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1.0  INTRODUCTION

1.1 General

This proposal is submitted to MBARI to be incorporated as part of a larger proposal to respond to the US Navy’s Office of Naval Research (ONR) Broad Agency Announcement (BAA) 01-012 - DEMONSTRATION OF UNDERSEA, AUTONOMOUS, OPERATION CAPABILITIES AND RELATED TECHNOLOGY DEVELOPMENT

Fuel Cell Technologies Ltd. (FCT) is a world leader in the design and build of aluminum energy systems for AUV's.  These systems provide reliable high energy density power sources that offer low life-cycle cost benefits compared to present day systems.  FCT is the first company worldwide to have successfully completed sea trials of an aluminum-oxygen system in an AUV, and have to date put to sea four (4) separate AUV Aluminum Energy systems.  The total underwater running time of FCT’s AUV Aluminum Energy systems already exceeds 550 hours.

1.2 The Goal

The goal of this proposal is to develop and deliver a mature, reliable, cost-effective aluminum energy system for an extended autonomy AUV and to subsequently market this system to other customers world-wide.

The Baseline system, hereafter referred to as the SM-80
, shall consist of a 21-inch diameter 66-inch length neutrally-buoyant AUV section that will deliver 80 kWh at 300 W.  

The SM-80 is optimized for the extended autonomy application.  This will result in a compact, cost-effective, reliable system that is optimized for high endurance missions.

Other variants of this technology are being optimized for other missions with different primary goals.  One concurrent initiative is a system for the US Navy (the SF-40) which is being optimized for undersea search and survey missions.  

2.0  TECHNICAL DESCRIPTION
2.1 Concept of Operation and Deployment

Fuel Cell Technologies’ Aluminum Energy (AE) technology offers significant advantages for AUV systems when compared to advanced batteries.  Chief among those are high neutral energy density (defined as the energy density of an AUV section that is neutrally buoyant) and cost-effectiveness.

The concept of operation for the SM-80 utilizes a Cartridge-based system, consisting of:

· A 21-inch diameter 66-inch long AUV section consisting of all system components of the AE system, including refuelling kit;

· One or more 80 kilowatt-hour fuel cell Stacks;

· One or more 50% Hydrogen-Peroxide Cartridges;

· One or more Electrolyte Cartridges; and

· One or more Neutralizing Cartridges.

The Stack, Electrolyte and Neutralizing cartridges are shipped and stored dry.  The Electrolyte and Neutralizing Cartridges require minimal activation prior to use, which consists of simply adding water.  This can be done beforehand, at the beginning of the deployment, or whenever required during the mission.  

To deploy the AUV, the Stack is inserted into the AE System using quick-connects.  The system is charged with 50% hydrogen-peroxide from the HP Cartridge, then charged with electrolyte from the Electrolyte Cartridge.  The system is then ready for use.  At the end of the mission, the system is connected to the Neutralizing Cartridge, which neutralizes the electrolyte, stack and overall system.  Once neutralized, the contents of the Neutralizing Cartridge can be stored as non-hazardous/environmentally-friendly waste or simply discharged overboard. The Stack can be returned to FCT for recharging.  The AUV refuelling process will take less than one hour, and can be repeated as many times as there are Stacks and Cartridges.  The option also exists to simply store the used electrolyte and neutralize it at a later time, thus reducing the refuelling time by approximately half.

The SM-80 is pressure compensated, so any depth restrictions will be the result of buoyancy foam or payload limitations.  For the purposes of this proposal, AM-24 foam is used, which has a depth rating of 1,000 meters.

As will be presented in this proposal, the SM-80 features a low acoustic signal, safe handling on-board the host vessel, has attractive total ownership costs, is fully  environmental compliant and offers a very flexible operating envelope, with unrestricted power turn-down ratios from 300 watts to 0 watt (net).  

2.2 Technical Description and Innovation

Electrochemical devices convert chemical energy directly into electrical energy and thermal energy at various efficiencies.  All such devices are comprised of three primary components:  Anode, Electrolyte and Cathode.  The differences between fuel cells, semi-fuel cells and batteries stem from the means by which the energy is stored and converted by these three components.  For batteries,  all the chemical energy is stored within the battery itself, in the anode and cathode.  For fuel cells, all the energy is stored external to the fuel cell.  As long as fuel and oxygen are supplied to the anode and cathode, respectively, power will be produced.  For semi-fuel cells,  all the fuel is stored in the anode, and oxygen is stored externally.  

Due to the very high energy density that semi-fuel cells offer, FCT has been developing, over the last 12 years, Aluminum/Oxygen semi-fuel cells using a liquid potassium-hydroxide (KOH) electrolyte.  While this technology is suited for most remote applications, it is best suited for underwater applications, where neutrally-buoyant high energy density is paramount.  It is this variant of the FCT aluminum energy technology that this proposal addresses.

First, a short chemistry lesson on how the aluminum-oxygen system works. 

Using FCT’s proprietary low cost electrode technology, oxygen is reduced at the cathode, using silver as an oxygen reduction catalyst[1], to form oxygen ions which permeate through the membrane and form OH- ions in the liquid KOH electrolyte:

3 O2 + 6 H2O + 12 e-  (  12 OH-
At the anode, the OH- ions in the electrolyte react with the aluminum to form an aluminate, which releases electrons:

4 Al +  12 OH-  (  4 Al(OH)3 + 12 e-
The migration of these electrons from the anode to the cathode through an external circuit is what provides the power.

The aluminate by-product of this reaction (Al(OH)3) enters the electrolyte in solution, i.e. it is dissolved in the KOH.  As the system produces power, more and more aluminum enters solution until the electrolyte saturates.  This regime is referred to as “Solids Free” mode.  Once the aluminum super-saturates, the aluminate can be precipitated out of solution and separated in a settling tank.  This regime is referred to as a “Solids Managed” mode.  The trade-off between the two modes is that the solid-free mode is a simpler system to engineer but only has an electrolyte discharge capacity of 500 Ah/l, whereas the solids-managed mode can achieve an electrolyte discharge capacity of 1,000 Ah/l, but with significantly greater complexity in system design.

