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Introduction

The Army’s Collaborative Technology Alliance (CTA) program was formed in 2001 to establish partnerships among research communities in the Army Laboratories and Centers, private industry and academia. Each alliance member brings with it a distinctly difference approach to research: Academia is known for its cutting-edge innovation; the Army Research Laboratory’s researchers keep the program oriented towards solving complex Army technology problems; the industrial partners are able to leverage existing research results and to deal with technology bottlenecks. The CTA concept is designed to capitalize on the innovative academic research ideas coming from the university partners. These ideas are then augmented by the strong applied research capabilities of the commercial sector and the focused research products of the Army Research Laboratory. The three sectors collaborating together on one team provide the means for innovation and rapid technology transition. These multidisciplinary research teams are required to generate the complex technology needed to solve the Army’s complex problems. This approach enables the CTA program to bring together world class research and development talent and focus it on Army-specific technology objectives for application to Army Transformation.

Under the CTA program, Cooperative Agreements were awarded to five consortia in the following technical areas: Advanced Sensors, Communications and Networks, Power and Energy, Advanced Decision Architectures, and Robotics. From the cooperative program formulation process through the truly collaborative research efforts, the CTA program is efficiently focusing the expertise of industry, academia and the Army Research Laboratory on enabling technologies and new military capabilities needed for Army Transformation.

The Alliances in the CTA program include not only the five consortia and ARL but also Army Research, Development and Engineering Centers (RDECs), other Army and other Government agencies (OGAs). The Army RDECs and OGAs are invited to actively participate in the research program and to conduct research jointly with Alliance members. The annual research program plan is also cooperatively formulated by Alliance members and ARL with input from the RDECs and OGAs through participation on the Research Management Boards (RMBs) established for each Alliance. The RMB partners are critical to identifying opportunities for transitioning CTA research results into their on going R&D programs. This transition is facilitated by a task order contract build into the CTA agreements. Several Army RDECs and OGAs have taken advantage of this contract mechanism in 2001 to apply CTA research results to their technology development programs.

The Power & Energy Consortium was formed to work collaboratively with ARL in the context of the CTA Program. Honeywell Engines, Systems & Services is the Lead Member of this Industry/Academia Consortium. The six industry partners include Honeywell, Motorola Labs, SAIC, United Defense, Rockwell Science Center, and NuVant Systems, LLC.  The 16 university partners are Massachusetts Institute of Technology, Georgia Tech, University of Maryland, Clark Atlanta University, Illinois Institute of Technology, Pennsylvania State University, Case Western Reserve University, University of Puerto Rico, University of New Mexico, University of Pennsylvania, University of Texas at Austin, Tufts University, University of Minnesota, Rensselear Polytechnic Institute, The Texas Engineering Experiment Station at Texas A&M University, and Prairie View A&M University.  In addition, Cree Inc. is participating in the Consortium as a subcontractor to SAIC.  Figure 1 shows the participation of the Consortium Members in each of the Technical Areas.  The primary ARL Directorates involved in the Power & Energy Alliance are the Sensors & Electronic Devices Directorate and the Vehicle Technology Directorate. 
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Figure 1.  Power & Energy Consortium.

The goal of the Power & Energy Consortium is to develop the science and technology required to fulfil the Army’s Objective Force Vision. The primary challenge we face is to provide lightweight, compact, power and fuel-efficient technologies that will enable significantly reduced logistic burden and enhanced deployability for highly mobile mounted and dismounted forces for the future Army Objective Force (AOF). The realities that define this challenge are:

· Growing energy demands for dismounted soldier will result in excessive battery weight and logistics support.

· The primary logistics fuel will be a hydrocarbon based derivative of the JP-8 family; In-theater variations of logistic fuel will likely contain broad ranges of constituents, particularly Sulfur.

· Future platform mobility and power demands will require compact efficient hybrid-electric drive-system components.

Research is reviewed and planned annually.  The Consortium prepares an Annual Program Plan (APP) in collaboration with researchers of the Sensors & Electronic Devices Directorate and the Vehicle Technology Directorate of ARL.  The APP contains a description of the planned Consortium research for the fiscal year, as well as the five-year research roadmap from which the annual research activities are derived. The focus of these R&D efforts is on military applications identified for the AOF, with the intent to provide technology transition roadmaps for both future affordable military and commercial break-through systems.

The objectives of the P&E CTA will advance the fundamental sciences & understanding of efficient compact power & propulsion technologies needed to develop affordable state-of-the art systems required by soldiers of the AOF.  The AOF must have the capability to put combat brigade teams anywhere in the world within 96 hours after lift-off, a war-fighting division on the ground in 120 hours and five divisions in 30 days.  All combat elements must be able to operate for several days without external logistic support.  Compact & efficient power and propulsion systems are required to assure a survivable, affordable air-insertable, sustainable combat force with a small logistic footprint.  The Consortium is focused on increasing the energy density of compact soldier portable power systems by 5-10 times over current level of 200 W-hr/kg "small power", and of vehicle propulsion systems "big power" by 3-5 times over current diesel engines while reducing usage of fossil fuel by 75%.

Research under the Power & Energy Consortium is directed to address these issues and provide suitable solutions. The research is divided into three Technical Areas:

· Portable Compact Power Sources (non-electrochemical)

· Fuel Cells and Fuel Reformation

· Hybrid Electric Propulsion and Power

Figure 2 shows the Alliance structure and participation of Consortium Members by Technical Area.

The Consortium signed a Cooperative Agreement with the Army Research Laboratory on May 31, 2001. The effort in 2001 was devoted to preparing 5-year research roadmaps for each of the technical areas, as well as defining the objectives and scope of specific research projects for FY 2002. The goals, overall plan and approach, and 5-year research roadmap for each Technical Area are presented in this report.

As part of the Alliance, our Research Management Board (RMB) provides guidance, in the form of resources, requirements and vision, which helps shape the research program and identify technology transition opportunities. Members of the Power & Energy RMB are: ARDEC, CERDEC, TARDEC, NSC, STRICOM, COE, AFRL, NR, ONR, DARPA, CIA, NASA, and NIST.
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Participation and Leverage

Structuring the CTA program as a Cooperative Agreement between ARL and the Consortium provides for the support and stimulation of research in technical disciplines of interest to the Army in the area of Power & Energy. The research is focused on addressing specific military applications, and agreements are in place to award procurement contracts to Honeywell, the lead industrial party identified by the Consortium as the party responsible for technology transition. The CTA is modeled after the Federated Laboratory program, where the strategy was to focus Army in-house laboratory research on Army-specific business areas, while establishing extramural centers of research in areas where state-of-the-art expertise could be leveraged to satisfy Army technology needs.  The combination of government in-house, industry, and academic components striving together for excellence created a new paradigm for Army research. The “FedLab” program proved to be very effective in encouraging collaborations between members and in leveraging the unique focus and expertise of the members in carrying out the research plan. In such a collaborative environment, engineers and scientists from industry provide knowledge of system performance, cost, and production issues as well as associated technology bottlenecks. University researchers provide a commitment to cutting-edge research and an educational focus, which provides a constant stream of fresh thought in the form of research students. ARL researchers keep the program focused on Army requirements, while providing their own unique research skills.

Another advantage of the Alliance arrangement is that it can successfully leverage private as well as parallel government-funded resources in the form of people, facilities, and research. An important factor motivating the participation of industry partners in the Power & Energy alliance is the potential for dual-use commercial applications of the research and technology transition efforts. By the same token, parallel R&D efforts at industry sites are leveraged to impact the research plan of the Alliance. Facilities, equipment and talent already available at member sites are made available to facilitate Alliance research. In addition, the results of past and on-going government-funded programs provide either starting points for, or valuable synergies with the CTA program. Examples include the microturbine research in Technical Area 1, which builds on the results of ARO MURI’s, which pioneered this technology.  Some Consortium members in Technical Area 2 are also participating in research activities sponsored by the DOE fuel-cell program and DARPA’s Palm Power Program, and some Consortium members in Technical Area 3 are members of the highly successful CHPS program sponsored by TARDEC. We expect leveraging of this nature to have a substantial impact on the research and technology transition of the Alliance.

Laboratories and Testbeds 

The Alliance has access to unique, world-class facilities at Consortium Member sites to aid in carrying out the research plan. These facilities are described below for each Technical Area.

Portable Compact Power Sources

Massachusetts Institute Of Technology

The interdisciplinary team assembled to attack the challenge of micro heat engines can draw on all the resources of MIT as required.  Team members are associated with three engineering departments and three laboratories within MIT, which together have the facilities necessary for this task.  The on-campus MIT laboratories involved are: Gas Turbine Laboratory, Laboratory for Electromagnetic and Electronic Systems, and Microsystems Technology Laboratories.

