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1.0 INTRODUCTION

The purpose of this report is to:

· Examine the events that occurred immediately before and during 4 July 2001 when the Fuel Cell Technologies Ltd ALTEX AUV aluminum energy system suffered damage during sea trials in Monterey Bay;

· Identify known and potential factors that contributed to, or were a consequence of, the event(s) that caused the damage;

· Identify likely sequence(s) of events that would be supported by the known factors; and

· Develop recommendations to rectify identified deficiencies/procedures in order to improve the reliability and safety of the ALTEX system.

This report is a summary version of the full internal report performed by FCT.  The main body of the full report is contained in this report, however, all supporting data, such as internal reports, images, data plots and log files have been removed.

2.0 ALTEX SYSTEM OVERVIEW

2.1
System Basics

The ALTEX system is an aluminum/hydrogen-peroxide semi-fuel cell system designed for underwater use.  The system is pressure compensated and, as a result, does not need a pressure hull.  The current system is designed to operate at depths down to 3,500 meters.  The system is a dual loop system with an anolyte and a catholyte loop separated by thin flexible membranes.  Each loop has its own pump (the anolyte loop has two pumps).  The oxygen needed for the reaction is stored as 50% hydrogen-peroxide (H2O2).  

The basic structure of the system consists of a centre tank and two end tanks, fabricated from natural polypropylene.  The centre tank is sealed and is used to store electrolyte (anolyte), which is 8 Molar potassium hydroxide [KOH].  The end tanks, which are at both ends of the centre tanks, are open to the sea and contain 2 flexible bag tanks each.  For each end tank, one of the bag tanks is used to store the H2O2 and the other bag tank is connected to the centre tank.  At the start of each mission, the H2O2 bag tanks are full and the anolyte bag tanks are empty.  As the H2O2 is consumed from the bag tanks, the resulting product water that is generated from the H2O2 is returned to the centre tank.  The excess anolyte from the centre tank flows into the connected bag tanks, thus balancing the system.  This provides the necessary pressure compensation for the system. The Catholyte loop has its own small polypropylene tank, which sits on top of the aft end tank cover and is used to maintain the catholyte flow through the stack.  

The cell stack, the heart of the system, is located on top of the centre tank.  The cell stack is comprised of 21 cells.  Anolyte and catholyte are continuously circulated through the stack via separate electrolyte loops.  Any gases generated in the cell stack are removed by the liquid flow and are returned to the centre tank (anolyte) or the catholyte tank.  The centre tank has four spring-loaded gas vents located at each corner of the centre tank.  The centre tank also has an emergency blow-off valve, which consists of a ½” diameter check valve set to relieve any pressure over 2.75 psi.  All gases from centre tank are vented into the sea through flexible tubing attached to the top of the gas vents.  The catholyte tank has its own gas vent that is vented directly into the hull.  

As the H2O2 is being used, the system converts it to hydroxyl ions in the anolyte, while some is lost in a parasitic reaction generating oxygen and water.  The hydroxyl ions react with aluminum to form an aluminate by-product that releases the electrons to deliver the power from the system.  The water produced by the H2O2 parasitic reaction, as well as the dilution water in the 50% H2O2 stream itself, increases the volume of catholyte in the catholyte loop.  The excess catholyte volume is passed through a check valve from the catholyte loop into the centre tank.  This results in an increase in anolyte volume and this excess anolyte flows from the centre tank to the pair of flexible bag tanks, which sit on top of the H2O2 bag tanks.  As each H2O2 bag tank is being depleted, the anolyte bag tank is being filled.  The anolyte bag tanks also provide pressure compensation for the rigid centre tank.  

All electronic and electrical equipment is housed in two 10” glass spheres, located fore and aft.  All electrical cabling is enclosed in Tygon tubing and filled with oil.  

The whole system is housed in an ABS hull.  The top part of the hull is removable to enable access to system components.  The FC hull section is part of the “modular” ALTEX vehicle that can be run in many different lengths and configurations.  

2.2
Main components of ALTEX System
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Figure 1 – Altex FC system

3.0
SEQUENCE OF EVENTS

3.1
Preparation

The Sea Trials were held at the MBARI facilities at Monterey Bay, California.  The FCT party consisted of Tom Konvalina (ME, team leader) and Rob Martin (ET).   On June 25, the fuel cell components were unloaded from crates in the Support Engineering Lab and assembly commenced.

