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Motivation 

• Modern deep space mission architecture 
relies on staging large rockets to launch small 
payloads 
– “Russian Nested Doll Architecture” 

– Risk of failure is compounded serially 

• It is impractical to use this architecture for 
large, manned interplanetary missions 

• >2/3 of deep space missions are propellant by 
mass 
– Can the bulk of cargo be handled by a service...? 
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Our Mission, Should We Choose To Accept… 

• CHORD - Low Earth Orbit Refueling Depot 
– Modular fuel cartridges  

– Multiple fuel types 

– Safe and reliable refueling for deep space missions 

• Reliable Refills – Commercial Venture 
– Develop the CHORD mission to  

expand private space sector 

– Create infrastructure for  
future large-scale missions 

– Profit  
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Objectives and Design Drivers 

• Objectives 
– Enable more deep space missions with economically 

sustainable orbital refueling 

– Create a profitable business 

– Establish infrastructure to support Martian 
colonization 

– (Secondary science, national inspiration) 

• Design drivers 
– Economic feasibility 

– Precision pointing and rendezvous maneuvers 

– Cryogenic fuel storage and transfer 
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SEGMENT COST 

PHASE I – Customer Research & Product 
Development (Year 1-4) 

$162,019,000 

PHASE II – Technology Demo & Corporate 
Outreach (Year 5-17) 

$243,845,000 

PHASE III – Venture Capital & Expansion 
(Year 18-25) 

$147,950,000 

TOTAL $553,815,000 

Business Plan 

• Customer Base 

• Cost and Funding Breakdown 
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Economics of Dev. And Ops. 
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• Sample Mission 

• Long Term Revenue/Profit Falcon Heavy Falcon  9 v1.1 w/Refuels 

Launch Vehicles $128,000,000 $56,000,000 (Mission) 
$56,000,000 (Refuel) 

Additional Fuel $0 $1,200,000 

Cartridges $0 $8,000,000 

Reliable Refills Service Fees (50%) $0 $4,600,000 

TOTAL COST $128,000,000 $125,800,000 

TOTAL SAVINGS $2,200,000 



Dev. and Ops. Schedule 
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System and Mission Requirements 
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Concept of Operations 

• Mission Phases 

1. Hub Launch 

2. Cartridge Launch(es) 

3. Cartridge Docking 

4. Client Launch 

5. Cartridge Transfer 

• Long-term Options for Multiplicity 

– Phasing 

– Alternative orbits 
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Concept of Operations 

• Mission Phases (visualization) 
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Concept of Operations 

• Docking Process Flow 
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Orbit 
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CHORD 
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Subsystem Architecture 
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Cartridge Configuration 
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Aluminum ore, fiber reinforced polymer wall 



Cartridge Configuration 
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Docking & Latching Mechanism 

Economic Motivation Systems Engineering Subsystem Specs Conclusions & Future  



Docking & Latching Mechanism 
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Structural Requirements 
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Structures 
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• Dodecahedral for symmetry 

 and versatility 

• Design drivers:  

mass and volume 

• Externally mounted 

      sensors and  

      components 

• Internally stored fuel and avionics 



Structures 
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Structures 
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Thermal and Pressure Requirements 
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Thermal and Pressure Control System 
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• Passive Control 
• Cryogenic Storage Dewar 
• Multi-layer Insulation (MLI) 

• Active Control 
• Peltier Thermoelectric coolers 

• Operate down to 233 K  
• Cryocooler 

• Listed cooling capacity at 80 K 
 



Thermal and Pressure Control System 
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• Propellants pumped individually through the 
cooler and heat exchanger 

• Hypergolic propellants separated 



Guidance and Control Requirements 
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GNC and ADC Subsystems 

• Control Modes 
1. Stabilization and sun tracking 
2. Cartridge rendezvous and docking 
3. Mass, center of mass, and moment determination 
4. Client rendezvous and cartridge transfer 

• Selected Actuators 

Type Strength Number Model 

Control Moment 
Gyroscope 

89 Nm 4 (arranged in square for 
redundancy) 

Scaled from Astrium 
CMG 15-45S 

Reaction Control 
Rockets 

400 N 5 banks of 4 thrusters for 
attitude and position control 

SpaceX Draco Rocket 
Engine 
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GNC and ADC Subsystems 