The Gas Turbine Laboratory (GTL) is focused on gas turbine systems and components.  Since its founding in 1947, the lab has been an international focal point for research and teaching in gas turbines and turbomachinery. The laboratory staff presently includes 7 faculty, 8 senior research personnel, 8 support personnel, and 45 graduate students.  The laboratory is broadly based with manpower approximately equally split between analysis, computation, and experiment.  The research program now includes microengines, research on compressor aerodynamics, turbine aerodynamics and heat transfer, centrifugal and axial compression system stability, computational fluid dynamics of turbomachines, advanced control procedures for gas turbine engines, rotordynamic and aeromechanical instability, mixing in propulsion systems, combustion and turbomachinery noise.  This work is directed at both aircraft and industrial gas turbines.

The Laboratory for Electromagnetic and Electronic Systems (LEES) is the focus for research and teaching in electric energy from its production through its processing to its utilization, and in electromechanics from the macroscopic through the microscopic to the molecular levels.  Electric energy and electromechanics are defined broadly to include power systems monitoring and operation; automatic control; power electronics; high voltage engineering; and conventional, continuum and biological electromechanics.  The laboratory’s professional staff consists of 11 faculty, 2 Senior Research Engineers, 11 research staff, and 55 graduate students. Current research topics include: micromechanics; power system analysis, modeling and control; electromechanics; continuum electromechanics; biological electromechanics and physiology; high voltage and insulation research; maglev technology; and power electronics.

The Microsystems Technology Laboratories (MTL) is an interdepartmental laboratory at MIT dedicated to research and teaching of multidisciplinary microsystems research.  The six-story professionally-staffed facility is well-equipped for manufacture of micron and submicron structures with equipment which is continuously updated to stay at the state of the art.  The MTL houses a state-of-the-art class 10 cleanroom for CMOS processing on 4" (soon to be 6”) silicon wafers.  In addition, a class 100 cleanroom is available for non-standard processes.  Process technologies are established and documented for bulk micromachining, surface micromachining and wafer bonding.  This program will draw on several advanced process tools including a CMP machine, deep silicon etchers (STS ICP), and aligned wafer bonder (Electronic Visions).  Process metrology tools such as surface profilers and SEM are housed in the building, along with a complete set of electrical test equipment.  A large number of workstations are available for CAD work, including systems dedicated for use with the MIT MEMCAD system, a microfabrication process simulation program developed under the support of DARPA.  All of these capabilities will be available to this program.  In addition, the MTL has a working relationship with the microfabrication activities at the MIT Lincoln Laboratory and often makes use of Lincoln capabilities in this area.

Specialized Micro-Heat Engine Capabilities at MIT

As part of the ongoing micro-heat engine research, MIT has developed a unique set of analysis, design, and experimental tools which are directly relevant to CTA research.  These tools include:

Analytical models, numerical simulation codes, and design tools developed especially for the unusual physical regimes characteristic of micro high-power density thermal and electrical machinery.  These analytical models and codes include: transonic micro-gas bearing design and analysis; electromechanical and thermo-fluid models of very high power density micromotors and generators; very low Reynolds number transonic turbomachinery fluid mechanics, combustion at microscale; and micromachining process simulation.

Test rigs pose a special challenge in this size range because detailed, accurate instrumentation this small is very difficult to build and install.  Usually, it must be microfabricated with the test article, which is quite time consuming.  To enhance experimental research and to expedite the development of microscale devices, MIT has used scaling laws to develop large-scale (scaled up by factors of 25 to 75) test rigs designed specifically for research on micro-heat engines.  For example, a one-centimeter diameter supersonic compressor and turbine is scaled up to one meter in diameter while keeping the Mach and Reynolds numbers constant.  Similarly scaled-up rigs have been built for micro-bearing and rotor dynamics, and electromechanics.  Not all testing can be done at large scale however, either because the physics do not scale or because the final micro-sized device itself must be tested.  So, apparatuses have been built for microscale testing of micro-gas bearings, micro-electric machinery, micro-turbomachinery, micro-combustors, and complete micro-gas turbine engines.  MIT has built a dedicated cleanroom for microengine testing.  In addition, MIT has installed the capability for material properties (strength, creep, oxidation) testing of microscale material specimens and structures at room and elevated temperatures (up to 1800 K).

Georgia Tech Microelectronics Research Center (MiRC) 

Portions of the micromachining and related fabrication support for this research will be carried out in the Georgia Tech Microelectronics Research Center (MiRC), which includes a general-use clean room as well as specialized micromachining equipment.  The MiRC contains approximately 7,000 sq. ft. of clean room, including a combination class 10 and class 1000 laboratory for advanced device, microstructure, and circuit development.  This building also holds the Micromachining Laboratory, with facilities for electrodeposition and characterization of micromachined magnetic devices, including in particular for this proposal equipment for film mechanical property measurement, magnetometers for magnetic property measurement, high-current power supplies and amplifiers, and infrared cameras for viewing (to 0.1 C) the temperature and temperature distribution of micromachined devices.  The MiRC building also contains various workstation-based computer-aided design facilities, a fully-equipped mask-making facility with a Mann 4800 DSW configured for direct step on photoplates, and fully equipped simulation and modeling facilities.  Major pieces of equipment in the MiRC clean  room include: mask aligners, dicing saws, sputterers, thermal and  E-Beam evaporators, scribers, etchers, spinners, ovens, microscopes, probes, and lapping machines.  In addition, large area lithography, screen printing, electroplating, and lamination facilities are available in the Georgia Tech Packaging Research Center.

University of Maryland 

The research infrastructure and capabilities available at the University of Maryland and Army Research Lab (ARL) include three thrust areas: 1) MEMS-based processing and testing, 2) plasma etching and 3) conventional cleanroom CMOS/MEMS processing.  The MEMS Sensors and Actuators Lab (MSAL) at the University of Maryland was established in January 2000. The research group is in the process of installing a variety of MEMS-based wet processing facilities in MSAL that includes temperature-controlled silicon micromachining bath, polymer processing station, and electroplating bath.  Also, a variety of testing and instrumentation equipment is being purchased and installed for characterization of MEMS-based devices and systems.  The new research capabilities for plasma etching in Dr. Gottlieb S. Oehrlein’s laboratory in the Institute for Plasma Research at the University of Maryland will also be used extensively in this project.  The plasma research and processing lab will include both inductively coupled and high-density plasma systems for etching silicon and thick dielectric materials.  In addition, this project will have access to the microfabrication facility at the ARL.  The ARL processing facility is located in class 100 and 1,000 cleanroom.  It is fully equipped with modern processing and characterization tools.  Several PZT and silicon functional MEMS devices have been fabricated and tested in this facility in the past few years.

Clark Atlanta University

The research infrastructure and capabilities available for this research at Clark Atlanta University include the NASA High Performance Polymers and Composites (HiPPAC) Center, the Mechanical Testing Laboratories, the Processing and Rheology Laboratory, and the Thermal Analysis Laboratory.  These facilities, established in 1992 and housed in the Research Center for Science and Technology and funded by DOE, EPA, NASA, DoD, NIH, NSF and other federal agencies and industry, provide experimental, numerical, and analytical studies to explore the constitutive relationship between elevated temperature exposure and mechanical properties that will lead to improved high-performance, high temperature structural composite materials, advanced metals and novel polymers.  In addition, traditional mechanics, as well as an interdisciplinary micromechanics/material science approach, is used to obtain and develop a fundamental understanding of predictive models for the structural and thermal properties, failure modes, and life of advanced materials. 

Fuel Cells and Fuel Reformation

PEM Fuel Cells

Motorola Labs, the lead organization, has multi-disciplinary research facilities, including fuel cells, polymer synthesis, and multi-layer ceramics, as well as pilot-production capabilities for ceramic structures.  Motorola possesses the potential for mass-producing miniaturized fuel cell and reformer components and integrating them into complete and compact electrical power delivery systems, and will utilize its key ceramic, materials and systems technology, essential to successful manufacturing. Most of the research effort will be at Solid State Research Center, Tempe, AZ with a 17,000 sq-ft state-of-the-art laboratory and “Lab-Fab” prototype and pre-production capability.

PEM Fuel Cells Collaborators Facilities & Equipment

Motorola Laboratories
8 Major Research Centers in USA, SSRC/PSRL

Ceramic Fabrication
Various modern facilities, production & developmental

Polymer Synthesis
All the equipment for mg-kg scale chemical synthesis

Polymer Characterization.  
NMR, FTIR, DSC, TGA, MALDI-MS, HPLC, Instron

Electrochemical Equipment.  
FC test stations, impedance analysis, polarization meas.

