Cryogenic Propellant Storage and Transfer (CPST) Project Technology Operations Center (TOC) Requirements Document

1.0 Cryogenic Propellant Storage and Transfer Mission Overview
As part of U.S. National Space Policy, NASA is seeking an innovative path for human space exploration, which strengthens the capability to extend human and robotic presence throughout the solar system.  NASA is laying the groundwork to enable humans to safely reach multiple potential destinations, including the Moon, asteroids, Lagrange points, and Mars and its environs.  The Agency is leading the Nation on a course of discovery and innovation that will provide the technologies, capabilities and infrastructure required for sustainable, affordable human presence in space.  As part of that plan, NASA is embarking on the Technology Demonstration Mission Cryogenic Propellant Storage and Transfer (TDM CPST) project to test and validate key cryogenic capabilities and technologies required for future exploration elements, opening up the architecture for large cryogenic propulsion stages and propellant depots. 
The TDM CPST flight demonstration architecture includes a cryogenic payload that consists of one fluid, liquid hydrogen.  The cryogenic fluid management techniques planned for the flight demonstration include cryogenic propellant storage that achieves low propellant boil-off, tank thermal and pressure control, liquid acquisition, liquid transfer of propellant such that the propellant is suitable for the intended end use, and various types of mass gauging.  The flight demonstration will occur in Low Earth Orbit, with a mission duration currently estimated to be approximately six months.  The estimate is based upon the time needed to complete spacecraft checkout, cryogenic storage demonstration, and multiple propellant transfer cycles at a variety of propellant tank conditions.  To support the flight demonstration, technology maturation will occur, consisting of ground tests, studies, and analytical model development to mature technologies needed for the flight demonstration.
[bookmark: _GoBack]As an in-space, technology demonstration project, the TDM CPST project is governed by NPR 7120.5, NASA Space Flight Program and Project Management Requirements, and is considered a Class D payload in accordance with NPR 8705.4, Risk Classification for NASA Payloads.
2.0 CPST Flight Demonstration Nominal Mission Operations
To prepare the CPST Payload for launch, cryogenic propellant loading is conducted on the launch pad.  Just prior to cryogenic propellant being loaded into the propellant storage tank, the cryogenic fluid system avionics and sensors will be activated so that the settled and unsettled mass gauges can be used for propellant loading and topping off operations.  
Shortly before launch, after cryogenic propellant loading has been completed, a brief functional check of the cryocooler and pump(s) will be performed, though these components will not be active during ascent to orbit.
Immediately prior to launch, valves will be commanded to their launch position.  A short time after launch, the launch control center will hand off flight demonstrator operations to a mission operations center staffed by a core team of engineers and technologists located at the Mission Operations Center (MOC).
Throughout ascent to orbit, the entire suite of sensors will begin collecting data and storing it on board the flight demonstrator until the data can be transmitted to the mission operations center.  When the flight demonstrator reaches orbit, as soon as the supporting systems allow, another brief functional check of the cryocooler and pump(s) will be performed.  Associated health and status data will be transmitted to the MOC at the earliest possible opportunity.  Once satisfactorily accomplished, mission operators will command the flight demonstrator to perform a mass gauging with both the unsettled and settled mass gauges, to establish the baseline quantity of propellant.  Immediately afterwards, the passive storage demonstration will officially begin.  Throughout the passive storage demonstration, the pressure control system operation will be varied by mission operators commanding the use of different, pre-programmed parameters stored within the avionics. 
Once the requisite duration of steady state passive storage data has been collected, transmitted, and verified, mission operators will send a command to initiate the active storage demonstration (passive systems will continue to function).  The active storage demonstration will be performed until the quantity of propellant drops to the lowest measurable level.  
Once active storage data has been collected over a period of time similar to that of the passive storage demonstration, mission operators will periodically command the flight demonstrator to initiate a transfer demonstration from among a set that has been pre-programmed into the flight demonstrator.  The transfer that is commanded may be comprised of a chill-down and transfer, or simply a transfer without a chill-down.  Such sequences will simulate a tank-to-warm-empty-tank, or a tank-to-partially-filled-tank transfer, respectively.  In addition to these transfer demonstrations, mission operators will also have the ability to command a chill-down-only demonstration from among a set that has been pre-programmed into the flight demonstrator.
Prior to any transfer or chill-down demonstration, the mass of propellant will be determined by both the unsettled and settled mass gauges.  During transfer or chill in demonstrations, the storage tank pressure control system will be inhibited to minimize the amount of pressurant consumed.  For tank-to-warm-empty-tank transfer simulations and chill-down demonstrations, all components that will be wetted by the propellant will be warmed prior to the flow of propellant.  For tank-to-partially-filled-tank transfer simulations, only the transfer line will be warmed prior to the flow of propellant.  At the conclusion of a transfer or chill-down demonstration, the mass of propellant will be determined using both the unsettled and settled mass gauges.  As soon as the propellant mass has been determined, the storage tank pressure control system will automatically re-start so that its pressure will be returned to pre-demonstration levels.  At some time after the demonstration is completed, when no more useful data can be extracted from the propellant in the receiver tank, mission operators will issue a command to vent any of the remaining receiver tank propellant to space.  