There are several means of providing the oxygen to the cathode.  Directly supplying air or oxygen to the cathode is the simplest method and one that works well for terrestrial systems and systems where the fuel cell system can be contained within a pressure vessel.

However, for ambient-pressure underwater systems, a gas phase means of oxygen supply is much more difficult.  Therefore, a liquid phase means was developed.  This permits the fuel cell system to be pressure compensated, thus permitting operation at extreme depths without a pressure hull.  This oxygen supply system is based on 50% hydrogen peroxide, which provides oxygen as follows, using a silver-mesh catalyst:

6 H2O2 + 6 H2O ( 12 H2O + 3 O2
Unfortunately, there are two parasitic reactions that detract from the performance of this system:

The first parasitic reaction is the corrosion of Aluminum in a KOH Solution:

2 Al + 6 H2O  ( 2 AL(OH)3 + 3 H2
This reaction wastes aluminum and water, and also generates hydrogen.  To address this, FCT has developed a proprietary aluminum alloy with low level alloying additions of tin and magnesium[2].  These additions, together with a low level of tin dissolved as stannate ions in the electrolyte, stabilize the aluminum anode such that only a low level of hydrogen is evolved from the power source cell either under load or at open circuit.

The second parasitic reaction is the Aluminum Peroxide Reaction:

2 Al + 3 H2O2  ( 2 Al(OH)3
This reaction wastes not only aluminum but also hydrogen peroxide.  To address this, FCT has developed a dual-loop electrolyte system, where the anode is supplied with the liquid KOH “anolyte”, and the cathode is supplied with a KOH “catholyte” into which 50% H2O2 is injected.  The anolyte and catholyte loops are separated by a polymer membrane that permits the OH- ions to migrate to the anolyte while preventing the hydrogen peroxide from entering the anolyte loop. Thus the new cathode reaction is as follows:

6 H2O2 + 6 H2O + 12 e-  (  6 H2O + 12 OH- 

This system operates at ambient pressure in a pressure compensated mode.  Thus, with careful materials selection, the system’s maximum depth rating is only limited by the floatation foam and pressure spheres for the electronics.  

Aluminum Energy System Design

[image: image4.png]Energy Density Comparison
300

290 AlH,0, SM-80
220 AlH,0, SF-40

Lithium-lon
[ |
250 silver-zine [

I
1=}
5]

210 Al/O, ARCS 4
200 Al/H,0, ALTEX 1

Lead Acid
& Nicd

Volumetric (Wh/)
=) @
3 3

95 Lithium-lon Section

70 Silver-Zinc Section

@
=)

0 50 100 150 200 250
Gravimetric (Wh/kg)

300



The SM-80 is based on FCT’s aluminum/hydrogen-peroxide  pres-sure-compensated technology.  As such, it utilizes the dual KOH electrolyte loop (catholyte and anolyte) and 50% hydrogen-peroxide as the oxygen source for the semi-fuel cell.  

The diagram at the right shows a simplified arrangement of the Al/H2O2 cell with the two liquid electrolyte loops and the H2O2 injection system.  The Stack is comprised of a number of these cells connected in series.
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The diagram on the right illustrates a long-range configuration of an AE System.  The multi-cell stack is centrally located over a hard centre-tank.  At each end of the section, a pair of bag-tanks are fitted.  At the beginning of the mission, the H2O2 bags are filled and the KOH bags are empty.  As the system provides power, the H2O2 is consumed and the resultant product water from the catholyte is returned to the centre tank, which is connected to the KOH bag tanks on both ends.

The SM-80 will be housed within a 66-inch section of the 21-inch diameter AUV.  In addition to the stack and tanks, there are up to two 10-inch Benthos spheres that house start-up/recovery batteries and all computer controls.

Control Hardware
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The FCT Energy Systems are controlled via a PC/104 format “stack” consisting of a 486 Dx4 CPU with 16 MB of RAM and a 72 MB DiskOnChip, a 10 megabit Ethernet card and an analog/digital I/O card.

Control Software

The Energy System is controlled using FCT’s proprietary Generic Data Acquisition and Control System (GDACS) Software. The GDACS software is a set of inter-related processes designed to execute under the QNX real-time operating system. Although initially designed for controlling fuel cells, it is generic enough to be used in many data acquisition and control systems.  It includes all of the core functionality normally found in such systems including data management, log file management, alarm handling, and hardware configuration. All of the functionality is user-configurable through a Graphical User Interface (GUI) that provides real-time trend graphs and a “topic-editor” that allows an operator to modify hardware configuration and control algorithm parameters “on the fly”.

Project-specific additions to the GDACS software typically include:
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· Hardware I/O mapping and alarm specification information (entered via the topic editor screens on the GUI)

· A control process to execute any control algorithms (designed and coded using established templates)

· A “status” screen on the GUI that shows control algorithm and overall system status information that is unique to the project.

The GDACS software also provides a standard set of APIs (Application Program Interfaces) that simplify the addition of new functionality or project-specific code.  The APIs also hide the specifics of all inter-process communications (IPC) and low-level operating system services.

In addition to the core functionality, GDACS provides for transparent remote access and control from any Windowstm or QNXtm based PC as well as pager notification on alarm conditions. (Future versions of the software will support access and control via a Web-Browser or WAP-enabled cellular phone.)

2.3 Performance Goals

For the FCT Aluminum Energy System, we are continuing to improve performance of various sub-systems and to develop other variants to meet market demands.

To date, Fuel Cell Technologies has put to sea four aluminum energy systems, all using variations in oxygen supply, wet/dry hulls and solids modes.

XP-21

The US Navy XP-21 AUV was the first AUV worldwide to complete sea trials (1993) of an Aluminum Energy system.   This 21 inch AUV was fitted with a 100 kWh @ 2.5kW aluminum energy system that used high pressure oxygen (4,000 psig) and an un-pumped solids-managed electro-lyte[3,4] .  Although designed for an energy density of 200 Wh/litre, this early system did not achieve the desired energy density due to thermal control problems with the un-pumped cells. 