Catalyst Characterization.  
Auger, AFM, SEM, XRD, BET surface area

Computational Facilities.   
workstations/software for FC system, fluid modeling, MSI

Surface Characterization
AFM, SEM, Auger, FTIR, ellipsometry, 

Illinois Institute of Technology
3rd floor of Wishnick Hall: 4,000 sq-ft

Electrochemical Equipment.  
Various state-of-art measuring/FC testing

Catalyst Characterization.  
Various gas chrom., MKS-mass spec., Chemisorption

Computational Facilities.   
Various, new 8-CPU Silicon Graphics Origin 2000

Polymer Characterization.  
GPC/HPLC, TGA, GC-FTIR

NuVant
1200 sq-ft wet lab, machine shop, vapor deposition

Univ. of Puerto Rico Surface Science Laboratory


Catalyst Characterization
Multi-technique XPS PHI 5600ci with SIMS/ISS


Scanning Auger Microprobe PHI 660


Atomic Force Microscope Nanoscope IIIa


FT-IR Microscope Nicolet NicPlan


Low Vacuum SEM w/ EDAX   JEOL 5800LV

Pennsylvania State University
4150 sq-ft, 6 Lab rooms

Catalyst Discovery
HPLC, GC, FTIR, DMS-300, HP 8245A UV-Vis


Nanoscope III AFM/STM


Various state-of-art analysis equipment


High Field NMR

Case Western Reserve University
Electronics Design Center, IC Fab facilities


Yeager Center for Electro-Chem Sciences


Expertise & Computer Facilities for FC Systems

SOFC Fuel Cells

Honeywell, the lead organization for this area, has extensive facilities for fabrication, design and testing of SOFCs.  It’s Torrance facility has 8,000 sq.ft. ceramic fabrication facilities including roll mills for tape calendering, screen printers for cathode application and furnaces for cell firing.  Electrochemical test facilities include 2 single cell and 3 multi-cell stack test stands with capabilities for extensive cell performance analysis including dc and ac polarization, and AC impedance analyzer.  The test stands are equipped with gas feeds of various fuels, including an online fuel processor and online gas analysis using GCs. Honeywell also has extensive facilities for the fabrication, characterization and analysis of fuel processing catalysts and reactors.  Two fuel processor test stands are equipped with online GCs and dedicated gas analyzer equipment. 

SOFC Fuel Cells Collaborators Facilities and Equipment

Tufts University
Environmental Catalysis and Reaction Engr. Labs

  High-Temperature Desulfurization
Catalyst fabrication facility, Microreactors, GCs with TCD, FPD, TGA microbalance, BET surface area

University of Minnesota
6 fume hoods with Microreactors

  Catalyst Development 
6 GCs with TCD, FID, Mass spectrometry, Catalyst preparation facilities, Catalyst analysis incl. SEM, EDX, XRD Auger, XPS, Surface Analysis Center

University of Pennsylvania
SOFC Fabrication and Testing Labs

  Direct Reforming Anode Development
Tape caster, cell testing equipment, performance analysis with Impedance Analyzer, SEM, TEM for catalyst material analysis, GCs for gas analysis

University of Texas at Austin
Solid State Materials Facilities

  Low-Temperature Electrolyte and Cathode
Material synthesis and characterization facilities.  XRD, SQUID, Impedance & O2 permeation analyzer

Hybrid Electric Propulsion and Power

Technical Area 3 brings together a team that offers excellent facilities for research in hybrid electric power systems and related technologies.  Facilities we have access to range in size from the full scale, 100 percent hardware-in-the-loop System Integration lab (SIL) to small, specialized test equipment and diagnostics.  The CHPS (Combat Hybrid Power Systems) SIL for example is the largest major system integration laboratory in the world devoted completely to hybrid electric power development that includes advanced pulsed weapon simulation capabilities.  The CHPS SIL, built on the UDLP grounds in San Jose, California by a team headed by SAIC is now in the Army (TACOM) inventory.  Operated by SAIC and UDLP, the CHPS SIL, includes a 280 kW diesel engine and generator set, a 50 kWh, 500 kW NiCd battery, a 30 kWh, 700 kW lithium ion battery (the most powerful Li-Ion battery bank in the world), a 2 kWh, 160 kW composite flywheel generator, 300 kW traction motor and dynamometer stations, a 1.4 MW facility power supply for driving the dynamometer motors, a distributed DC bus power distribution system with requisite converters, a complete thermal vehicle management system, high-speed and low-speed diagnostics and computerized data acquisition systems, EMI measuring and analysis equipment, and an overarching computer control system that allows full, autonomous mission simulations.  The CHPS SIL is designed to simulate a 15-ton combat vehicle hybrid electric power system complete with mobility and hotel loads plus multi-GW pulsed power weapon and survivability system loads. 

The Center for Integrated Electronics and Electronics Manufacturing at Rensselaer Polytechnic Institute (RPI) is equipped with a 9,500 square foot Microfabrication Clean Room (MCR) facility, which is used to fabricate silicon and compound semiconductor structures, devices, and circuits down to sub-micron feature sizes.  Most relevant to the present proposal, integrated and unit processes for silicon carbide have been developed and implemented within the last six years, resulting in a unique university experimental capability to explore novel device structures and to provide prototype chips, to study and develop novel unit processing steps.  In particular, functional vertical and lateral test SiC devices (Schottky and junction rectifiers, BJTs, GTOs and MOSFETs) have been fabricated with reasonable yield (> 25%) in this facility.  While the facility is equipped to handle up to 8"-diameter wafers, many tools have also been modified to enable the processing of non-standard substrate sizes and shapes commonly found in compound semiconductor research applications.  The equipment base is comparable with an industrial R&D semiconductor fabrication operation.  Specific equipment includes GCA in-line projection stepper and Karl Suss contact aligner, thermal oxidation and low-pressure and/or plasma-enhanced CVD furnaces, plasma-assisted etching reactors, sputtering and e-beam evaporation for metallization.  In addition, RPI has the largest university capability in chemical-mechanical polishing equipment in the U.S., with several advanced commercial polished installed and CMP processes for many materials have been developed.  RPI also has all the design and simulation tools that are needed for Si and SiC device modeling and mask layout.  These include 2- and 3-dimensional numerical and device and process simulators, running in a cluster of IBM RS-6000 workstations specially dedicated for semiconductor device and IC design.  The high-voltage characterization laboratory has wafer-level and discrete-package testing capability.  The equipment available includes a Sony/Tektronix 370A curve tracer, a HP 4155 parameter analyzer, a custom high-voltage switching circuit capable of testing up to 25A and 1200V, a 500 MHz digitizing scope, 10KV breakdown voltage tester, a microcomputer-controlled C-V and I-V measurement system, a manual probe station with a high-temperature (400C) chuck and controller.

The two-building complex of the Rockwell Science Center in Thousand Oaks, California contains 125 laboratories, 235 technical staff offices, administrative areas, an auditorium, and a library.  Total floor area is approximately 165,000 sq. ft.  The laboratories include both commercial and custom-built hardware and software for pursuing basic and applied research in a variety of technical areas.  The primary lab identified for the proposed work is the Power Electronics and Control Lab.  The Lab contains rich top-level R&D facilities for theoretical, simulation, development, CAD design, and experimental work. This lab has two dynamometers for motor performance testing accepting 60 Hz power input at both 208V and 480V AC. Soon it will have additional capacity for 400 Hz power and power electronics system test.  Extensive digital control systems and simulation capabilities use a network of SUN workstations and a network of PCs and Macintosh computers as its primary platform for computing.  A large amount of specialized software is available, including circuit design and simulation tools from both Cadence and Compass, finite-element tools (ABAQUS, ANSYS, Fluent) for thermal and vibration analysis, and control system design tools (MATLAB, SIMULINK, dSPACE).  Other computational facilities that are available include a CRAY Super minicomputer, an ELXSI System 6400 parallel processing computer, and a BBN Butterfly parallel processor.

The Advanced Vehicle Systems Center at Texas A&M University has a stationary test bed and a mobile test bed for evaluation of electric motor drives and internal combustion engines for traction applications.  Furthermore, it has developed a flexible computer simulation package for design and evaluation of any type of automobile drive train.  In addition, the center has access to several research laboratories of its member faculty, such as the power electronics and motor drives laboratory.

Collaboration

A cornerstone of the CTA program is the concept that researchers sharing ideas and research findings while working in a common environment will accelerate the development of new technology and provide a rapid transition path into applications. Today’s complex technology challenges have made it absolutely necessary to engage researchers on these multidisciplinary teams where new ideas can be successfully applied to complex Army problems. This is the Army’s way of establishing a new research culture—transforming the old way of doing business—that fosters a different kind of relationship among research colleagues in industry, academia and Army laboratories and centers. As in integral part of the program, the CTAs utilize several venues through which such synergistic collaborations can be pursued and encouraged. Some of the venues utilized by the CTA program are summarized below:


Joint Research Projects – The individual researchers collaborating on a particular research topic are involved in the planning at the task level as well as in the execution of the overall research project. On many projects the researchers come from each of the three sectors—academia, Government and private industry – bring the advantages of a multidisciplinary approach to the research problem.