While assembling components in the centre tank, it was noted that the lid on the anolyte Pump B enclosure was cracked.  It did not appear to be leaking, but, as a precaution, the oil was drained and a new lid installed.  The next day the same pump housing showed new cracks on the newly installed lid.  Since the only spare lid had already been used, the machine shop fabricated another lid.  Pump housing lids are made from ½” acrylic, but that material was not available so the new lid was made from 3/8” polycarbonate.  To reduce the possibility of the new lid cracking again, the mounting hole counter bores were not machined in the new lid.  The lid was installed and confirmed leak free.  The cell stack was assembled and the electrical manifold was glued on and left to dry overnight.  

3.2
Monday, July 2 2001

The cell stack was checked for leaks in the morning.  Some leaks were discovered around the oil galley plugs.  A small amount of material around the plug was removed with sand paper and a layer of acrylic glue was applied.  The FC was then moved poolside for the water test.  While running de-ionized water through the stack, a small amount of water seeped into the stack electrical manifold around the silver ribbon cathode power take-offs.  It was decided to not start the FC that day but leave it circulating de-ionized water overnight.  Experience has shown that the extra time would allow the membrane to swell and seal some or all of the leaks around the silver ribbon.  It should be noted that the cell stack was assembled with the same membrane as used during the first sea trials.  This membrane has a thickness of approximately 0.007” and although it has nearly zero electrical resistance it does not make a good seal between the cell frames due to its low compressibility.  As a result, a second layer of membrane was used along the cell frame edges to act as a gasket.

3.3
Tuesday, July 3 2001

The next morning, it was decided by the combined team that a pool test was not necessary, so the FC section was moved to the dock.  An HCL rinse was not performed because of a possible chemical incompatibility problem with the Locktite Ultra Blue sealant used to seal the silver ribbon in the cathode cell frames.  The system was filled with 8 molar KOH.  The anolyte loop was filled with KOH made from 45% KOH solution diluted with water. The catholyte loop was filled with KOH made from 85% KOH pellets and de-ionized water. The amount of KOH in the system was around 45 litres of anolyte and 3 litres of catholyte.  The centre tank was filled with anolyte until the liquid level was visible in the sight tubes on the side of the gas vents.  This indicates, with reasonable certainty, that there are no large gas pockets in the centre tank.  The catholyte tank was filled to about half way up the sight tube, which is about 1.5” below the gas vent.  The system was then started in manual mode.  After circulating both the anolyte and catholyte, the air in the cell stack was displaced out of the fuel cell.  Both the anolyte and the catholyte tanks were topped up to capacity.  At this point the system was ready to complete the start-up procedure.  After a few manual peroxide injections, the system was switched over to auto mode.  The system seemed to be running well although it was making frequent peroxide make-up injections.  

A few minutes after start up, the system voltage dropped to battery level.  The FC was switched to manual mode and the peroxide was injected manually.  This did not improve the voltage.  It looked as if no peroxide was being injected, although the pump was shown to be running, although at a high current (2 amps).  The pump was disconnected from the system and tested with water.  There was no flow but the current was still high.  The pump was disassembled.  There was no visible blockage or defect found.  The pump was cleaned with compressed air and methanol and reassembled.  It was then tested repeatedly to insure proper function, first in air, then with water, and finally with peroxide.  The pump worked well and was reinstalled.  It was tested again in manual mode.  The stack responded immediately to the peroxide injections, with the bus voltage settling in at 35 Volts.

The vehicle was put in the water in the harbour and checked for balance.  After ballasting was completed, and the vehicle was put back in the water, the cell stack voltage again dropped to the recovery battery voltage level.  The vehicle was lifted out of the water.  Since the peroxide pump was working properly, the FC system was checked for water intrusions.  No faults were found in the FC section or elsewhere.  The vehicle was put in the water again to determine if the problem persisted.  The voltage dropped again.  Further investigation discovered that a software algorithm was performing a controlled reduction of the stack voltage.  The voltage set point was manually overridden in an attempt to maintain the desired voltage.  The system was then put back in the water to finish ballasting.  After ballasting was completed the FC was left in the off-line state overnight to conserve peroxide on board.