ARCS-3

The Canadian Navy Autonomous Remote Control Submersible (ARCS) AUV underwent sea trials in June 1994 with an FCT Aluminum Energy system.  This 27 inch AUV was fitted with a 50 kWh @ 1.7kW system that used decomposed 50% hydrogen peroxide as the oxidant and a pumped solids-free electrolyte[5].  It achieved a neutral energy density of 140 Wh/kg and a run duration of 27 hours.

ARCS-4

An upgraded system was developed for the ARCS AUV.  This system underwent sea trials March 1997. The AUV was fitted with a 100 kWh @ 2.3kW system that used high pressure oxygen (4,000 psig) and a pumped solids-managed electrolyte.  It achieved a neutrally buoyant energy density of 210 Wh/kg and a run duration of 56 hours.

ALTEX

The fourth AUV energy system[6] that FCT has developed is a system for the Atlantic Layer Tracking Experiment (ALTEX) Autonomous Underwater Vehicle (AUV).  This project, coordinated by the Monterey Bay Aquarium Research Institute, is part of the National Ocean Partnership Program that measures the effects of global warming.  The ALTEX AUV is designed to navigate 1,500 kilometres under the Arctic ice cap to a depth of 3,500 meters.  To meet the stringent energy requirements for this application, FCT has designed a novel Aluminum/Hydrogen-Peroxide semi-fuel cell system to deliver 80 kWh at 300 W.  To date, the ALTEX system has run for over 450 hours total. In particular, the ALTEX system completed sea trials during Apr-May 2001, running for 56 hours in the pool and 78 hours at sea, down to 120 meters depth, with repeated dives & resurfacing as well as excellent idle mode performance submerged and on deck.

As with any cutting-edge research and development program, it is during the actual trials that the best form of information can be obtained.  At the most recent sea trials of the ALTEX AUV,  just after completing its latest mission, the ALTEX AUV surfaced and awaited recovery.   It then suddenly submerged without being ordered to do so.  The support ship tracked it for about an hour when it resurfaced and was subsequently recovered.  There was significant damage along the aft seams of the fuel cell section as well as some mud on the bow.  There are several theories as to what caused the damage, including an internal gas overpressure, an external impact or a yet-to-be-determined sequence of events.   The investigation continues. It is expected that the lessons learned from this incident will improve the reliability of the AUV and AUV energy system.  Plans continue for the next scheduled sea trials.
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Performance History

The chart to the right illustrates the way ahead for the FCT Aluminum Energy Systems.  Although Lithium-Ion and Silver-Zinc batteries have excellent Volumetric energy densities, their deep-ocean-rated neutral-buoyant energy densities are significantly reduced.  On the other hand, FCT has already put to sea several systems that significantly exceed advanced battery technologies.  And although the ARCS systems were only rated to 600 meters due to the pressure hull limitations, the ALTEX 1 system is fully deep-ocean rated.  For the ALTEX 1 system, it is expected to achieve a neutrally-buoyant energy density of 200 Wh/kg.

2.3.1 SM-80 Performance Goal

The performance goal for the SM-80 is to achieve energy densities of 320 Wh/kg and 380 Wh/litre, which will equate to a neutral energy density of 290 Wh/kg at 1,000 meters depth or 250 Wh/kg at 5,000 meters.  This will be a 80 kWh system using 50% hydrogen-peroxide.  R&D efforts will focus on solids management, stack improvements, hydrogen-peroxide efficiency, improved refuelling processes and reduced costs.

	SUBSYSTEM
	WEIGHT kg
	VOLUME L

	Cell Stack
	57
	42

	Electrolyte
	68
	51

	Pumps, Valves, Piping
	11
	9

	Oxygen Storage
	77
	64

	Control System
	14
	20

	Structural, Miscellaneous
	24
	23

	Buoyancy Foam
	25
	67

	TOTAL
	276
	276

	Note:  Total volume for a 66-inch section is 375 litres


Table 1 - Preliminary Weight and Volume Breakdown for the SM-80

For the Cost Performance Goal, please refer to Section 4.

2.4 Risk

There are two main risk issues associated with the delivery of the SM-80 system, as follows:

· Hydrogen-Peroxide Efficiency – To date, the hydrogen-peroxide system efficiency at sea has not met that attained during bench-top tests.  While potential solutions have been identified, a complete review of the dual-loop versus single-loop electrolyte system is in order to validate or refute the earlier decision to use the dual-loop system. 

· Solids Management – The implementation of a quick-refuel feature to a solids-managed system incurs not insignificant problems that need to be solved, including the management of the solids during discharge, emptying and neutralization.

2.5 Project Logistics Requirements in Operation

Please refer to Section 4 for all logistics considerations.
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3.0 STATEMENT OF WORK
The following section provides a list of and summary description for each technology development and demonstration task to be performed in the performance of the work associated with the development of the SM-80. A timeline and milestone chart is included at the end of this section.  In addition, cost estimates for each task are provided in Table 4 in Section 6.

3.1 Scope

The Scope of this project is to develop and deliver a cost effective, reliable aluminum energy system for the extended autonomy AUV.  This requires that the AE system be optimized for reliability and energy density.  This has a significant impact on the statement of work in that it reduces the specific R&D tasks to those that have a direct impact on the higher-endurance and reliability issues.  Other issues, such as higher power, will be addressed in a separate Statement of Work for a high-power multi-mission system (SF-40).     Note:  There are redundancies in the Work Packages for the Statements of Work.  This is due to the fact that developmental effort is required for both versions of the technology, with typically different solutions to meet the optimizing constraints of high-power or high-endurance.
3.2 Program Management

FCT utilizes a matrix approach to program management, based on the Project Management Institute’s Project Management Body of Knowledge (PMBoK) principles.  This maximizes the effectiveness of internal resources and assists in ensuring that all project goals are met in a timely and cost-effective manner.  

3.2.1 Project Management

The SM-80 Project will be day-to-day managed by its Lead Engineer (Tom Konvalina).  Oversight and technical assistance will be provided on an as required basis by the Senior Program Manager (Mike Adams).  In addition, a full-time project engineer, scientist and technician will be applied to this project, as well as part-time software support.