Staff Rotations – The best example of collaboration is staff rotation, in which individuals temporarily relocate, if necessary, to work on a daily basis with the research group at a partner’s organization. Such rotations may last months or years. The rotations produce mutual understanding of technical approaches and issues. The sharing of expertise among the participants foster new insights into difficult research problems and creates opportunities for advances not previously recognized before the exchange of personnel. In some cases the rotation is combined with a long-term training educational component. This provides educational opportunities for graduate students from academia and staff S&Es from the Government and industry to earn advanced degrees and to perform cutting-edge research. The result is both individual and institutional associations that endure and grow to far exceed the separate capabilities.


Workshops – Each technical area organizes focused workshops to discuss technical progress and challenges unique to that topic.  This provides a forum for effective interaction between researchers from ARL, the participating consortium members, and Army RDECs.


Distinguished Lecture Series – A monthly seminar is presented by an expert from one of the consortium partners or ARL to more broadly communicate the technical issues and progress on specific projects. Members of all CTA alliances are invited to attend either in person or via video teleconference.


Seminars and Short Courses – More informal seminars and short courses are conducted frequently and primarily involve members of a particular CTA or technical area. Certain seminars are specifically designed to address technical areas which include several CTAs and serve as starting points for cross-CTA collaborations. Short courses are developed for particular projects that cross multiple disciplines. In these cases, it is of particular benefit for researchers to gain more in-depth knowledge of all technical areas within the project, and an expert presents several days of technical material specifically designed for the purpose.


Annual Symposium – The CTA program holds a symposium each spring to present the results of its research and describe plans for the next year. Program overviews, technical papers and posters, and exhibits and demonstrations serve to communicate the research products of the CTA program to Army organizations and other Defense Department agencies. The symposium fosters interactions and collaborations among researchers from all the technical areas and all the alliances.

Each of the Technical Areas in the Power & Energy CTA is composed as a team that is co-led by ARL and Consortium personnel. The scope and objectives of each research project are defined in this team environment, and lead individuals are assigned to carry out the projects based on their expertise and interests. Members of each Technical Area get together on a monthly basis, either at one of the Member’s site, by videoconference or by tele-conference, to discuss progress and issues and share their ideas. Technical Area Leads likewise have a monthly meeting with the Program Manager to share information across the disciplines. In addition, the workshops, lectures and seminars described above, as well as individual researcher interactions and exchanges provide effective means of fostering and bolstering collaborative research.

Technical Area 1: Portable Compact Power Sources

Technical Area Leads: 

ARL:

Mr. John Hopkins

Consortium: 
Professor Alan Epstein (MIT)

Goal

Research in the area of portable compact power sources is aimed at high power and energy density electric power sources in the 10-100 watt range suitable for use by the dismounted soldier, unattended sensors, or small robots.  Such Army concepts as the Objective Force Warrior require energy sources with many times the energy and power density of today’s best batteries.  The micro gas turbine technology being pursued under this Alliance holds just such promise.

This eight year research effort is intended to yield the technology for a breadboard/brass-board level micro gas turbine generator in a package of a few cubic centimeters running on a hydrocarbon fuel.  Compared to current technology, these systems may do the following:

· Decrease the mass of soldier power systems by 2-4 times in the near term and up to 10 times in the longer term

· Reduce the logistics burden by eliminating the battery logistics

· Reduce the life-cycle cost of soldier power by an order of magnitude or more

Overall Plan and Approach

It is clear from the research to date that a micromachined Micro Electro-Mechanical System (MEMS)-based micro-gas turbine generator has the potential to be a revolutionary solution to Army compact power needs.  Its principal advantages are very high power and energy density stemming from the extremely low engine weight and the ability to operate with hydrocarbon fuels (with their intrinsic high energy density).  Therefore, the compact power effort proposed herein is focussed in this area.

We intend to develop the enabling technology for and demonstrate such a MEMS-based micro-gas turbine generator over the program period in accordance with the plan detailed below.  While this is very much a 6.1 basic research effort, it has a tight device focus to ensure relevance to Army needs and facilitate technology transition.  Thus the research work is organized into both micro devices (which will be designed, built, and tested) and the specific disciplinary research (electromechanics, structures and materials, etc.) which enable it.  These efforts are bound together by the systems engineering task which starts with the customer requirements, then designs the overall system, delineates the performance metrics of the subsystems, coordinates and focuses the individual disciplinary research endeavors, and tests the final devices.

This 6.1 basic research will be performed by a university team consisting of the Massachusetts Institute of Technology (MIT), Georgia Institute of Technology (GIT), Clark Atlanta University (CAU), and the University of Maryland (UMD).  MIT is the lead responsible for the overall program direction, system level engineering, and detailed research in many of the disciplines.  GIT will lead the materials and fabrication effort for magnetic motor-generators.  CAU will assist GIT in the magnetic machine design, fabrication, and testing.  CAU will also be involved in the structural design and analysis of other aspects of the microengine.  UMD will bring its microfabrication process experience to bear in developing new fabrication processes to eliminate vexing fabrication constraints, and so facilitating improved performance designs.  The research partners will be organized in a virtual product development organization, coordinated by an integrated product team.

Five-Year Research Roadmap

A Roadmap for research in technology areas necessary to achieve the goals described above is shown in Figure 3. 

The quantitative objective of this proposed effort is to demonstrate a micro-gas turbine generator with at least twice the energy per unit mass of the best battery of equal power density.  The program is organized around seven micro-devices: two simple cycle gas turbines, three air turbine generators, and two complete gas turbine generators.  These micro-devices serve three purposes: technology and design focuses, test vehicles for new technology, and proof of principle demonstrations.  The intent is a family of designs with increasing sophistication and performance.  Each family includes two or three major iterations providing the opportunity for modest, evolutionary design changes.  New families facilitate major design changes, incorporating lessons learned from the older families.  Operation of these devices forms the major milestones in the program.

The first devices are versions of an H2 fuelled simple cycle turbojet and room temperature operation, air turbine.  Next, a high temperature capable air turbine generator is developed along with a hydrocarbon fuelled turbojet of more advanced design.  The technology from these two devices are then incorporated into a complete, electric power producing bench-top gas turbine generator, which is running in year 5.  This bench-top unit is primarily a research vehicle, having external controls, accessories, and power electronics.  Compact integrated packaging of such an overall system is beyond the scope and resources of the 6.1 effort and would be treated separately as a possible 6.2 task. 

This is very much an interdisciplinary research project staffed by a multidisciplinary team.  However, we have chosen to call out the specific tasks in terms of disciplinary research since that is the norm in 6.1 and to reflect the staffing and responsibilities.  The disciplinary research encompasses the areas of micro system integration and design, electromechanics (both electrostatic and magnetic machines), air bearings and rotor dynamics, turbomachinery fluid mechanics and heat transfer, combustion, microfabrication, and high temperature micro structures and materials.

This CTA effort builds on the results of ARO MURI’s which pioneered the technology of power MEMS.  Under ARO sponsorship, the first turbine rotors were fabricated and spun to speeds of over 1,000,000 rpm, combustion of hydrogen fuel was demonstrated in millimeter scale combustors, Silicon was shown to be an excellent material for highly stressed high temperature materials, and the first electrostatic and magnetic high power density electrical machinery was designed.  The CTA is focused on maturing this technology base and developing the remainder of the enabling for self-contained compact power sources.
The CTA’s electromechanics efforts are aimed at developing high temperature capable, high efficiency, high power density motor generators.  This includes material development, microfabrication advances, high temperature structural design, and power electronics.  Both electrostatic and magnetic approaches will be pursued.  The fluid mechanics and heat transfer effort is focused on developing improved efficiency micro turbomachinery and air-cooled turbines.  Materials and structures has the dual aims (1) of engineering high temperature, highly stressed microstructures and (2) of developing materials with higher strength at temperature capability than silicon which can meet the exacting geometric precision requirements of high speed rotating machinery.  Bearing and rotor dynamics must devise rotor support systems that are stable under all operating conditions and tolerant of manufacturing imperfections.

This CTA effort builds on the results of ARO MURI’s which pioneered this technology.  Under ARO sponsorship, the first turbine rotors were fabricated and spun to speeds over 1,000,000 rpm, combustion of hydrogen fuel was demonstrated in millimeter scale combustors, Silicon was shown to be an excellent material for highly stressed high temperature materials, and the first electrostatic and magnetic high power density electrical machinery was designed.

The combustion effort has the goal of providing stable, efficient combustion systems running on hydrocarbon fuels, initially in gaseous form (such as propane) and eventually in liquid form (such as JP-8).  Microfabrication research is split between relatively near term goals of fabricating functioning devices (issues such as etch uniformity are key here) and the longer term need to open up the design space with new capabilities such as 3-D etching and fabrication with dissimilar materials.
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Figure 3.  Five-Year Research Roadmap: Compact Portable Power Sources.

Program Summary

Table 1 provides a summary of projects in Technical Area 1 for FY 2002.

Table 1.  Project Summary, Portable Compact Power Sources.



