FLORIDA SOLAR ENERGY CENTER

TECHNICAL SCOPE OF WORK FOR

HYDROGEN RESEARCH AT FLORIDA UNIVERSITIES

TASK I. 
Densified Propellant Technology

NASA Glenn research engineers have been working in the field of high-energy, high-density cryogenic propellants for nearly two decades. The basic research area focuses on developing production techniques, demonstrating handling capabilities, and defining performance characteristics of high-density cryogenic propellants. Emphasis is placed on the development of experimental tests and analytical modeling that describes the thermodynamic state and transport properties for propulsion and ground-based systems during production, transfer, loading and launch activities. Experimentation with respect to propellant quantities scalable to prototype test-bed and full-size propulsion systems is desired. Recent cryogenic propellant research areas have included densified liquid hydrogen (DLH2), densified liquid oxygen (DLO2), slush hydrogen (SLH2), metallized-gelled hydrogen (MGH) and densified-gelled hydrogen (DGH).

Subtask A.
Transport Properties, Density and Viscosity Measurements of Subcooled Liquids 

There are fundamental gaps in experimental fluid property data for select subcooled cryogenic propellants that NASA uses as an oxidizer in rocket engines. One of these fluids where transport property data are scarce below the normal boiling point (NBP) is LO2. The focus of this research task is to experimentally and analytically investigate the transport properties of pure densified LO2 and LH2. Key properties of interest include viscosity, density, and thermal conductivity of subcooled LO2 and LH2 at pressures from 15 to 100 psi. The accuracy requirements for measurements and analytical parameters of interest must be at least +/- 1.0 percent within standardized data at the NBP of a cryogenic propellant reference.

Subtask B.
Experimental and Numerical Investigations of Cryogenic Multiphase Flow 

This task is the effort that FSU reported on during the March 4 review meeting and involves experimental and analytical analysis of multiphase flow.

Subtask C.
New Design Concepts for Low-Cost, Lightweight and More Accurate Mass Gauging Systems

Accurate knowledge of mass inventories of densified propellants in ground support equipment (GSE) or launch vehicle propellant tanks is an important technology need for future DLO2/DLH2 systems. The objectives here are to investigate the state-of-the-art in mass-gauging techniques and generate concepts for better, lower cost, lighter weight and more accurate mass gauging systems. Because of the sensitivity of cryogenic fluids to external probes, the feasibility of utilizing wireless pressure, temperature and fluid level gauging sensors will be investigated. Mass gauging systems should provide measurement accuracies of propellants within 0.5 % of the total propellant mass.

TASK II.
Safety and Monitoring Systems

The detection of explosive conditions in aerospace propulsion applications is important for safety and economic reasons. The performance requirements for hydrogen detection in aerospace applications often exceed those of more traditional and terrestrial applications. An examination of the commercially available point-contact H2 sensors indicates the majority falls into four main categories: catalytic combustion, electrochemical, semiconducting oxide sensors and thermal conductivity detectors. 

Aeronautic and space applications require the development of new sensors with capabilities beyond those of commercially available systems. Areas of most interest include: micro-machining and microfabrication technology to fabricate miniaturized sensors, and development of high-temperature superconductors. In addition, new techniques that allow control and interrogation of each sensor head and provide self-calibrating capability are needed. Another area of interest is the development of special paints that detect H2 leaks by changing color when exposed to hydrogen.

Another area of potential interest relates to the development of new sealing techniques/ materials for fluid components. There is a resistance for valve manufacturers to incorporate un-tested seal configurations into product lines due to increased risk. This has hindered materials research and development of new and innovative sealing technologies. In the area of component change out, several innovative approaches have already been demonstrated at NASA-KSC. The development of standardized processes and procedures could provide significant operational cost savings at NASA facilities and throughout aerospace industry.

Finally, it should be noted that today’s LH2 vehicle loading and servicing systems are old designs and very inefficient. Thus, the analysis and cost efficiency of loading timelines, systems thermal stresses, purge gas systems (helium), and safety aspects need to be examined for alternate methods of system conditioning and operations. 