3.2.2 Kick Off meeting

This project will start with a kick-off meeting to verify project goals and means and to set up the required lines of communications for the project.

3.2.3 Progress Review Meetings

Progress Review Meetings are scheduled for every 2 months, with the locale alternating between Kingston, Ontario and Moss Landing, California. 

3.3 Development Phase

3.3.1 Software

As described in Section 2.2, the FCT system utilizes a PC104 computer system and the QNX realtime operating system.  This system, in addition to monitoring and controlling all system functions, is responsible for data logging and communications to the Main Vehicle Computer and external systems.  Required Work packages include:

· FCT software integration with MBARI software

· FCT wireless communication with SM-80

· MBARI specific modification/adjustment to the software

3.3.2 Core Science
3.3.2.1 Hydrogen-Peroxide System Efficiency

A key aspect of the energy density of the SM-80 is the amount of reactants that need to be carried onboard the AUV.  As such, the efficiency of the hydrogen-peroxide system has a direct impact on AUV performance.  The current dual-loop system is not performing as well as bench trials predicted.  Therefore, the following Work Packages are planned, particularized for the high-endurance application:

· Revisit the Single Loop vs Double Loop hydrogen-peroxide configurations to determine the actual trade-offs between system simplicity and system performance.

· Investigate means for reducing the Aluminum/Hydrogen-Peroxide parasitic reactions.

· Perform an optimization analysis to optimize the hydrogen-peroxide system for High-Endurance operations.

3.3.2.2 Solids Management Optimization

Another key aspect of the energy density of the SM-80 is the electrolyte discharge capacity of the electrolyte.  As described in Section 2.2, the solids-managed mode of operation can deliver up to twice the energy density of a solids-free system, at the expense of increased complexity necessary to manage the aluminate precipitate within the system.  Complicating the issue is that the precipitates behave differently at lower temperatures.  As a result, the following Work Packages are planned:

· Investigate means for restricting solids precipitation to the center tank.

· Investigate means for directing solids precipitation to the bag tanks.

· Investigate methods for inhibiting solids precipitation in the stack.

· Investigate seeding to promote precipitation.

· Investigate means to improve low-temperature precipitation

· Perform optimization analysis to investigate the use of a heat source to promote solids accumulation/precipitation
3.3.3 Stack
3.3.3.1 Cell Flow Optimization

Electrolyte flow into each cell is fed from a common distribution manifold, into the jet supply manifold and finally through six jets into the actual cell frame.  Due to the relatively low electrolyte flow-rate, the electrolyte distribution to and within individual cells can be uneven.  This creates regions of varying current density and where solids can accumulate and settle creating problems for very long runs.  In addition, the optimization of the cell architecture will be different for high-power or high-endurance systems.  As a result, the following Work Packages for the High-Endurance system are planned:

· Investigate External vs. internal manifolds design

· Investigate jet supply manifold re-design, (sloping, narrowing, wider, shallower)

· Optimize the number of jets into the cell cavity

· Optimize the shape and length of the jets

· Optimize the cell cavity shape – long/narrow vs. short/wide

· Optimize cell cavity exit shape

· Optimize cell exit manifold (s)

· Investigate reverse flow loop testing to facilitate solids-managed mode of operation.

3.3.3.2 Cathode power take-off Optimization

Current systems use a silver strip about 5 mill thick to transmit current from the cathode.  The strip has to pass between the adjoining cell frames, creating sealing problems for the cell frames.  This arrangement is also quite fragile, and adds cost to each cell stack rebuild. As a result, the following Work Packages for the High-Endurance system are planned:

· Investigate alternative means for a reusable cathode power take-off

· Investigate alternative means for sealing cathode power take-offs.

3.3.3.3 Anode power take-off Optimization

Current systems use two anode power take-off studs.  This is to ensure that if the anode breaks in half due to an uneven flow field, the system will still function properly.  The anode studs also locate the anode in the cell frame.  The complexity of two anode power take-offs is deemed excessive, therefore the following Work Packages for the High-Endurance system are planned:

· Investigate alternative single power take-off arrangement

· Investigate alternative means for locating the anode in the cell frame

· Investigate alternative means for sealing anode power take-off studs

3.3.3.4 Cell Sealing Optimization

Current methods of sealing the cell stack use the cathode membrane as a seal.  Although this membrane is somewhat compressible, it is not the best way to seal the stack.  In time the KOH will wick its way through the membrane and will slowly leak to the outside.  Alternative methods for sealing the cell frames could utilize an o-ring and groove arrangement.  This has been used successfully on the ARCS 4 system. As a result, the following Work Packages for the High-Endurance system are planned:

· Investigate the use of different sealing methods (gaskets, o-rings, bonding, other)

· Investigate the use of “non-wicking” membrane as gasket

3.3.3.5 Composite Material Optimization

FCT currently utilizes various materials for structural and enclosure purposes.  Other materials are available that are lighter and are caustic/peroxide/oil tolerant. As a result, the following Work Packages for the High-Endurance system are planned:

· Investigate the use of composite materials to reduce volume and weight of the:

· Centre tank

· Lids for centre tank

· Pump enclosures

· Breakout box and junction box

3.3.3.6 Membrane Optimization

Tests to date show that the thicker the membrane, the slower the system response.  However, the sealing of cell frames improves with thicker membranes.  Development will be geared towards using as thin membrane as possible without allowing too much peroxide to permeate the membrane, thus improving the response.  As a result, the following Work Packages for the High-Endurance system are planned:

· Optimize the membrane thickness to maximize stack sealing and minimizing peroxide permeation.