Routinely throughout the demonstrations, on an automated basis, the unsettled mass gauge will determine the quantity of propellant that remains.  From time to time during the storage demonstrations, separate from any transfer demonstrations, mission operators will command the flight demonstrator to settle the propellant so that the settled mass gauge may confirm the coincident unsettled mass gauge results.
All commanding of the flight demonstrator will be performed through secure means.  
Raw data collected from the cryogenic fluid system and supporting systems throughout the demonstrations, will be transmitted to the MOC.  The time-ordered data will be securely transmitted to the MOC through either existing ground-based or space- and ground-based assets, depending on the demonstration performed.  The data will be stored, verified, and converted to engineering units so that mission operators may assess actual performance of the cryogenic fluid system and supporting systems.  Data collected during storage demonstrations will be transmitted no less than once per mission day, since the related processes are slow and less likely to experience problems that require operator intervention to preserve the mission.  Data collected during transfer demonstrations (particularly, during the chill-down process) will be transmitted as near real-time as possible, since the related processes are much faster and may require operator intervention to remedy situations that could jeopardize completion of the flight demonstration.  Both the raw and converted data will be made available – in a negotiated format – for secure pick up by technology operations personnel, as soon as the data is available to mission operators.
[bookmark: _Toc305648461]Once all of the verified data that can be made available to the science operations personnel, has been made available, mission operators would ready the flight demonstrator for disposal,  and then dispose of it in a manner that complies with NASA requirements for limiting orbital debris.  A flight demonstrator designed for uncontrolled re-entry is preferred as it will allow cryogenic propellants to be maximized, and reduce operational costs.  Preparation for such a disposal will include venting all remaining hazardous fluids, discharging batteries, and removing power.  After the flight demonstrator is disposed of, any remaining mission assets would be assessed and dispositioned in accordance with project and NASA interests.
3.0 Off-Nominal Mission Operations Concept
Because virtually no extended-duration, in-space cryogenic fluid system operational data exists and, therefore, no micro-gravity-validated predictive performance models exist, it is expected that the integrated cryogenic fluid system will perform differently in-space from what the models predict prior to the flight.  Based upon the present body of knowledge, it may be possible to surmise the generic causes of such differences (e.g. – a pressure control mixing pump never shuts off), but it may not be possible to know why differences exist, or what corrective action (if any) should be taken.  Consequently, capability will be designed into the flight demonstrator that will help to minimize the risk of not collecting the desired data.  A combination of safe modes and the ability to load and execute alternate demonstration sequences will be implemented to mitigate such a risk.
A safe mode will allow mission operators time to assess the data and potential corrective action(s) that will preserve the ability to collect the maximum quantity of data.  While the flight demonstrator will autonomously initiate safe mode operation when pre-established operational bounds have been exceeded, the “never-been-done-before” nature of the flight demonstrations will require that mission operators have the ability to command safe mode operation.  In either case, once the flight demonstrator has signaled mission operators that safe mode has been initiated, and they have adequately understood why performance has deviated from what was expected, operators will send the flight demonstrator new operating parameters/instructions, or command the flight demonstrator to execute one of multiple, alternate, pre-loaded operating instructions before resuming demonstrations.
4.0 Technology Operations Center (TOC) Concept
Technology operations will be performed remotely from the mission operations center, by technologists who are not essential to flight operations, but who may provide assistance to mission operators.  Technology operations personnel will download the flight demonstration data from the mission operations center, through secure means, at the moment it is made available to mission operators.  The technologists will then analyze and interpret the data, and advise the mission operators regarding any demonstration changes must be made.  The technology operations displays will present data in the same way that the data is displayed on mission operations displays.
5.0 Technology Operations Center Requirements

5.1 The TOC shall store and archive all planning materials and manuals for use by the technologists working in the TOC.
5.2 The TOC shall store and archive all mission data for use by the technologists working in the TOC
5.3 The TOC shall have the capability of distributing all planning and mission data to any remote sites defined in the TOC operation plan.
5.4 The TOC shall operate in coordination with the CPST Mission Operations Center (MOC).
5.5 The TOC shall utilize the Telescience Support Center (TSC) facility at Glenn Research Center as the primary base of operations.  
5.6 The TOC shall coordinate with the MOC with a Telemetry and Control window for personnel support during real-time support
5.7 The TOC consoles shall display housekeeping data, procedure spacecraft bus commands that are initiated/issued from the MOC console, and system messages using the Telemetry and Control window.  The MOC is responsible for delivering this data to the TOC.
5.8 The TOC shall support MOC operations training, launch and early orbit checkout, and experimental operation activities.  Operational activities include nominal and off-nominal planning activities conducted during the mission.
5.9 The TOC shall support technologist needs to analyze mission data during mission operations.




