible, and NASA would be unable to return to the Moon.
	Slide 3: To solve the issue of storing cryogenic fluids for Artemis III, we used NASA’s systems engineering approach to ‘architect from the right’.
	Slide 4: We developed a model (see demo at poster session) to justify our architectural decisions by quantifying our key Figures of Merit.
	Slide 5: Thorough analysis of propellant burns and modeled boiloff led to three major realizations that guided our design. 
	Slide 6: To select attractive system concepts, we traded off Lunar Ascent Propellant Margin (LAPM) vs. tanker launches and schedule risk.
	Slide 7: THERMOS enables NASA to choose between increased mission robustness and lower schedule risk.
	Slide 8: Option 1 summary: best LAPM performance.
	Slide 9: Option 2 summary: simplest → lowest schedule risk.
	Slide 10: Option 3 summary: Somewhere in Between.
	Slide 11: 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’. 
	Slide 12: MLI and Shielding deter anything--heat, ionizing radiation, micrometeoroids, orbital debris-- from ever reaching the tanks  
	Slide 13: The THERMOS MLI design is mounted on the BAC cooling tubes, helping to prevent some of the heat from reaching the tanks.
	Slide 14: Kevlar fibers at both ends of the blanket and an aluminum aeroshell serve as a double Whipple shield and add strength to survive launch.
	Slide 15: Beta cloth protects the aluminized kapton layers from ultraviolet radiation.
	Slide 16: Aluminum aeroshell and aluminized beta cloth protect the HLS and Depot from charging when traveling through the radiation belts.
	Slide 17: The BAC will employ seven Creare 150W cryocoolers which together serve 28 cooling tubes that are flat welded onto the tank. 
	Slide 18: 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.
	Slide 19: To prevent temperature stratification we modified existing baffles within the fuel talk into hydrodynamic geometries. 
	Slide 20: The modified baffles will induce mixing by taking advantage of centrifugal forces from axial rotation. 
	Slide 21: Our novel propeller-shaped baffles retain their original anti-sloshing function, and our cryopump provides a redundant mixing capability. 
	Slide 22: A technology maturation plan has been designed to lead to rapid integration and implementation.  
	Slide 23: The THERMOS project has been architected to support trade-off of technical vs. schedule risk during detailed design in H2 of 2025.
	Slide 24: The overall cost of THERMOS is affordable, and the 15 tanker launches per Artemis mission are within range of past estimates.
	Slide 25: Design and development is currently underway for a baffle prototype manifested for launch on an Oligo satellite in February. 
	Slide 26: Beyond our prototype, to facilitate mitigating risks, THERMOS was designed around proven and well-understood technologies. 
	Slide 27: 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.
	Slide 28: The THERMOS system and mission architecture are enabling for Starship HLS to perform its Artemis III mission by 2029.
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