· Improve formulation of the membrane to enable multiple runs on one set of membranes

3.3.4 Ancillaries
3.3.4.1 Pump Optimization

Current pump configuration utilizes two anolyte centrifugal pumps, submerged in the anolyte centre tank, one peroxide and one catholyte gear pump located on top of the aft bag tanks.  Development will be concentrated on reducing the anolyte pumps to one.  Use of a high speed motor and modified impeller is anticipated.  As a result, the following Work Packages for the High-Endurance system are planned:
· Improving/increasing pump capacity

· Reducing parasitic power

· Reducing size of the pump and its enclosure

· Identifying lower-cost  suitable pumps

· Investigate locating anolyte pump outside centre tank

· Investigate pump redundancies to increase system reliability 

3.3.4.2 Bag tank Optimization

The current configuration has four bag tanks: two anolyte and two peroxide bag tanks.  Both  are currently fabricated at FCT, but future iterations could have peroxide tanks made by outside contractor and they would be reusable.  Only the anolyte bag tanks would be replaced after the run.  Development would be concentrated on a quick way of inserting and replacing the bag tanks.  As a result, the following Work Packages for the High-Endurance system are planned:
· Investigate outsourced peroxide bag tanks

· Investigate outsourcing anolyte bag tanks

· Investigate alternative means for connecting bag tanks

3.3.4.3 Electronics packaging Optimization

Current system house the PC104 stack and components in 2 Benthos spheres.  These spheres, and their connectors, are expensive. Alternatives for the packaging of the electronics is needed.  In addition, new signal conditioning boards can be developed to further reduce the packaging requirements of this system.  As a result, the following Work Packages for the High-Endurance system are planned
· Develop smaller footprint computer platform

· Develop new more-compact design for signal conditioning boards

· Design of custom electronics housing

3.3.5 Refuelling
The majority of recent effort in the development of the aluminum energy systems has been focused on the performance of the fuel cells and ancillaries.  Now that these systems are maturing, effort can be applied to the support issues associated with operating aluminum energy systems.  A fundamental operating issue with this system is ease of refuelling. As a result, the following Work Packages for the High-Endurance system are planned
· Perform a trade-off analysis between ease of refuelling and system design
· Investigate preferred means of connecting electrolyte and peroxide cartridges to the system
· Determine optimal flushing requirements
· Develop Fuelling System components, including pumps, reservoirs, controls and ancillaries.
· Develop electrolyte, peroxide cartridges
· Develop Fuelling protocols, procedures and safety instructions.
3.3.6 Neutralizing
One aspect of the aluminum energy system is the requirement to neutralize the spent electrolyte.  This is done using a dilute citric acid with an added PH indicator.  A requirement exists to implement a user-friendly means for the user to neutralize the electrolyte. As a result, the following Work Packages for the High-Endurance system are planned:

· Determine the requirements for a user-friendly neutralizing system
· Investigate alternative neutralizing solutions
· Determine the optimal configuration for the neutralizer cartridge
· Develop neutralizing protocols, procedures and safety instructions

3.3.7 Logistics Support Development

As with all systems, logistics support is required to ensure that deployed systems operate reliably and safely.  As a result, the following Work Packages for the High-Endurance system are planned:

· Develop a spares parts package
· Develop a planned maintenance routine
· Develop a training package
· Develop operating manuals
3.4 Pool Tests

It is currently planned to perform 6 pool tests.  The rationale for this plan is that in order to obtain the necessary operating data and reliability information, the system must be operated in an underwater mode for as long and as many times as feasible.  Therefore, the following pool tests are scheduled to address the primary components, as well as all other secondary components on an as ready basis:

· Pool Trial 1 – peroxide system

· Pool Trial 2 – solids management

· Pool Trial 3 – cell flow and power take-offs, solids management

· Pool Trial 4 – stack sealing and materials, solids management

· Pool Trial 5 – Membranes and ancillaries, solids management

· Pool Trial 6 – refuelling, neutralizing and overall reliability
3.5 Sea Trials

It is currently planned to perform 5 sea trials.

3.6 Timeline & Milestone Chart
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Figure 1 - Timeline and Milestone Chart

4.0 LOGISTICS ANALYSIS

4.1 SM-80 Supportability

The SM-80 is being designed to provide maximum capability with a minimum impact on the logistics tail necessary to support the system in the fleet.  In particular:

· The only running maintenance costs are the costs of the consumables for each mission.  The number of missions completed is only limited by the number of Cartridges carried.

· Planned Maintenance on the SM-80 system will be based on running hours and will utilize repair-by-replacement, either by the client or by FCT.  The maintenance periodicity will be determined as part of this project.

· No manning augmentation is required to support the SM-80 system.  The only manpower requirements stem from the refuelling process, which is designed to be completed within one hour by two technicians.  The technicians will require no specialized training aside from standard safety training for caustic and peroxide handling.

· The following Table shows the estimated ROM projection for the SM-80 systems.
	
	Weight
	Volume
	Cost

	
	(kg)
	(litres)
	$US

	System Cost

	Single SM-80 AUV 35-Inch Section
	42
	375
	$30,000

	AE Stack
	57
	42
	$   7,000

	Support Equipment

	Refuel System
	25
	25
	$   1,000

	Spares Package
	10
	10
	$   1,000

	Consumables

	AE Stack (Refuelled)
	57
	42
	$   2,700

	Hydrogen-Peroxide Cartridge
	77
	64
	$      300

	Electrolyte Cartridge
	68
	51
	$      300

	Neutralizing Cartridges
	30
	40
	$      600

	Cost Per Mission
	$   3,900


Table 2 – Logistics Cost for SM-80

"Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal or quotation."

5.0 ORGANIZATION CAPABILITIES
FCT, established since 1994, has continued the design, development and commercialization of aluminum energy systems for underwater vehicles.  The core technology, the aluminum/oxygen semi-fuel cell, started development over 12 years ago by Alupower, a division of Alcan Aluminum Limited, at an investment cost to date of approximately $40 million(US) .  During this time the underwater power source group developed:

· A specialized aluminum alloy specifically produced for fuel cell anode applications to enhance aluminum-oxygen fuel cell performance.

· A specialized cathode produced by a proprietary manufacturing technique that generates high performance gas diffusion electrodes at a price approximately ten times lower than competitive priced electrodes.

· Electronic control system hardware specifically designed to be mechanically and electrically robust and fault tolerant to withstand the harsh environments often found within fuel cells.