3.4
Wednesday, July 4 2001

After being off-line overnight, the system was brought on line.  It was tested in the harbour with the propeller spinning for short time.  It was decided that it was ready to go to sea, despite the fact that the FC was still using more peroxide than expected
.  The whole vehicle was loaded onboard the Shana Rae, a vessel used by MBARI for AUV tests.  While on deck, the FC catholyte temperatures were climbing to approximately 65ºC so water hose cooling was implemented.  This helped to keep the FC cool while in transit.  (The highest temperature observed during pool testing at FCT was 39ºC)

3.5
Mission #1 (2001.185.13)


Local Time:
8:37 AM

MVC time:
994261079

FC log time:
17,47 hrs



Duration:
26 seconds


Status:

Mission unsuccessful.  The MVC aborted the mission after receiving a red alarm from the FC.   The Red alarm was caused by intermittent low cell stack voltage.  To continue with the test and to prevent the MVC from receiving FC alarms, the vehicle was brought on board and alarms were disabled.  

3.6
Mission #2 (2001.185.14)

Local Time:
8:42 AM

MVC time:
994262467

FC log time:
17.85 hrs



Duration:
10 minutes

Status:

Mission successful.  However, the FC system partially ran on battery (load shared with the cell stack).  Although the MVC FC driver was not running, the MVC stored a few old alarms that were not cleared by disabling the FC driver.  The vehicle was brought on board again to do a hard re-boot on the MVC.  (A soft re-boot was tried but wasn’t successful).  The FC was cooled with the water hose.  
3.7
Mission #3 (2001.185.15)

Local Time:
9:38 AM

MVC time:
Unknown

FC log time:
Unknown


Duration:
Unknown

Status:

Mission unsuccessful.  The serial devices were not working on the MVC.  The vehicle was recovered and the MVC was rebooted again (Soft re-boot was tried but wasn’t successful).  

3.8
Mission #4 (2001.185.16)

Local Time:
10:35 AM

MVC time:
Unknown

FC log time:
Unknown


Duration:
10 minutes

Status:

Mission appeared to terminate properly.  The vehicle was seen on the surface for a brief period of time after the mission ended.  It then submerged and was lost for over an hour.  

Note:  There is no actual data from the last mission, and what was labelled as 2001.185.16, is data after it finally surfaced and was interrogated for 174 seconds.  The vehicle was still self-powered at this point.  This data is also labelled as Winfrog data (Time period from 5512-5686 seconds).

3.9
Disappearance of Vehicle

MVC time:
994273684

FC log time:
20.97 hrs (when it surfaced)

After the vehicle surfaced and was seen after the last commanded mission (185.16) the vehicle submerged without any input from the MVC.  After about 30 minutes the vehicle was located by USBL.  The range indicated that the vehicle was probably sitting on the bottom at a depth of 190-200 meters.  The vehicle started to move again and the ship followed it.  When it finally surfaced, it was gone for more than one hour.  The exact depth cannot be determined since no data was logged by the MVC.  

When the vehicle surfaced, directly in front of the ship, there was a visible cloud of white substance in the water (KOH and possibly some H2O2) surrounding the vehicle as well as a visible sheen of oil.  At this point the FC Driver on the MVC was restarted and the MVC was briefly interrogated to obtain the Fuel Cell status.  The vehicle was still self-powered and the bus voltage was around 18 volts (FC/MVC data).

After discussing proper procedures, health, and safety risks, it was decided to tow the vehicle back to harbour.  However, a short time after the vehicle was hooked up to the towline, it was decided to bring the vehicle on board in order to reduce the amount of reactants leaking out into the ocean, and to speed up our return trip to the harbour.  It was thought that most of the reactants had leaked out to the sea and the whole system was full of seawater.  When lifted on to the deck, the FC system was kept closed and a large water hose was inserted into the FC section.  In the harbour, the vehicle had to be put in the water first and then lifted out of the water using a lift truck.  It was positioned at the edge of the dock in its rolling carts and containment berm.  Cooling water was put over the FC again.  The vehicle was left sitting on the dock with water running over it for about an hour.  The disassembly of the vehicle started with the removal of the nose and tail sections from the FC section.  The upper fairing on the FC section was then lifted.  During the disassembly, all the components (intact or broken) were placed in plastic trays or boxes.  All the components were then moved to the support engineering lab for inspection.  After two days the components were packed into FCT crates and shipped to Canada.  The only components that were not brought back to FCT were the bag tanks.  The bag tanks are very difficult to clean after a run and difficult to pack and transport safely.  They were discarded into yellow Hazmat bags and placed into Hazmat storage for disposal.  