Investigators

Project No.
Project / Subtask Title
Industry
Academia
ARL

TA1-02-01
Variable Height Precision DRIE Technology

Reza Ghodssi 
(U of MD)
Madan Dubey (ARL)

TA1-02-02
MEMS Magnetic Generator Technology

Mark Allen (GIT); J. Lang (MIT)


TA1-02-03
Structural Design of High Speed MEMS Magnetic Generator

David Veazie, Ashraf Badir (CAU); Mark 
Allen (GIT), 
M. Spearing (MIT)


TA1-02-04
Hydrogen Fueled, MEMS Gas Turbine Engine and Generator

A.H. Epstein, M. Schmidt, M. Spearing, J. Lang, I. Waitz, C. Tan,
J. Brisson, Z. Spakovsky,
S. Umans,
C. Livermore (MIT); M. Allen (GIT); R. Ghodssi (U of MD); 
D. Veazie (CAU)


Technical Area 2: Fuel Cells And Fuel Reformation

Technical Area Leads: 

ARL:

Dr. Deryn Chu

Consortium:
Co-Lead: Mr. Jerry Hallmark (Motorola Labs)

Co-Lead: Dr. Nguyen Minh (Honeywell Engines & Systems)

Goal

Research in the area of fuel cells and fuel reformation is aimed at greatly improving the performance and energy density of fuel cells for portable fuel cell power systems and in developing logistic fueled power systems for mobile and stationary power needs for the military.  Portable fuel cell systems are capable of a 5-10 fold increase in storage capacity over the standard lithium-sulfur dioxide battery while requiring less than a quarter of the fuel requirements of current platforms.  This, in addition to much shorter refueling time, would provide much longer periods between recharge/refueling and greatly improve system availability for portable electronics.  Logistic fueled power systems would place a minimal burden on the military while extending the time and range of operations:

· High power density, compact, lightweight, and highly efficient power systems

· PEMFCs for small compact power sources with hydrogen or methanol fuels

· Portable power systems will increase the power available to the soldier by a factor of 2-3, while decreasing the amount the soldier must carry

· SOFCs are more advantageous for operation directly on logistics fuel or with logistic fuel reforming

Deployment of these technologies in various electric power generation applications has the potential to decrease the military’s fuel consumption by 75 percent.

Overall Plan and Approach

The overall objective of the proposed work is to make a technology leap in the areas of PEMFC and SOFC, leading to high performance, highly efficient, lightweight, compact power sources.  Two types of PEMFCs will be investigated, direct methanol fuel cells (DMFC) and reformed hydrogen fuel cells (RHFC).  SOFCs with direct or indirect reforming of logistic fuels will also be investigated.  Emphasis is placed on operation on methanol for lower power and logistic fuels for higher power.  There are several technical areas that need to be addressed in order to make these fuel cell systems practical for both military and consumer use.  Catalysts need to be improved to increase efficiency and reduce fuel use.  The main catalyst effort in the PEMFC area will be focused at IIT/Penn State/NuVant/UPR, while the SOFC catalyst work for logistic fuel reformation including desulfurization will be done at the U. of Minnesota, the U. of Pennsylvania, and Tufts University.  We will work with the Center for Macromolecular Engineering at Carnegie Mellon University on novel DMFC membranes and with Case Western Reserve University on high-temperature, CO-tolerant membranes for methanol reforming systems.  In addition, we will leverage the catalyst, membrane, and MEA research being done jointly with Los Alamos National Lab.  The U. of Texas will provide expertise in low temperature SOFC electrolyte films.  Research will be done at Motorola and Honeywell on system components to facilitate the integration of these improved catalysts and electrolytes.  We will also leverage the research and facilities at ARL in many areas.  We will coordinate our DMFC catalyst discovery with similar work being done in ARL’s lab.  The ARL facilities can also be used to evaluate fuel cell performance over the military range of operating conditions.  In addition, the MEMS expertise at ARL could be leveraged in pumping and sensing requirements.

Polymer Electrolyte Fuel Cell Technology

Direct Methanol Fuel Cell (DMFC)

DMFC systems are capable of providing electrical power at high energy densities and low thermal signature.  The initial goal of the DMFC program is to develop an Ultra-Low Power System producing 1W net electric power.  This initial system will allow hybrid operation to manage higher peak loads utilizing a small lithium-ion storage cell.  Ideal applications for this system are small electronics and mobile communications.  Achieving this goal requires technical advances in several key research areas: catalyst materials, membrane materials, and the device substrate (with integrated microfluidic fuel mixing and delivery).

Reformed Methanol to Hydrogen Fuel Cell (RHFC)

The overall objective of the RHFC program is to design and develop an onboard fuel processor (a miniature chemical reactor) integrated with a high temperature (150-250(C) PEM fuel cell in the 1-100W range.  Some of the system components (low power pumps, sensors, electronics, fuel delivery, and fuel package) being developed for the DMFC are directly transferable for this RHFC system.  The chemical reactor is a monolithic ceramic structure that contains a combustion chamber (heater) and a reformer, and allows integration with a high temperature fuel cell.  The liquid fuel source will be a 60/40 wt% mixture of methanol/water.  Some of this fuel would be oxidized inside the combustion chamber to generate sufficient heat for the steam reforming reaction.  The combustion heater, reformer and fuel cell will be in close proximity with good heat transfer between all three elements, and with all contained within a good thermal insulator.  This design will enable the system efficiency to be maintained through utilization of heat rejected by the fuel cell and by preventing heat losses to the outside.  In the preferred strategy, a fuel processor will be thermally integrated with a CO tolerant H2-anode and O2-cathode fuel cell fabricated using a moderate-temperature (150-225(C) proton-conducting polymer electrolyte membrane [polybenzimidazole (PBI) infused with strongly bound phosphoric acid] developed at CWRU.  Our system design utilizes this high temperature MEA because, above 150(C low precious metal loaded (0.1wt%Pt) anodes can tolerate as much as 5%CO in the hydrogen feed stream with virtually no loss in performance.  Based on the first order estimates of system efficiency validated by preliminary experiments performed at Motorola and CWRU, the RHFC system being proposed would meet the Army requirements for energy and power density. In an alternative approach, the CO level in the reformer output would be reduced in a PROX reactor to < 100pppm to allow us of a conventional PEM stack.
Solid Oxide Fuel Cell Technology

The approach for the SOFC technology is to develop advanced electrolyte and cathode materials for high performance between 500-600°C combined with a high performance anode that operates directly on logistic fuel such as JP-8.  Figure 4 outlines the focus areas for proposed research and the resulting advanced technologies.  While conventional SOFCs operate at > 800°C, lower operating temperatures will lead to faster startup, extended operating life, increased reliability, and improved thermal cyclability for typical military applications.  The approach to develop high performance SOFCs at low temperature involves advanced electrolytes such as LaGaO3-based materials and advanced cathode materials such as mixed conducting La-Sr-Fe-Co perovskites.  Anode operation directly on logistic fuels such as JP-8 and diesel will make the SOFC system simple, compact and provide a high degree of thermal integration.  This feature will lead to increased gravimetric and volumetric densities of the entire system for any application.  Direct-oxidation anodes will be developed by attaching Cu-based anodes to the advanced electrolytes.  Because of the different materials challenges associated with the new electrolyte, the fabrication steps for obtaining thin electrolytes will be significantly different.  Also, the lower operating temperatures will place more stringent requirements on the catalytic properties of these materials, so as to take advantage of the high oxygen-ion flux possible with the new electrolytes at low temperatures.  The tape calendering method will be utilized for fabricating thin-electrolyte cells for high performance.  Tape calendering is one of the most successful, robust and economical processes for manufacturing thin-electrolyte high performance cells.  This method has been demonstrated for zirconia based SOFCs and this knowledge will be leveraged for making cells based on new materials.
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Figure 4.  Outline of Proposed Research and Resulting Technologies.

In certain cases the anode may not be suited to handle very heavy hydrocarbons.  In such cases fuel reformation is proposed to convert these difficult fuels to usable fuel for the SOFC.  In addition, the fuel reformer also gives flexibility in handling different fuels.  The approach for the fuel reformation effort is to develop a compact fuel processing technology to convert logistics fuel to a H2 rich fuel stream for SOFC applications with reduced sulfur content based on the SOFC sulfur tolerance.  In addition, a high-temperature desulfurization process will remove H2S to an acceptable level without cooling the fuel stream between the fuel processor and SOFC for improved thermal integration and efficiency.  Catalytic partial oxidation (CPOX) is the most promising method for achieving self-sustained logistic fuel processing on a very compact scale with potential for high yields.  The CPOX effort will entail developing high performance catalysts with high yields and operation with high fuel/air (C/O) ratios, developing an understanding of the mechanisms of the reformation reaction pathways, and modeling the process with heat and material balances.  High-temperature desulfurization is a very attractive step for thermal integration in a high temperature fuel cell system.  Desulfurization sorbents will be developed for operation at a temperature between 600°C SOFC temperature and >700°C CPOX temperature.  Sorbent materials with inherent stability, sufficient life and regenerative ability in high sulfur environments of logistics fuel operation will be developed.  The most attractive sulfur sorbent for the envisioned application is reduced cerium oxide, CeO2-x.  The proposed approach is to synthesize cerium oxide with dopants, such as ZrO2 and La2O3, and with metal additives, such as CuO, all of which are known to improve the reducibility of cerium oxide.  The overall goal of this project is to develop a highly reducible, efficient sulfur sorbent based on cerium oxide that can meet the performance requirements of hot reformate gas desulfurization.