Further research and development is needed in the following task areas:

Subtask A.
Hydrogen Sensor Technologies

Cost effective hydrogen sensor technologies that deliver detection selectivity and sensitivity, dependability and durability, stability and reproducibility, applicability in cryogenic LH2 environment, ability to operate in air and oxygen-free environment, resistance to chemical degradation and real-time response are needed. In addition, enabling technologies that can monitor harmful contaminants in the liquid hydrogen flow stream are sought for increased safety and reduced system setup times.  This activity will include research on special paints for hydrogen leak sensing. Sensor technologies capable of monitoring nitrogen, oxygen, and water vapor levels in addition to H2 and helium gas are also needed.
Subtask B.
New Sealing Configurations and Development of Valves

New sealing configurations and advanced materials in support of the technologies for the development of valves and other cryogenic components are of particular interest.

TASK III.
Hydrogen Storage for Spaceport and Space Vehicle Applications
Use of hydrogen as an energy carrier and fuel for spaceport and vehicle applications requires it to be storable and transportable. The main technologies for terrestrial hydrogen storage are compressed gas, liquefied hydrogen, metal hydrides, chemical hydrides and carbon-based materials. For space flight applications, liquefied hydrogen (LH2) storage has been traditionally the method of choice. This is because LH2 offers the highest gravimetric energy density compared to many alternative techniques such as compressed gas and metal hydrides. Presently, LH2 is transported on the public roads and waterways to NASA-KSC and other NASA facilities from remote locations, hundreds of miles away. New and innovative technologies are needed for higher energy density, near ambient temperature and safe H2 storage and transport that minimize NASA's exposure to risk, simplifying and reducing the cost of H2 use in NASA operations. In addition, high-density storage media are needed for hydrogen recovery and gas separation technologies.

Another area of potential interest involves the use of miniature, reliable cryocoolers. Availability of miniature and reliable cryocoolers is critical or even key enabling components in NASA’s future spaceport technology and advanced sensor design. Cryocoolers can provide cooling power for subcooled liquid densification of cryogenic propellants as well as for liquefaction of boil-off gases from heat leak into ground storage tanks and lines. Such zero boil-off continuous flow systems have the potential to change space launch operations, with a single on-site liquefaction facility branching out to all the launch complexes. Continuous flow through these lines will simplify launch operations and reduce launch expenses by eliminating tanker transfers and reducing chill-down times and losses.

The following sub-tasks are included. 

Subtask A.
Evaluate Reverse Turbo Brayton Cycle (RTBC) Cryocoolers

Development and design of a compact (50W) Reverse Turbo Brayton Cycle (RTBC) cryocooler for space-related applications.  This task includes work at FSEC on tribological coatings.

Subtask B.
Evaluate New Concepts for Storage of LH2 and ZBO Systems

In the future, Cx 37 and Cx 41 at KSC/CCAFS will be used for manned as well as unmanned missions and Cx 39 for heavy lift unmanned vehicles (after 2010). If this is the case, then four LH2 pad storage tanks will be in use at the Cape.  It is conceivable that KSC will need a single liquefier for LH2 production with a buffer LH2 storage tank onsite.  Therefore, it is important that work on the advanced technologies for LH2 storage and ZBO should continue with application to the buffer storage tank - these also make a great demo for the emerging hydrogen economy.  The onsite hydrogen production, purification and storage schemes should utilize new technologies as much as possible.  At this point, the economics should not be the ultimate criteria.  It is in the NASA's mission to play a role in the development of new technologies that will be spun-off for the benefit of the public.  Of course, another area that should be considered when new H2 production, purification and storage technologies are discussed is the potential applications for moon and Mars missions.

With the above in mind, NASA will benefit from technologies that offer safe, near ambient and long term storage of hydrogen on-site especially if hydrogen is generated at a local production facility. The objectives of this task are to develop an on-site hydrogen purification and storage system based on the new class of complex hydrides capable of providing a buffer or link between onsite production and liquefaction facilities and for boil-off capture and recovery.  This subtask will evaluate H2 storage and zero boil-off cryogenic systems and will involve four areas of research as follows.