· High performance oxygen source subsystems that have been tested and proven to be safe and highly reliable.

· System engineered "Power Source Systems" that can be installed with minimum modifications into a range of existing and planned AUV's.

5.1 Key Personnel. 

FCT has a wealth of experience in managing air independent propulsion systems.  FCT's key personnel have been intricately involved in aluminum-oxygen semi-fuel cell systems development from the initial concept and design stages through the detail design and installation of aluminum-oxygen systems in 21" and 27" diameter (UUVs).  FCT is the first organization worldwide to have successfully completed sea trials of this type of power source in UUVs.

Based on this experience, we well understand the management demands and complexities in introducing and delivering new and advanced underwater power sources on time and on budget.  We fully understand the absolute requirement for safety, reliability and system integrity.  We are established in assessing and identifying preferred technical options, and have in-house management systems that monitor technical progress and program financial status.

Skilled and experienced design, manufacturing and test talent is essential to successfully design the required power source system.  The FCT team includes a selected group of engineering and scientific experts capable of delivering advanced underwater power source systems that meets or exceed functional performance requirements.  Each individual key member identified below has direct, recent and relevant experience in this field.

JOHN H. STANNARD

PRESIDENT

EDUCATION:

· Southampton University, UK - B.Sc., Aeronautical Engineering, (Honours), 1969

· Southampton University, UK, M.Sc., High Speed Flow & Gas Dynamics, 1972

· McMaster University, Ontario, Canada, Ph.D. Mechanical Engineering, 1975

EMPLOYMENT HISTORY AND ACCOMPLISHEMENTS: 

Present Position:

1994 - Present:
President, FCT.  Responsible for overall operation of the company including project engineering, R&D, marketing and annual budgets and staffing.

Past Positions:

1989 - 1994
General Manager, Alupower Canada Ltd.


Responsible for all business operations of Alupower Canada.


Responsible for the overall design, development and sea trial test of underwater propulsion systems and the 6 kW Reserve Power Unit.  Also Director of Engineering for the Alupower Group, a Division of Alcan Ltd.

1981 - 1989
Manager, Mechanical Engineering Development, UTDC Inc.  


Responsible for Development of Lightweight Innovative People Movers, Hydrogen Energy Program and Road Vehicle Test Program

1975 - 1981
Project Engineer, DSMA International Ltd.


Responsible for the engineering and design of several test facilities projects, preparing engineering specifications for equipment and assisting in Marketing Department with initial contacts and proposals.

PROFESSIONAL SOCIETIES:

Professional Engineering Organization (PEO) - Member

Canadian Defence Industrial Association (CDIA) - Member

Society of Automotive Engineers (SAE) - Member 

MICHAEL J. ADAMS

SENIOR PROGRAM MANAGER

EDUCATION:

· University of Manitoba, Winnipeg, Manitoba, B.Sc. (Mech Eng), 1979
· Royal Military College, Kingston, Ontario, M.Eng (Elec), 1986
EMPLOYMENT HISTORY AND ACCOMPLISHMENTS:

Present Position:

2001 - Present
Senior Program Manager, FCT.  Responsible for the management of all FCT R&D projects as well as for market development for the aluminum energy systems.

Past Positions:

1996 - 2000
Program Manager, Science Applications International Corporation (SAIC Canada).  Responsible for the management of the Information Technology program at SAIC Canada, as well as the engineering services program to the Department of National Defence.  Managed various technology development projects, including VoiceOverIP for cable systems, Virtual Private Networks, Internet-Enabled Databases and IT Security systems.  Also managed development projects for a distributed radiation detection system as well as procurement projects for the identification and acquisition of various radiation management systems. 

1996 – 2000
President, Corealis Power.  Responsible for the marketing and delivery of engineering and project management services for a home-based consulting company.  Managed multiple R&D and acquisition projects for Government as well as provided consulting services to fuel cell and other innovative companies.

1975 - 1995
Professional Engineer, Lieutenant-Commander, Canadian Navy.  Responsible for, inter alia, the management of the Canadian Navy’s research and development program for fuel cell systems for naval applications, including AUVs.

PROFESSIONAL SOCIETIES:

Professional Engineering Organization (PEO) - Member

Project Management Institute (PMI) – Member

TOMAS KONVALINA

LEAD ENGINEER

EDUCATION:

· Queen’s University, Kingston, Ontario, B.Sc., Applied Science, Mech Eng 

EMPLOYMENT HISTORY AND ACCOMPLISMENTS:
Present Position:

1999 – Present
Project Manager (Altex), FCT.  Responsible for design, development, testing, and production of underwater Aluminum/Hydrogen Peroxide (Al/H2O2) fuel cell.  Altex (Atlantic Layer Tracking Experiment) fuel cell to propel AUV under the Arctic ice cap for up to 1000 km (200 hours) at depths up to 4500 meters.

Past Positions:

1998 - 1999
Design engineer, FCT.  Responsible for Altex subsystems design and packaging as well as design of structural components for LMRS (Long Mine Reconnaissance System, US Navy) project and overall packaging of mechanical, electrical, electronic, and chemical components into 21” diameter hull section.  Large emphasis was paid to reducing size and number of components as well as reducing weight.  Responsible for computer modeling and analysis of the dynamic response of the LMRS system as well as FEA (finite Element Analysis) of structural components.

1998
Design Engineer, Bombardier Transportation.  Responsible for design and structural strength calculations of coupler system. Work also included dynamic response calculation and modeling of coupler, crash/energy calculation and analysis, and coordination of integration of the coupler into the vehicle.

1989 – 1998
T.K.Griffin Engineering, Self Employed

PROFESSIONAL SOCIETIES:

Professional Engineering Organization (PEO) – Member

Society of Automotive Engineers (SAE) – Member

Fédération Internationale de l'Automobile (FIA) – Member, FIA racing license holder

AWARDS:

Excellence Through Innovation Award (1997) – Queen’s University Engineering Society

Unrivalled Excellence Trophy (1998) - Queen’s University Engineering Society

5.2 Partnering Arrangements

FCT has signed a Memorandum Of Understanding with Bluefin Robotics leading towards a legal Agreement for the Development, Sales and Marketing of FCT-powered AUVs for the Oil & Gas Industry and for the US Navy.  