Five-Year Research Roadmap

Roadmaps for research in technology areas necessary to achieve the goals described above are shown in Figures 5, 6, and 7.

Direct Methanol Fuel Cell (DMFC)
In developing a 1W system for the Army we will leverage our internal 100mW DFMC development efforts.  The initial focus will be to design a forced air, elevated temperature planar stack sized to generate 1W peak power.  This approach requires redesign of the ceramic planar stack and the fuel delivery microfluidics, along with thermal design and analysis for effective insulation.  It is estimated that this design can be completed and evaluated in 2 years.  Data obtained from this 1W system will provide an excellent foundation for evaluating the feasibility of scaling this planar design to 20W.  It is envisioned that this scale-up could be accomplished either by scaling the planar stack (likely 2 sided) or building up a "super-stack" with multiple planar stacks.  We will compare these scale-up approaches with other options such as a conventional DMFC bipolar stack plus multi-layer ceramics for fuel processing and integration of concentration sensor, pumps, electronics, etc.  We will also compare this design with the methanol micro-reformer technology that we are developing in parallel.  If the planar or super-stack approach is determined to be practical, we will propose to build a 20W DMFC system in years 3-5 of the program.  Another possible strategy for building a 20W system is to use smaller (1-2W) DMFC power sources in a modular fashion.  Having power generation distributed and integrated throughout the soldier's equipment provides distinct advantages.  For example more compact and efficient form factors might be possible with microfluidic-based DMFCs.  These modular power supplies can also be operated independently - each supplying the power required for individual devices and possibly being turned off if not needed.  This approach would also provide some level of redundancy, since failure of a single 1W power supply would not disable all electronics systems.  In addition, this strategy could eliminate the wiring between the soldier's power supply and electronic systems, as each could be powered independently.

The DMFC tasks (Figure 5) include development of catalysts, membranes, and systems to develop a DMFC cell with high performance operating at low temperatures.  Improved anode and cathode catalyst (Task Area 1) will be coupled with an improved membrane (Task Area 2).  However, to achieve an optimum miniaturized system, the rest of the fuel cell system must be designed, modeled, and optimized for the intended power and operating conditions (Task Area 3).
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Figure 5.  Five-Year Research Roadmap: Fuel Cells & Fuel Reformation: DMFC.

Reformed Hydrogen Fuel Cell (RHFC)
In developing a 20W system for Army we will leverage our internal 1-10W reformer development efforts.  The initial focus will be to design a methanol reformer with internal heater and vaporizer to produce H2 rich gas with about 2% CO suitable for operating high temperature PBI fuel cell.  Our preferred approach is to develop a high temperature fuel cell stack for a 20W system.  Based on a literature search and scanning the current state of the technology, we are not planning on developing a preferential oxidation re-actor for CO clean up, because it appears to be difficult to operate efficiently on such a small scale.  However, we are keeping our options open and monitoring technical developments in this area.  We may revisit it, because a clean H2 source (<100ppm CO) would leverage existing PEMFC technology. In either case, the hydrogen source issue will be addressed before system integration.  We expect to demonstrate the hydrogen source by 2004.  Work beyond 2004 will primarily be concerned with the high temperature polymer membrane source, MEA development, fuel cell stack development, and system integration with the fuel reformer.

The RHFC tasks (Figure 5) include development of reformer catalysts and support, a high temperature MEA, and systems to develop a RHFC system with high performance operating at relatively low temperatures.  Improved steam reforming and possibly water-gas-shift catalysts and the associated support structure (Task Area 4) will be coupled with an improved high-temperature MEA (Task Area 5).  However, to achieve an optimum miniaturized system, the rest of the fuel cell system must be designed, modeled, and optimized for the intended power and operating conditions, including efficient insulation and possibly CO cleanup (Task Area 6).
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Figure 6.  Five-Year Research Roadmap: Fuel Cells & Fuel Reformation: RHFC.

Solid Oxide Fuel Cell (SOFC)

The SOFC and reformation tasks (Figure 7) include development of materials, microstructures and fabrication processes to develop an SOFC cell with high performance operating at low temperatures directly on logistic hydrocarbon fuel such as JP8 or diesel.  A new high-conductivity electrolyte (Task Area 7) will be coupled with an advanced high performance cathode (Task Area 7), and an innovative new anode for direct hydrocarbon operation (Task Area 8).  However, to achieve high performance, low-resistance thin-film electrolytes will be fabricated on anode or cathode support electrodes (Task Area 9).  The fabrication process must be compatible with the individual fabrication and microstructure development requirements of the anode, electrolyte, and cathode.  While direct SOFC operation on logistic fuels is difficult (either due to poor anode kinetics for hydrocarbon oxidation or sulfur tolerance), reformation will be used as a parallel path to operate the SOFC by partially or fully reforming JP-8 or diesel to a mixture of H2, CO, CO2, H2O, N2 and some simpler hydrocarbons such as CH4 (Task Area 10).  The fuel will also be desulfurized to an acceptable level for the SOFC (Task Area 11).  The tasks involve developing highly active catalysts and understanding and improving kinetics of the reformation and desulfurization processes.  Optimized processes for reformation and desulfurization will be developed followed by integrated operation of reformer and desulfurizer (Task Area 12), preferably in a single reactor. In addition, the feasibility of converting logistic fuels to hydrogen for fuel cell and other uses will be considered.
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Figure 7.  Five-Year Research Roadmap: Fuel Cells & Fuel Reformation: 
SOFC & Reformation.

Program Summary

Table 2 provides a summary of projects in Technical Area 2 for FY 2002.

Table 2.  Project Summary, Fuel Cells and Fuel Reformation.



Investigators

Project No.
Project / Subtask Title
Industry
Academia
ARL

TA2-02-01
PEMFC Catalysts for Reformation and Fuel Cells
Jerry Hallmark (Motorola Labs)

Renxuan Liu (NuVant Systems)
Tom Mallouk, (Penn State Univ)

Eugene Smotkin (IIT)


Carlos Cabrera, 
Y. Ishikawa (UPR)
R. Jiang (ARL)

TA2-02-02
DMFC Polymeric Membrane Synthesis
Jerry Hallmark (Motorola Labs)
K. Matyjaszewski (Carnegie Mellon)

J. McGrath (Virginia Tech Univ)
C. Walker  (ARL)

TA2-02-03
DMFC System Design, Model, Prototype
Jerry Hallmark (Motorola Labs)

C. Walker  (ARL)

TA2-02-04
Reforming Catalyst in Porous Ceramic Support
Jerry Hallmark (Motorola Labs)
Abhaya Datye &

Jeffrey Brinker (UNM)
R. Jiang (ARL)

TA2-02-05
High Temp AB-PBI MEA
Jerry Hallmark (Motorola Labs)
Jesse Wainright &

Robert Savinell (CWRU)
Deryn Chu (ARL)

TA2-02-06
RHFC System Design, Model, Prototype
Jerry Hallmark (Motorola Labs)

C. Walker  (ARL)

TA2-02-07
Fuel Reformation: Hydrogen Production
Jerry Hallmark (Motorola Labs)

C. Walker  (ARL)

TA2-02-08
High temperature (130 to 230oC) MEA Development and Integration in a Ceramic Fuel Cell Housing
Jerry Hallmark (Motorola Labs)
Jesse Wainright &

Robert Savinell (CWRU)
Deryn Chu (ARL)

TA2-02-09
Platinum-free Gas-Fed Air-cathode Electrocatalysts
Jerry Hallmark (Motorola Labs)
Plamen Atannasov (UNM)

Robert Savinell (CWRU)
Deryn Chu (ARL)

TA2-02-10
Highly efficient conformal thermal insulating coatings for fuel reformer
Jerry Hallmark (Motorola Labs)
Abhaya Datye & 

Jeffrey Brinker (UNM)
R. Jiang (ARL)

TA2-02-11
Unfunded Requirements
Jerry Hallmark (Motorola Labs)

Deryn Chu (ARL)

TA2-02-12
SOFC: Advanced Low-Temperature Materials
Nguyen Minh 
(Honeywell)
John Goodenough (U. Texas)
J. Wolfenstine and C. Walker (ARL)

TA2-02-13
SOFC: Direct oxidation anodes with low-temperature SOFCs
Nguyen Minh 
(Honeywell)
Ray Gorte, John Vohs, & Wayne Worrell (All Upenn)
Deryn Chu (ARL)