4.O
DAMAGE REPORT

When the AUV was lifted out of the water, hull damage in the FC section was clearly visible.  Hull breakage, tooth rail delamination and breakage, and missing access ports were the first signs of damage noticeable from the outside.

After placing the whole vehicle on the dock, the upper hull was removed and the full extent of the damage was seen.  The following parts were visibly damaged when first inspected. 

4.1
Damage to individual FC components:

· The cell stack was intact, except for a small chip at the lower edge (port side).  Also two acrylic plugs from the oil galley were missing in the same area.

· The single cell stack electrical manifold was cracked and some oil had leaked out

· There was substantial damage to the centre hard tank.  The FWD section was mostly intact, but with multiple cracks. But the centre and AFT sections were basically broken into many pieces.

· The centre tank access lid (½” thick acrylic) was broken 

· The anolyte pump enclosure covers (pumps are located inside the centre tank, immersed in KOH anolyte) were cracked.  Oil had leaked out of both anolyte pump enclosures.  The pump housing cover made at MBARI from polycarbonate showed severe signs of chemical and/or heat damage.  Also, the wiring from the same pump enclosure showed severe heat damage.  The back of the motor housing (made from aluminum) had been completely dissolved

· Both anolyte pumps were forced into their pump housings, with one of the o-ring seals being forced out of its groove (radial o-ring seal)

· The syntactic foam block on the side of the cell stack was broken

· The centre tank had shifted aft about 3-4 inches

· No damage to the glass spheres was observed, no water intrusion was found

· No damage to the vehicle harness was observed and no oil was missing

· The breakout box was missing some oil, however the lid and gasket appeared to be in good condition

· The FWD gas vent on port side had its outlet tubing bent upwards

· The FWD bag tanks still contained reactants – some KOH and much H2O2
· The AFT bag tanks were almost empty.  The KOH bag tank was ruptured along the seam between the two fittings.  There was also some debris damage to the tanks

· Both AFT gas vents were obliterated

· The anolyte exit and inlet fittings were broken, but the end plates were intactError! Reference source not found.
· The catholyte tank gas vent was broken

· There was substantial damage to the bottom fairing.  There were long cracks in the fairing and the tooth rails were delaminated and broken in many places.  The tooth rail backing strip had similar damage 

· The upper fairing had less damage, with a few new longitudinal scratches on the top

· The FWD gas vent on starboard side had gaskets partially forced (blown) out

· There was no visible damage to either the catholyte or peroxide pump

· The access hatch was missing when the AUV was pulled out of the water. However, when first spotted after resurfacing, the hatch was still there, but it was open

4.2
Damage to the rest of the vehicle (As reported by MBARI):

· There was no visible damage to the node and tail hull sections but mud was found on the bottom of the nose section

· The tail access hatch was found inside the hull

· A 9 volt battery located in the tail sphere was displaced out of its plastic holder

· Two of the “C” cells located in the tail sphere were displaced out of their plastic holders

· All four support legs on the PC 104 stack in the tail sphere were sheared off

5.0
INVESTIGATION

5.1
General

After recovery of the vehicle and partial disassembly, the FCT Team started to systematically examine all damaged components to establish possible causes of the incident.  Upon return to Kingston, all pieces of the FC were carefully re-examined by all FCT technical personnel.  To further aid the investigation, the help of a fracture mechanics expert from a local University was commissioned.

Several internal memoranda and two external reports have been generated that analyze the available data with the goal of identifying the sequence of events and contributing factors.  The full contents of these reports are not attached to this version of the incident report.

After careful review of all available data concerning the incident, it has been concluded that there is insufficient information available to determine exactly the sequence of events leading up to the incident, the initiator of the incident and the subsequent (or preceding) failures of certain components.  The main reason for this is the fact that neither the fuel cell computer, nor the MVC computer, logged any data during the event.  While useful data was logged before the event, no data was logged during the one-hour period after the completion of Mission 4.  The cause of this remains undetermined. 

As a result, the remainder of this analysis focuses on the probable events and their contributing factors, based on a review carried out after the incident.