1. Evaluate Ammonia-Based Chemical Hydrogen Carriers. – Conduct experimental investigation and analysis to assess the potential of various inorganic complexes for high-density hydrogen and ammonia storage.  The effort will involve consideration of those compounds that contain high ligand holding capacity and release H2 under moderate temperatures and pressures.

2. Evaluate Helium-Hydrogen Separation with Metal Hydrides -- Hydrides of interest are those known to absorb hydrogen rapidly at low temperatures and pressures.  Unlike the hydrides of interest to the U.S. Department of Energy for transportation applications, these materials trade high hydrogen storage capacity for rapid kinetics and ambient reaction conditions.

3. Experimental Design and Evaluation of ZBO LH2 Storage Tanks -- This subtask will evaluate various ZBO storage system configurations and conduct experimental tests for differing designs. The task will include the computer analysis of the various ZBO system configurations.
4. Development of a Hydrogen Separation Membrane for Space -- This subtask focuses on developing hydrogen membranes, which meet the criteria of the Sabatier reactor for Mars mission.  Recently, proton conduction has been confirmed in several non-perovskite oxides that have the characteristics of mixed ionic-electronic conductors.  These oxides include fluorite, aragonite, and pyrochlorite type structures.  These non-perovskite membranes will be synthesized using the solid-state reaction method, and their permeability, conductivity, selectivity, and processability will be evaluated.  In addition, the surface structure, microstructure, non-stoichiometry, doping materials, sintering, and defect chemistry will be characterized to understand the separation mechanism and optimize the material properties.  The activity will be conducted in close collaboration with NASA KSC colleagues.

Subtask C.
Evaluate LH2 Storage at Kennedy Space Center

The liquid hydrogen and oxygen storage tanks at Kennedy Space Center have served the space launch operations for many years and the time is now approaching when these storage systems need to be reevaluated and/or refurbished. The major activity of this task is to work closely with NASA/KSC engineers and contractors to evaluate the storage tank losses and, in particular, the losses that occur in the Pad B tank due to voids in the perlite insulation. Closely tied to the perlite insulation problem is upcoming refurbishment of the Pad B tank. The tasks being conducted under this subtask are:

1.
Development of a thermal model of the Pad B LH2 tank based on Mark Berg’s data with input 
from Bob Youngquist.

2.
Delivery of a thermal model of KSC tanks and documentation and 
training for its use.  Bob 
Youngquist will be the KSC contact.

3.
Working with Mark Berg and taking high quality IR images of both LH2 tanks.

4.
Working with Phil Metzger to measure the experimental parameters that are needed for 
modeling of the granular effects of using glass bubbles as 
insulation in the LH2 tanks at Pads 
A & B. The results need to be provided in a referenced report, briefly describing the 
experiments performed and documenting the results.

As the work progresses, the above tasks will be modified by KSC and FSEC in order to supply KSC with the most appropriate information on which to base their future storage tank activities and possible configuration changes.

TASK IV. 
Local Hydrogen Production, Transport, Liquefaction and Recovery
KSC and Cape Canaveral Air Force Station (CCAFS) will eventually be required to manufacture the H2 they use locally. Local production of hydrogen will be required due to one or more of the following reasons: economics, transportation safety and quantity requirements. Hydrogen consumption figures for Shuttle and Delta launches show a need for as much as 3.5 million lbs. of LH2 per year in the near future. In addition, quiescent storage tank boil-off and losses due to transfer operations add to the operational expenses. Coupled with this are manpower costs associated with tanker offloading and concerns with transport safety and production disruptions.

Therefore, it is desirable to investigate what improvements can be made to hydrogen operations at the spaceport facilities by considering new hydrogen production, storage, and liquefaction technologies. Due to the magnitude of hydrogen used, and resources available on the site, NASA-KSC provides an ideal location for implementing advanced and emerging hydrogen production, storage, and liquefaction technologies. The following tasks address the local production, recovery and transport of hydrogen for NASA-KSC applications:

Subtask A.
System Analysis of H2 Production and Utilization Technologies 

Research is needed to assess cost-benefit, technical risks and potential impact of local production and distribution of hydrogen based on near-term approaches (e.g. thermochemical, and thermocatalytic processes). This task involves a cradle-to-grave analysis of all prospective technologies that can be used for local H2 production and on-site storage and use at NASA-KSC. Hydrogen transport to and within the NASA-KSC will be thoroughly analyzed. In addition, the prospect of H2 as a terrestrial vehicular fuel for spaceport activities is also examined.  Program metrics for this study are:  production from local and/or Florida based resources, minimal CO2 emission, near-term technology and low cost per unit of H2 produced.