TA2-02-14
SOFC-Cell Fabrication, Performance Evaluation and Operation Testing
Nguyen Minh 
(Honeywell)

Deryn Chu (ARL)

TA2-02-15
Logistic Fuel Reformation : Advanced Catalysts
Nguyen Minh 
(Honeywell)
Lanny Schmidt 
(U Minn)
R. Jiang (ARL)

TA2-02-16
Logistic Fuel Reformation: Desulfurization of Hot Reformate Gas for SOFC
Nguyen Minh 
(Honeywell)
Maria Flytzani-Stephanopoulos (Tufts U)
R. Jiang (ARL)

TA2-02-17
Logistic Fuel Reformation: CPOX, Desulfurization, and Hydrogen Production
Nguyen Minh 
(Honeywell)

R. Jiang (ARL)

Technical Area 3: Hybrid Electric Propulsion And Power

Technical Area Leads: 

ARL:

Dr. Ken Jones

Consortium:  
Co-Lead: Mr. George Frazier (SAIC)

Co-Lead: Mr. John Meier (Honeywell Engines & Systems)

Goal

The overarching goal for research in hybrid electric propulsion and power is to support the Army’s vision for its next-generation forces.  The Army Vision emphasizes rapid deployment of systems more lethal and more survivable with smaller logistics footprints than current mechanized forces.  The Future Combat Systems (FCS) program is currently researching the force structures that will make that vision a reality.  One of our major objectives is to maximize coupling between the 6.1 research conducted in Technical Area 3 and the FCS program.  At the start of the CTA program, the key milestone dates for FCS were to make a Technical Readiness Decision at the SOC Review in April 2003, make the Milestone “B” decision to begin System Development and Demonstration in April 2006, to begin LRIP at Milestone “C” in October 2008, to achieve FUE by the end of FY10, and to begin full-rate production at the end of FY12. We originally structured our schedule to contribute advanced technology along the same time; however, the FCS timeline is changing.  Recently, reliable sources in the Army indicate that there is a desire to accelerate the Milestone “B” decision to May 2003.  The acquisition strategy is also changing.  FCS changes require that we reexamine our schedule to see if adjustments need to be made.  To first order, however, we do not expect major changes to the FY2002 APP for TA3 because the 6.1 nature of CTA relegates the application of new technology to later block upgrades.  Regardless, we will reexamine the TA3 schedule in light of progress made and our understanding of FCS when we prepare our APP for FY03.

Hybrid electric systems to provide power and mobility for platforms are enabling for the Future Combat System.  A Hybrid Power System, one that combines the best features of mechanical and electrical power, will enable FCS to meet the requirements that flow from the Army Vision of achieving strategic dominance across the entire spectrum of operations.  All elements of the Army Vision (deployability, agility, versatility, lethality, survivability, and sustainability) will be served by developing a Combat Hybrid Power System.  How well that system generates, converts, distributes, controls, and uses power will have a significant impact on the overall success of FCS.  The goal of TA3 is to further the state-of-art in relevant basic science and to develop the system, subsystem, component and device technology to make hybrid electric combat power systems practical and efficient in Army battlefields of the future.

Overall Plan and Approach

Hybrid electric power research is highly multi-disciplinary.  Not only must we be concerned with the underlying technologies of each of the component subsystems; we must also fully understand the interactions between subsystems and their impact and effect on each other and the overall system.  In recognition of this, the our team proposes a comprehensive research effort that includes a detailed system engineering task to constantly review the progress and potential of each element in our program.

The overall approach we are taking is to pursue technology development in multiple areas simultaneously; similar to the way Technical Areas 1 and 2 are proceeding.  For TA3 those areas roughly break down into energy conversion, power conditioning and control, electric machine technology, controls technology and system engineering, modeling and simulation.  In the following section we show seven specific projects that cover all-important technologies except energy storage, which was specifically excluded from consideration at ARL’s direction.

We have assembled a world-class team, well known to ARL and capable of working smoothly with ARL’s Vehicle Technology Directorate, the Sensors and Electronic Devices Directorate, and complementary Army organizations such as TACOM.  Many of our members already work directly with these organizations.  Included on our team (see Table 3) is Science Applications International Corporation (SAIC), Honeywell Engines and Systems, Rockwell Science Center (RSC), United Defense Limited Partnership (UDLP), Rensselaer Polytechnic Institute (RPI), and two campuses of Texas A&M University (TAMU.) shows our team.  Each member is a leader in one or more of the areas critical to hybrid electric power development and applications to military platforms.

Table 3.  Technical Area 3 Consortium Members.

Team Member
Role
Principal Investigator

Science Applications International Corporation (SAIC)
Technical Area 3 Lead, architecture definition, system engineering and modeling, system control and power electronics, system integration research
Mr. George Frazier

Honeywell Engines and Systems
Technical Area 3 Co-lead, power conversion, turbogenerator topping of solid oxide fuel cells
Mr. Jochen Deman

United Defense Limited Partnership (UDLP)
Vehicle and power electronics, technology transition
Mr. Porfirio Nogueiro

Rockwell Science Center (RSC)
Matrix converters
Dr. Jie Chang

Rensselaer Polytechnic Institute (RPI)
Silicon carbide devices
Prof. Paul Chow

Texas A&M University (TAMU), including Prairie View Campus (HBCU)
Overall hybrid electric power technology and concept development, advanced electric machines.
Prof. Mehrdad Ehsani

SAIC is the lead organization responsible for overall program direction, system level engineering, the turbo-electric compound diesel, intelligent controls, and detailed research across the whole technical area.  SAIC is a Fortune 500 company with annual revenues exceeding $5 billion, and over 40,000 employees.  The company is a world leader in national security, telecommunications, research and development, and systems integration.  SAIC is also the largest 100% employee owned company in the country.  We carefully selected individual SAIC team members based on their technical excellence and experience in hybrid electric power system applications.  All SAIC performers are also members of the highly successful CHPS team, and the principal investigator is the CHPS program manager.

Honeywell Engines, Systems & Services co-leads Technical Area 3 and is consortium leader and prime contractor for the Power and Energy Alliance.  In TA3 Honeywell brings its world-renown expertise in small turbine engine and propulsion systems technology to bear on hybrid electric power systems.  Honeywell will provide alternatives to piston heat engines and develop an advanced concept combining a small gas turbine engine with a pressurized solid oxide and fuel cell to provide an optimal prime power configuration achieving thermal efficiencies >50% for future architectures.

United Defense Limited Partnership (UDLP) brings crucial knowledge of vehicle integration and power electronics.  UDLP, as the premier ground combat system integrator in the world, has repeatedly validated and refined its medium-weight combat vehicle design system by developing and fielding major ground combat vehicle systems.  Their resident experts have extensive experience with technologies needed for the Power and Energy Alliance.  In the TA3 basic research area UDLP will use the expertise of its Mobility Research group in San Jose, CA to execute the Turbo-Electric Compounded Diesel and the DC-DC converter projects.  Those projects will push the state of the art in both the prime power and power conditioning areas.

Rockwell Science Center (RSC) in Thousand Oaks, California will contribute expertise in matrix converters.  RSC has been a leading industrial R&D lab since 1962.  Rockwell Science Center is Rockwell's central research laboratory.  The Science Center’s Control and Power Technology Dept., which has strong expertise in motor control, will perform the work. Ongoing work of this group includes the development of power converters with significantly reduced capacitor requirements, direct AC-to-AC power converter, high temperature control hardware for distributed control, fault tolerant motor controls, adaptive control algorithms, sensor-less motor control, and motor diagnostic techniques.  RSC is the only industrial organization in the country that is conducting basic research to help develop matrix converters for commercial use.

Complementing the industrial partners in TA3, and leading the way in advanced research are our university team members.  Rensselaer Polytechnic Institute (RPI) is concentrating on one of the most promising areas for hybrid electric power, high power SiC switching.  Professor T. P. (Paul) Chow leads the effort.  Professor Chow and his group have explored many Si power MOS devices such as the IGBT and MCT, have explored high-voltage power IC technology in depth, and are actively working on process research and novel power device demonstrations in SiC and GaN.  Recently, Professor Chow’s group has been involved with the experimental demonstration of 4.5KV SiC junction rectifiers, 3KV SiC GTOs, 300V SiC BJTs and 1200V SiC lateral MOSFETs. 

To provide overall guidance and expertise in hybrid electric power, Professor Mehrdad Ehsani of Texas A&M University (TAMU) joined our team.  Professor Ehsani is a recognized expert on hybrid electric power systems and currently sits on a National Research Council Committee investigating materials and processes necessary for the successful deployment of such systems.  TAMU will lead an advanced electric machine drives development effort, will assist SAIC in overall concept evaluation, will work in the experimental areas of switch reluctance motor and brushless DC motor drive technology, and will coordinate work by the TAMU Prairie View Campus, a Historically Black University.  The Prairie View campus of TAMU will provide computer models for hybrid electric power simulation.