5.2
Fuel Cell/Hydrogen-Peroxide System Performance
As described in Section 3, the Fuel Cell system was performing poorly, with a much greater consumption of hydrogen peroxide than expected.

One factor that may have contributed to the increased peroxide consumption is the fact that an acid rinse was not performed on the catholyte system.  Since cleanliness is paramount for any hydrogen-peroxide system, the fact that an acid rinse was not performed cannot be discounted as a contributory cause.

Another possibility is that the check valve used to allow excess catholyte (due to the H2O2 product water generation) into the anolyte loop and centre tank could have been stuck open.  With the check valve open, excess hydrogen peroxide could have entered the anolyte loop.  After a while, the hydrogen peroxide concentration in the anolyte loop could reach sufficient concentration to depress the cell stack voltage. 

When the cell stack was disassembled, the most obvious problem was the presence of many small and some larger holes in the membrane.  They seem to be concentrated in the areas of the supply manifolds as well as along the edges of the cathode/anode border.  There is also some discoloration of the membranes, possibly due to elevated temperatures.  If the holes were formed right after assembly (every membrane was inspected before stack assembly), that would allow significant amounts of catholyte into the anolyte.  The system would be effectively running in a “single loop” mode.  This would not only introduce large amounts of H2O2 to the anolyte but also elevate the temperature as the H2O2 decomposed.  It would also cause very poor anode and peroxide efficiency.  One possible cause of the membrane damage is that loose strands of Nickel mesh penetrated the thin membrane.  This would cause a local short between the anode and cathode and thus a localized “hot spot”.  It does not however explain the holes in the supply manifolds and elsewhere in the membrane.  It is also possible that the pin holes and burn marks or hot spots were the result of the explosion.

The membranes used in this stack were 0.007” thick.  Other membranes used were 0.014” thick for the first pool test, 0.020” thick for the second pool test and 0.007” thick for the first sea trial.  The thinner membrane was being used to increase electrical efficiency of the stack.  

5.3
AUV Disappearance
The cause of the AUV disappearance is unknown.  Careful inspection of the vehicle after the incident showed that there was no loss of buoyancy in the vehicle.  Both 17” spheres in the nose and tail of the vehicle were intact as well as both FC 10” spheres.  The 12” syntactic foam doughnut was in place and intact.  All of the large pieces of syntactic foam in the FC section were still there.  Some very small broken pieces of the foam were lost during vehicle recovery on board.  

Several causes were considered:

· The vehicle powered itself down to the bottom.  Since neither the MVC nor the FC systems were logging data, this theory can’t be supported or negated.  However there is a very good safety system on the MVC to prevent this from happening.  It would be difficult to determine if the prop was still spinning when the AUV surfaced after the last commanded mission.  

· The vehicle was dragged down by “something”.  However, except for a few longitudinal scratches on top of the FC fairing, there were no visible marks that would support this theory.

· There was a gas bubble present in the FC centre tank (or elsewhere) that suddenly vented and the vehicle lost buoyancy.  The possibility for a gas pocket in the centre tank exists.  However, the gas bubble would have to be significant.  Also, it would have to be present during ballasting.  Although the vehicle was hard to ballast, the fact that it was done right after the FC was started makes it less likely that a large gas pocket existed in the centre tank.  Also, the vehicle was recovered and re-launched several times.  This should have vented any gas pockets through the four gas vents.  However, the venting of an initial gas pocket would only be possible after the vehicle has be operating long enough to generate sufficient quantities of water which would collect in the anolyte bags.  This volume of anolyte would need to be equal or greater than the volume of gas to displace the gas in the centre tank.

It is assumed that the AUV resurfaced because the FC section lost reactants.  Both reactants used in the FC are heavier than seawater.  Hydrogen peroxide has S.G.=1.1914, and 8M potassium hydroxide (KOH) has S.G.=1.326.  Thus loss of any or all reactants from the fuel cell would result in a significant buoyancy gain.  (If all reactants were lost, the vehicle would gain approximately 20 kg of buoyancy.) 