• Selected Sensors 
Type Sensitivity Update Rate Model 

IMU (gyro, 
accel, mag) 

0.35 deg RMS pitch/roll 
1.0 deg RMS heading 
(3-axis) 

100 Hz Microstrain 3DM-GX3-
45 

Star Trackers +/- 0.003 deg 30 Hz Sodern Hydra Star 
Tracker 

Sun Sensors +/- 0.1 deg 
+/- 70 deg view (2-axis) 

5 Hz Sinclair SS-411 Two-
Axis Digital Sun Sensor 

GPS +/- 2.5 m 4 Hz Microstrain 3DM-GX3-
45 

Docking Sensor Position from 2000 to 0.5 m Unspecified Neptec TriDAR 

Cameras 
(computer vis.) 

Position for near approach 10 Hz Malin Space Science 
Systems ECAM 
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Communication and Ground Station Reqs 
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Communications 

Cartridge to Hub Hub to GroundStation Hub to Relay 

Status Ping Status Beacon High-Rate Telemetry 

S-Band UHF band S-Band 

Patch Antenna Crossed Monopole Patch Antenna 

Each docking face Opposite non docking faces Each docking face 

Outward gain Omni-directional gain Dual use of Antenna 

~10 bytes at 0.5 Hz ~150 Bytes at 0.1 Hz ~500 bytes/s 

Cartridges use same 
antennas 

Ground station built at 
Reliable Refils Management 
Facility 

Use of TDRS service provided 
by NASA 

Monitor Cartridge 
health prior to docking 

Nominal operations. Analyze 
beacons and Uplink 
Commands 

Monitor CHORD while 
docking 

10 minute pass time! 
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Communications 

System diagram with individual links 
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Electrical Power System Requirements 
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Electrical Power System 

• Power Requirements: 

– 1.9 kW - nominal 

– 3.4 kW - during docking 

– Largest power draws: 

• Cryocooling system - 400 W peak/200 W nominal 

• CMGs - 252 W peak/176 W nominal 

• Energy Requirements: 

– 10.8 MJ - per nominal orbit 

– 18.8 MJ - per docking orbit 
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Electrical Power System 

• Ga-As solar panels 

– 51 m2 facing the sun  

– Provides at least 5.6 kW of power over 20 years 

• 15 lithium-ion batteries on board 

– 3 of which are reserved as backups 

– Sustains 2 successive docking orbits 

– 10.9 MJ capacity in total 

• Voltage are regulated at 5 V, 28 V, and raw 
battery voltage of 3.6 V 
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Command & Data Handling Reqs 
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Command & Data Handling 

System Health/ 

Telemetry 

Power Mode 

System Health/ 

Telemetry 

Hub State 

Thrust 
Attitude 

Control 

State 

Commands 

Ground Station 

Power Board 
(Proton 200k) 

Hub Control Board 
(Proton 200k) 

Control Board 
(Proton 200k) 

COMMS 

CMGs 

Thermal and 

Pressure Sensors 

Propulsion 

Attitude Determination 

Sensors and GPS 

Thermal and Pressure 

Control Systems 

Relay Satellite Cartridge Board 
(Proton 200k) 

  

Nominal 
Transmission 

Docking 

Transmission 

System Health/ 

Telemetry 

Transmission 

Data 

Fuel P/T 

Commands 
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Risk Analysis 

Callout Risk Callout Risk 

1 Communications loss during idle 7 Damaging collision during 
rendezvous 

2 Communications loss during 
rendezvous 

8 Loss of stability during docking 

3 Pointing error during idle 9 Pressure breach during on-board 
thermal management 

4 Pointing error during rendezvous 10 High boil-off losses 

5 Thermal control system failure 11 Accelerated radiation degradation 

6 Improper orbit injection of cartridge 
or client 

12 Micrometeorite and debris damage 
or puncture 
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Future Ventures 

• L2 

• GEO 

• Martian Orbit 

• Gas Station in Space? 
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Conclusion 

• Commercial Venture 

– Create a profitable business 

– Provide a valuable product for customers 

• Space Infrastructure 

– Support larger, more advanced deep space missions 

– Allow cheaper, more frequent high Earth orbit 
missions 
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Questions? 

 

THANK YOU 
 

Please visit 

www.reliablerefills-inc.com 

for more information! 
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Structures 
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Structures 
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