5.3 Facilities

FCT is located at 20 Binnington Court, Kingston, Ontario, Canada.  The 9,500 square foot building is specifically tailored for the design, development, fabrication/assembly, and testing of aluminum-oxygen semi-fuel cell power systems and electrode manufacture.

· Engineer Design

Individual workstations for the design engineers are equipped with computer aided design equipment.  The company has three existing CAD stations using Intergraph SolidEdge( 3-D system.  Four thousand square foot floor space is dedicated to engineering development.

· Product Assembly and Test 

Three thousand square feet of floor space is dedicated to assembly.  It contains presses for semi-fuel cell assembly, metal and plastic fabrication and machining equipment, MIG welder and heat treating furnaces.

This facility contains the latest state of the art equipment for testing all aspects of aluminum semi-fuel power system.  It contains special test equipment, environmental chambers (two refrigerated pools, high temperature oven) exhaust hoods, and test tanks for high-capacity fuel cell testing.  A special explosion proof test room is available for bench testing if required.

· Electrode Manufacturing

The company has the capability of carrying out R&D in the field of cathodes and has a high quality pilot-plant machine enabling the development and production of multi-layer electrodes with optimized properties for a wide range of applications.

· Electronic Control Lab 

Six hundred and fifty square feet of floor space is allocated for the design, prototype and final fabrication of electronic equipment for use in semi-fuel cells.  FCT typically designs and fabricates custom load units, signal conditioning, power conditioning and control circuit hardware.

· Clean Room

To maximize the reliability, performance, and safety of its systems, FCT has built a "Clean Room" for assembly of all oxygen components for aluminum energy systems. 
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· Production Facilities

In addition, FCT will be expanding its facilities with the construction of a new 16,000 square foot production building on the land adjacent to its current R&D facility.  While primarily designated for FCT’s solid oxide product line, this new facility would also be able to support the Aluminum Energy product line, as required. 

5.4 Required GFE 

Nil

5.5 Contractor Participation

As stated earlier, FCT (as Alupower, a division of Alcan Aluminum Limited) has invested of approximately $40 million(US).  Since then, FCT has invested heavily by various means in the development of the aluminum energy technology.  Most recently, FCT has invested over $280K in the ALTEX project.  In addition, FCT has a strong core science section which is involved in, inter alia, cathode performance improvements and material improvements.

Also, FCT is currently in the process of acquiring additional funding, in the form of 50/50 cost sharing, from the Canadian Department of National Defence’s Defence Industrial Research (DIR) Program towards continuation of the ALTEX project which provides the technology base for the overall proposed program.  

Finally, FCT is also negotiating with Canada’s National Research Council to develop a 15-inch aluminum-energy system for their C-SCOUT AUV.  This system is based on an gaseous oxygen system, as opposed to a hydrogen-peroxide  system.  It is a shallow-rated system (600m) and uses 3,000 psig oxygen in commercially available bottles.  It is currently designed to deliver 8 kWh at 250 watts.  At 18-inches length, this neutrally buoyant section has an preliminary energy density of 180 Wh/kg.  It is expected that the energy density of a delivered system will be significantly increased.    12-inch variants of this system are also under early development, which will accelerate once interested clients are committed to the program.  

5.6 Other Relevant Projects

FCT is currently participating in the ALTEX project.  The National Ocean Partnership Program provided the funding necessary to initiate the multi-disciplinary and multi-institutional development project that resulted in the ALTEX AUV under contract N00014-98-1-0814, administered by the Office of Naval Research. The ALTEX development is currently being supported by the National Science Foundation under grant number OPP-9910290.

In addition, FCT has submitted an aluminum energy system proposal (for the SF-40 system) to Bluefin Robotics, as part of their submission to the Office of Naval Research Broad Agency Announcement 01-012 - DEMONSTRATION OF UNDERSEA, AUTONOMOUS, OPERATION CAPABILITIES AND RELATED TECHNOLOGY DEVELOPMENT for the Undersea Search & Survey and Communications/Navigation Aid missions

6.0  COST INFORMATION

The following cost and schedule estimates are based on the assumption that any contract awarded will be on a best-effort basis, utilizing a “Time and Materials with fixed fee”  Contractual Format.

The Development of the SM-80 is estimated to cost $ 1,356,265 over a period of 18 months.  Supporting Cost data is as follows:


Table 3 – Cost Breakdown, by FY

Table 4 – Labour Cost Breakdown, by Statement of Work Tasks


Table 5 – Material Costs Schedule


Table 6 – Travel Cost Schedule

Payment Schedule:  
Monthly Invoices

Kick-Off payment:
10%

	
	
	
	Cost Estimate by FY

	
	
	
	FY02
	FY03
	TOTALs

	Labour
	
	Rate
	Hours
	 
	Hours
	 
	

	
	Program Manager
	 $   35.00 
	1,044
	 $   36,540 
	       612 
	 $   21,420 
	

	
	Lead Engineer
	 $   25.00 
	2,136
	 $   53,400 
	    1,056 
	 $   26,400 
	

	
	Senior Scientist
	 $   30.00 
	2,136
	 $   64,080 
	       296 
	 $     8,880 
	

	
	Project Engineer
	 $   25.00 
	2,136
	 $   53,400 
	    1,056 
	 $   26,400 
	

	
	Project Technician
	 $   20.00 
	2,088
	 $   41,760 
	       728 
	 $   14,560 
	

	
	Software
	 $   30.00 
	1,044
	 $   31,320 
	       328 
	 $     9,840 
	

	Sub-total
	
	
	10,584
	 $  280,500 
	    4,076 
	 $ 107,500 
	

	O/H + Fringe
	117%
	
	 
	 $  328,185 
	 
	 $ 125,775 
	 

	Labour Total
	 
	 
	 
	 $  608,685 
	 
	 $ 233,275 
	 $      841,960 

	Material
	(see Table 5)
	 
	 $  140,800 
	
	 $   47,547 
	 $      188,347

	Travel
	(see Table 6)
	 
	 $   37,000 
	 
	 $   85,000 
	 $      122,000

	Sub-TOTAL
	
	
	 
	 $  786,485 
	 
	 $ 365,822 
	

	G&A
	7%
	 
	 
	 $   55,054 
	 
	 $   25,608 
	 $        80,661 

	Sub-TOTAL
	
	
	 
	 $  841,539 
	 
	 $ 391,429 
	

	Fee/Profit
	10%
	 
	 
	 $   84,154 
	 
	 $   39,143 
	 $      123,297 

	TOTAL
	 
	 
	 
	 $  925,693 
	 
	 $ 430,572 
	 $   1,356,265 


Table 3 – Cost Estimate for the Development of the SM-80

"Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal or quotation."