This activity is envisioned as a system study that incorporates the best technology developed at the hydrogen research laboratories of Florida's state universities, other research institutions, and commercial entities to develop a concept for the spaceport of the future. From the economic point of view, the prospective technologies will be compared to the current H2 procurement and infrastructure in use at NASA-KSC. Deliverables for this task include a list of prospective technologies for H2 production, storage and utilization; and identification of potential project sites at NASA-KSC.

Subtask B.
Evaluation of Advanced Hydrogen Production Technologies 

The objective of this task is to focus on the hydrogen production technologies determined to be the most promising in fiscal years one and two.  Thus, the major hydrogen production project effort will be focused on the technologies that have near term application to Kennedy Space Center in Florida, and long-term, high risk programs will be discontinued or scaled back.  In addition, the goal for subtasks 1 and 2 below is to demo them at the pilot plant scale and produce liquid hydrogen so that a complete system can be evaluated.  The gaseous hydrogen output will be liquefied and/or densified and stored in a ZBO storage configuration.  The intent of this production/storage effort is to establish a test bed facility at FSEC where different production and storage technologies are researched and showcased.  The three remaining subtasks (3, 4, and 5) will be conducted at the laboratory stage. Details of these five subtasks follow.

1. Thermocatalytic Hydrogen Production from Local Feedstocks:  The main objective is to 
develop economically viable thermocatalytic process for hydrogen production from locally 
available fossil and renewable feedstocks with minimal environmental impact.  The approach 
is based on catalytic reformation of natural gas and local renewable feedstocks (e.g., landfill 
gas, peat and other biomass resources) into hydrogen and carbonaceous products. This 
would result in significant reduction in overall greenhouse gas emissions from the process 
(compared to conventional processes, e.g., methane steam reforming, coal gasification).

2. Hydrogen Production via Steam Reformation of Waste/Used Automotive Lubrication Oils.  The 
objective of this activity is to assess the technoeconomics of hydrogen production and storage 
via steam reformation of waste/used automotive lubricating oils. Every year, privately owned 
automobiles and light trucks in Florida generate over 45 million gallons of used crankcase oil.  
The cost of hydrogen from used oil will be less than 10 cents per kg of hydrogen equivalent. 
NASA now pays about $4.50 per kg of liquid hydrogen.   In Florida, within a short distance 
from KSC, enough used oil is available (at less than about ¢10 per kg of H2 equivalent) to fuel 
well over 100 Shuttle launches per year.  The activities to be done include development of 
process flow diagrams for steam reforming of used automotive lubricating oils using Aspen 
Plus CPS. This will include determination of the capital and operating costs using AES Icarus 
IPE. Aspen simulations will be performed in order to determine H2 costs for processing plants 
having approximately one ton per day (tpd) to about 20 tpd production capacities.  In addition, 
bench-scale, steam-reforming experiments will be carried out using off-the-shelf samples of 
virgin lubricating oils (both synthetic and mineral-based) as well as used oil samples to 
determine optimum process conditions for hydrogen production. 

3. Hydrogen Production from the Sub-Quality Natural Gas (SQNG):  Approximately one-third of 
the U.S. natural gas resource is low or sub-quality gas that does not meet the requirements for 
pipeline shipment. The recovery of H2 from the SQNG wells in Florida can provide a significant 
source of H2 that can be used for hydrocarbon fuel upgrading (e.g., hydrocracking, 
hydrodesulfurization), and other applications including spaceport operations.

4. Local Hydrogen Production from Waste Biomass:  Waste biomass can also be an 
environmentally friendly and economic source of hydrogen energy if the characteristics of the 
feedstock are properly incorporated in the conversion process. Low-temperature processes 
such as pyrolysis result in the production of a bio-oil that can be used to produce value-added 
chemicals as well as hydrogen. Research is needed to evaluate and test waste biomass 
source(s) with respect to use as feedstock(s) for pyrolysis process and to determine the 
composition of the feed, and pyrolysis products as a function of process parameters, etc.