Five-Year Research Roadmap

Figure 8 shows the TA3 five-year roadmap.  There are seven specific projects.  Projects 1 and 2 address prime power and energy conversion by delving into advanced concepts for both diesel and turbine engines. Projects 3 and 4 both address critical issues in power conditioning that will enable lightweight highly compact power components.  Project 3 investigates the exciting new matrix converter technology that promises to enable the use of AC bus architectures in hybrid electric ground platforms.  Project 4 is devoted to a very critical need for FCS lethality and survivability, the need to charge high voltage pulsed power systems necessary for electric armor, guns and directed energy systems.  In both of these task areas the use of emerging technology silicon carbide (SiC) power devices will be investigated to provide increased frequency operation and power density over the short term; and high-temperature operation over the long term.  In Project Area 4, advanced transformer design, high-temperature core materials, and new thermal management techniques will be investigated to insure that the transformer section of the DC/DC converter does not limit the high-frequency performance imparted by the use of SiC devices.   In Project 5, the design, fabrication, and physical, thermal, and electrical response of advanced SiC power diodes and active switches are investigated to provide for the implementation of the power components developed under Projects 3 and 4.  In Project 6 we cover vehicle mobility with research into at least three types of next generation electric drive concepts.  Through this task we will develop specifications, designs, and control rules for hybrid electric drive train motor drives.  We will then use these guidelines to investigate the most efficient converter topologies and compare overall drive performance for switched reluctance motor (SRM), brushless dc (BLDC) motor, and novel radial uniform flux (RUF) machine drives.

Finally, we have a robust project to knit all subsystem technologies together and make them work in unison, System Engineering.  Although not commonly thought of as a 6.1 basic research area, system engineering the context of TA3 is crucial.  The goal of the system engineering project is not to produce specific point designs for further development (as it would be in a 6.2 project) as much as it is to allow us to study the complex interactions between subsystem technologies and to provide overall goals for the rest of the 6.1 projects.  Figure 8 illustrates the connection of all seven projects with FCS graphically at the top.  The FCS schedule and milestones shown are officially recognized by the Secretary of the Army and Chief of Staff as being consistent with Army Vision.
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Figure 8.  Five-Year Research Roadmap: Hybrid Electric Power & Propulsion.

Program Summary

Table 4 provides a summary of projects in Technical Area 3 for FY 2002.  The seven project all address basic science elements of the technology areas for they are named. 

Table 4.  Project Summary, Hybrid Electric Propulsion and Power.

[image: image8.wmf]Task/Subtask

Industry

Academia

ARL

TA3-02-01

High-Speed Ceramic Turbogenerator

John Meier*

02-01-01

Materials

John Meier*

Dr. Ram Bhatt

02-01-02

Tribology

John Meier*

Dr. Mark Valco

02-01-03

High-Speed Generator

John Meier*

Tom Podlesak

TA3-02-02

Turbo-Electric Compounded Diesel

Porfirio Nogueiro*

Teresa Kline

02-02-01

Compound Cycle Analysis

Porfirio Nogueiro*

Teresa Kline

02-02-02

Low Heat Rejection Concepts

Porfirio Nogueiro*

Teresa Kline

TA3-02-03

Matrix Converter

Jie Chang*

02-03-01

Evaluate Si AC Switch Modules

Jie Chang*

Paul Chow

Tom Podlesak

02-03-02

Evaluate SiC AC Switch Modules

Jie Chang*

Paul Chow

Skip Scozzie

02-03-03

Commutation Techniques and Simulation

Jie Chang*

Tom Podlesak

Klaus Kerris

02-03-04

Modular Architecture

Jie Chang*

Tom Podlesak

Ken Jones

02-03-05

Circuit Simulations

Jie Chang*

Klaus Kerris

Tom Podlesak

TA3-02-04

DC-DC Converter

Porfirio Nogueiro*

02-04-01

Subsystem Design

Porfirio Nogueiro*

Mark Ehsani

Tom Podlesak

02-04-02

Incorporate SiC Diodes

Ranbir Singh*

Mark Ehsani

Steve Bayne

02-04-04

Packaging

Craig Joseph*

Mark Ehsani

Bruce Geil

TA3-02-05

SiC Devices

Anant Agarwal**

Paul Chow**

Skip Scozzie

02-05-01

Device Fabrication

Ranbir Singh**

Paul Chow**

Bruce Geil

02-05-02

Device Evaluation

Ranbir Singh**

Paul Chow**

Wes Tipton

02-05-03

Device Reliability

Ranbir Singh**

Paul Chow**

Aivars Lelis

02-05-04

New Device Concepts

Anant Agarwal**

Paul Chow**

Pankaj Shah

Wes Tipton

02-05-05

New Processing Techniques

Anant Agarwal**

Paul Chow**

Ken Jones

02-05-06

Thermal Analysis

Dick Traci*

Paul Chow

Pankaj Shah

02-05-07

Soldier Power Applications

Anant Agarwal**

Paul Chow**

Wes Tipton

TA3-02-06

Electric Machine Drives

John Kajs

Mark Ehsani*

Charles Tolliver

Steve Bayne

02-06-01

Switch Reluctance Motors (SRM)

John Kajs

Mark Ehsani*

Charles Tolliver

Steve Bayne

02-06-02

Brushless DC Motors

John Kajs

Mark Ehsani*

Charles Tolliver

Steve Bayne

02-06-03

Radial Uniform Flux (RUF) Motors

John Kajs

Mark Ehsani*

Charles Tolliver

Tom Podlesak

TA3-02-07

Systems Analysis

John Kajs*

Mark Ehsani

02-07-01

Modeling and Simulation

Wilford Smith*

Charles Tolliver*

02-07-02

Vehicle Integration

Porfirio Nogueiro*

Mark Valco

Tom Podlesak

02-07-03

Intelligent Controls

Ron Scott**

Mark Ehsani**

Jonathon Litt

02-07-04

Thermal Analysis

Dick Traci*

* Denotes Task/Subtask Leader

** Denotes Task/Subtask Co-leader


Project 01 (TA3-02-01) for example concentrates on the three most crucial areas of science relevant to developing a high-speed ceramic turbogenerator.  Such a turbogenerator would have a great impact on future upgrades to FCS because it would offer unprecedented power densities, much more than more conventional approaches to prime power like diesel engines or lower speed turbines.  The three areas of investigation are materials, tribology, and high-speed generators.  We need material research because we need long-life structural ceramic materials that can reliably withstand the envisioned operating temperatures of advanced gas turbines that exceed 1350°C.  The present limitation of 1100oC imposed by current single crystal superalloys is too low. Investigating approaches such as oxidation and corrosion resistant coatings will allow us to go beyond those limits.   In the tribology area we will investigate bearing support systems, which are independent of oil lubrication systems and capable of operation in un-cooled or minimally cooled bearing compartments of high speed ceramic turbogenerators.  Finally, in order to avoid the volume and weight penalties of gearing, we will investigate the scientific limitations of rotational speeds in electrical generator.  We will initially study rotor physics in the range 30,000 to 50,000 rpm and 200-400 kW electrical with tip speeds of around 200 m/s.

The next project (Project TA3-02-02) offers another example of how we concentrate on the basic science issues surrounding novel, promising new concepts.  The turbo-electric compounded diesel uses a novel compound cycle diesel engine with an electrical generator connected to the diesel’s turbocharger that eliminates the waste gate by using excess power from the turbine to generate electric power.  This concept promises to increase prime power efficiency, but requires that we address a unique need for fundamental cycle modeling of flow phenomena between the intermittent discharge diesel core and the continuous flow turbomachinery.  We expect the fluid energetics to differ greatly from those commonly encountered in turbo-charging systems.

The rest of the TA3 projects likewise focus on a broad range of fundamental science problems in materials, power flow, fluid flow, thermal properties, and basic approaches to system optimization and control.  We will develop basic new tools and methodologies in these projects that will allow us to plan sensible directions in research this year and beyond. 

Technology Transition

The CTA program’s value to the warfighter is significantly enhanced when we exploit the full potential of the enabling technologies that result from the basic research projects. Our technology transition approach relies on collaboration and partnering of ARL, RDECs and RMB members. This team works with the technology user community to seek out transition opportunities and to demonstrate technologies mature enough for application. This approach extends our activities beyond research papers to matching technology with customers early and then jointly mapping the transition path with them The identification of user champions through early and frequent collaborations and partnerships is a key component of our process for effective transition with defined entrance and exit criteria. Technology transition efforts in the Power & Energy Alliance have been identified, but not formalized to date.

For further information, please contact

John Hopkins, CAM, Power & Energy CTA

(301) 394-3196; jhopkins@arl.army.mil
Mukund Acharya, Program Manager, Power & Energy CTA

(602) 231-2808; mukund.acharya@honeywell.com
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