	 Labour Cost Estimate, by Statement of Work Tasks

	Work Task
	Hours
	Cost

	TOTAL LABOUR
	14,660 hrs
	$841,960 

	Program Management
	2,288 hrs
	$160,702 

	Development Phase
	9,292 hrs
	$520,681 

	
Software
	1,372 hrs
	$89,303 

	
Core Science
	2,560 hrs
	$138,874 

	

Hydrogen Peroxide System
	640 hrs
	$34,718 

	

Solids Management Optimization
	1,920 hrs
	$104,155 

	
Stack
	2,400 hrs
	$130,194 

	

Cell Flow Optimization
	640 hrs
	$34,718 

	

Cathode power take-off Optimization
	160 hrs
	$8,680 

	

Anode power take-off Optimization
	160 hrs
	$8,680 

	

Cell Sealing Optimization
	320 hrs
	$17,359 

	

Composite material Optimization
	640 hrs
	$34,718 

	

Membrane Optimization
	480 hrs
	$26,039 

	
Ancillaries
	1,920 hrs
	$104,155 

	

Pump Optimization
	800 hrs
	$43,398 

	

Bag tank Optimization
	640 hrs
	$34,718 

	

Electronics packaging Optimization
	480 hrs
	$26,039 

	
Refuelling
	320 hrs
	$17,359 

	
Neutralizing
	320 hrs
	$17,359 

	
Logistics Support Development
	400 hrs
	$23,436 

	Pool Trials
	1,280 hrs
	$69,437 

	Sea Trials
	1,800 hrs
	$91,140 


Table 4 – Labour Estimate by Statement of Work Task

"Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal or quotation."

	Material Cost Schedule

	
	
	Unit cost
	
	Total
	Estimate Basis

	Cell
	Anode
	 $      46.67 
	1
	 $      46.67 
	engineering estimate

	
	Cell Frame
	 $      40.00 
	2
	 $      80.00 
	past invoice

	
	Elec & Diode
	 $      13.33 
	1
	 $      13.33 
	past invoice

	
	Mechanical
	 $        6.67 
	1
	 $        6.67 
	engineering estimate

	
	Cell Cost
	 $           -   
	
	 $     176.67 
	

	Stack
	End Plates
	 $     333.33 
	2
	 $     666.67 
	past invoice

	
	Thru Bolts
	 $      20.00 
	12
	 $     240.00 
	past invoice

	
	Gaskets
	 $      10.00 
	42
	 $     420.00 
	past invoice

	
	Membranes
	 $      16.67 
	42
	 $     700.00 
	past invoice

	
	Stack Manifold
	 $     200.00 
	1
	 $     200.00 
	engineering estimate

	
	Misc
	 $     666.67 
	1
	 $     666.67 
	engineering estimate

	
	Cells
	 $     176.67 
	21
	 $  3,920.00 
	

	
	Stack Cost
	 $           -   
	
	 $  6,813.33 
	

	FC System
	Instrumentation
	 $  2,333.33 
	1
	 $  2,333.33 
	engineering estimate

	
	Pressure Spheres
	 $  3,000.00 
	2
	 $  6,000.00 
	past invoice

	
	Controllers
	 $  4,333.33 
	1
	 $  4,333.33 
	engineering estimate

	
	Cabling etc
	 $     333.33 
	1
	 $     333.33 
	engineering estimate

	
	Raw Materials
	 $  2,000.00 
	1
	 $  2,000.00 
	engineering estimate

	
	Pumps
	 $  1,066.67 
	3
	 $  3,200.00 
	past invoice

	
	Piping
	 $  1,466.67 
	1
	 $  1,466.67 
	engineering estimate

	
	Bag Tanks
	 $  8,000.00 
	1
	 $  8,000.00 
	engineering estimate

	
	Valves
	 $     666.67 
	2
	 $  1,333.33 
	engineering estimate

	
	Contingency
	 $  4,000.00 
	1
	 $  4,000.00 
	engineering estimate

	
	Total System
	
	
	 $33,000.00 
	

	Material Summary

	
	FY02
	FY03

	
	QTY
	Cost
	QTY
	Cost

	FC System
	2
	 $  66,000.00 
	
	 

	Stack
	10
	 $  68,133.33 
	6
	 $  40,880.00 

	Consumables
	
	 $    6,666.67 
	
	 $    6,666.67 

	Material Cost
	$140,800.00
	 
	 $  47,546.67


Table 5 – Material Cost Schedule for SM-80

"Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal or quotation."
	Travel Estimate

	Air Fare
	$    1,666.67
	

	Per Diem
	$      266.67
	

	
	
	

	
	FY 02
	FY 03

	Number of trips
	5  (MBARI for Progress Review Meetings)
	5  (Sea Trials – MBARI)

	Number of attendees
	3
	3

	Number of days/trip
	3
	15

	
	
	 

	Cost
	$  37,000.00
	$  85,000.00

	Note:  Any additional travel required will be reimbursable at cost.




Table 6 – Travel Costs Schedule for SM-80 Project

"Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal or quotation."























































































� 	The “SM” designation refers to the fact that the system being offered in this proposal is a “Solids-Managed” system, as opposed to a “Solids-Free” system.  Please refer to Section 2.2 for the technical details.
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