5. H2 Production from Waste Streams:  This task involves evaluation of the production of 
hydrogen from gaseous sulfur-containing waste streams at existing or proposed coal-fired 
power plants (e.g., IGCC) or other industrial processes.

Subtask C.
Evaluation of Hydrogen Liquefaction, Separation and Recovery Technologies 

The objectives are to assess the potential of various technologies for cost effective and efficient hydrogen storage. The baseline technology is the traditional mechanical liquefaction process. The energy consumed during liquefaction is a major hurdle. At present, the cost of liquefaction using various mechanical cycles (e.g., Claude, Cascade, etc.) is about twice the cost of producing hydrogen. Therefore, fundamentally new technologies are needed to substantially reduce the cost of hydrogen liquefaction especially in small-scale applications. This task will investigate new and emerging liquefaction concepts. Included in the study is the concept of magnetocaloric refrigeration (MCR). The task objectives also includes:  assessment of the viability of the emerging technologies such as advanced cryocoolers, multi-wall transfer lines, novel recovery equipments, advanced insulation materials, membrane based and other advanced gas separation systems, and the state-of-the-art heat transfer and CFD modeling that apply to the “cold” end of the operation.

TASK V.
New Propellants and Cryofuels – There is no work in this area by FSEC.
TASK VI.
In-Space Cryogenic Fluid Management Technology Elements 
The extension of space exploration from low earth orbit into the solar system is a big challenge for NASA in this new millennium. The projected exploration program includes a series of human and robotic expeditions to low and high earth orbit, Moon, Mars, and possibly asteroids and moons of other planets. To propel these expeditions, the Space Launch Initiative Program (SLI) is investigating and developing orbit transfer vehicles (OTV’s). Integral to OTV’s is effective, affordable, and reliable cryogenic fluid management for use in the propellant or life support systems. Without high performing storage systems, two-phase flow regime data, non-intrusive liquid quantity gauging data and pressurization data, safe and economically feasible missions will not be possible.

Subtask A.
ZBO Pressure Control 

The Zero Boil-Off (ZBO) concept has recently evolved as an innovative means of storage tank pressure control, which reduces mass through a synergistic application of passive multiplayer insulation, active heat removal, and forced liquid mixing. Investigations needed to advance the ZBO storage concept include a pressure control strategy to effectively and advantageously increase safety and improve performance of both in-space and on-surface (planetary) cryogenic storage technology. This strategy is governed by an interplay among heat transfer in the liquid, mass transfer due to evaporation-condensation processes, and fluid flow in the liquid brought about by forced mixing and thermocapillary flows that are both laminar and turbulent.

Task VII.
Hydrogen Powered Aeropropulsion

To replace fossil fuels, the aircraft of the future will use hydrogen. In order to plan for this future, work needs to be completed to assess viability of hydrogen powered engines and electric power provided by fuel cells (FC) for aeronautical use. This task will investigate and evaluate the use of hydrogen in aviation. The task involves a literature review and has the goal of setting the system parameters and doing the system analysis for on-board hydrogen storage and propulsion power requirements as a function of plane size, load and flying range requirements.  Ground based systems will also be part of this work task.

The application of FC to the NASA space program began in the 1950's as a source of cabin power during flight.  The use of fuel cells for propulsion is an extension of that program. The use of FC in terrestrial applications is now an important national technology goal. This task aims to improve the power density, efficiency, costs and manufacturing process technology for H2 fuel cells to include flight worthy FC and renewable power generation using lightweight photovoltaic panels.

Organic photovoltaics, based either on organic dyes or polymers, offer the promise of inexpensive, light-weight solar electricity, because of the possibility that they can obviate vacuum chamber semiconductor processing technologies, and instead be manufactured by printing and coating techniques on a continuous thin plastic carrier.  Photovoltaic light conversion efficiencies for these devices have thus far lagged behind their inorganic counterparts, however.  Research will be directed toward understanding the limiting factors in organic solar cell performance and development of effective strategies for their improvement.