5.4
Centre Tank Explosion

Several fracture sites and fracture surfaces from the ABS outer hull of vehicle were examined. The investigation showed that there were symmetrical failure sites on both the port and starboard sides of the vessel consistent with an internal overpressure of the hull. Fracture surfaces were examined under a microscope and the fractographs showed clearly the origin of the fractures indicating which surfaces were in tension and which were in compression at the time of failure. From these, it was concluded that all the fracture surfaces from the major cracks on the outer hull were consistent with failure due to internal overpressure. There was considerable evidence of high strain-rate loading of the material, consistent with an internal explosion. No evidence of an external impact was found.  All fractographic evidence and the global symmetrical mode of failure point to internal overpressure as the cause of the hull failure. 

As stated in section 5.2, excessive oxygen was being generated by the system.  In addition, the resultant poor anode efficiencies caused the generation of excessive hydrogen in the system.  These gasses would eventually collect in the centre tank where they should be vented.  The centre tank has four gas vents and a blow-off valve (to release overpressure in case all four vents were not working), but if a large volume of gas was generated very quickly, the gas vents and the blow-off valve may not have been able to cope with it.  The gas vent system was designed to vent the worst-case hydrogen generation scenario, and no allowance was made to include excessive oxygen generation.  Thus, it is quite conceivable that the centre-tank gas vent system was overwhelmed by a hydrogen/oxygen mixture and that a hydrogen/oxygen gas pocket resided within the centre tank.

Thus, it is concluded that the damage to the centre tank was caused by the ignition of a hydrogen/oxygen mixture in the centre tank. In addition to the fracture report, two out of four 1/8-psi check valves that were located on top of the gas vents (to prevent seawater from flowing into the centre tank) had their springs deformed.  These were very fine springs and were deformed in such a way that indicated a rapid sudden opening force from within.

To date, the ignition source for this explosion has not yet been positively identified.  However, possible sources include:

· The corroded anolyte pump B and the thermally-damaged wiring, and/or

· The cell stack shorting the silver mesh to an anode, or sparking of the electrolyte against an anode, and/or

· A catalytic reaction of H2 and O2 on silver or silver-oxide.

5.5
Data Problems

As introduced in section 5.1, the main difficulty in identifying the cause and effect aspects of this incident is the lack of data during the event.  In addition, some of the available data appears to be suspect.

Data logging interruption

The target computer was not logging during the incident.  The reason for this remains unknown.  The software is set up to always be logging when the FC is running in auto mode.  The FC would not be sent under water in manual mode.  After discussions with the FCT software Team, the only known reason why the target would not be logging was if the logging interval was set to zero seconds.  However, available data logs show that this was clearly not the case

The only other explanation would be that the FC control software was not running.  This was considered since there was some uncertainty about the FC being switched off (a stop command sent by the MVC).  Looking at the FC data collected by MVC from FC interrogation, the first plot shows cell stack and battery voltage, stack and battery currents, and power.   It can be clearly seen that the stack voltage is very low, just barely above the battery voltage.  Battery voltage is just above “brown-out” point, about 18 volts. It is interesting to note that the system was powered by either battery or the fuel cell (actually combination of the two as they would be load sharing) and that the vehicle didn’t brownout yet.  For this reason it can be assumed that there was energy coming from the cell stack since the battery would not be able to last for the entire 3 hour duration of the sea trial (see section 3.5 to 3.8).   In other words, the FC appeared to be running, and therefore supposed to be logging.

It is not known why the target computer was not logging during the incident.

Electrolyte Temperatures

The forward peroxide and catholyte temperatures are shown negative at the end of the sea trial.  This is usually indicative of damage to the thermistors.  In addition, the anolyte & catholyte temperatures seem to be behaving erratically.  Possible causes include thermistors measuring gas pockets instead of liquid, but a more likely cause could be due to the recovery and relaunching of the vehicle in and out of the seawater and the resultant sudden changes to the ambient temperature around the FC.

Pump status

The pump current measurements are unreliable, since two circuits are used for each pump, of which only one is fused.  Thus pump current will still be evident even if the fuses are blown, which could indicate that the pump is running. The second plot shows pump currents. The anolyte pump A and B currents are shown as decreasing which is suspicious.  The catholyte pump current is also relatively high.  In addition, the two channels on the FCT signal conditioning board for the anolyte pump are damaged.  All pump digital output channels are fused and the two fuses for the anolyte pump field armature windings are blown.  These fuses are 3 Amp slow-blow fuses.  At 100% rating, they should blow in 4 hrs, at 200% rating they should blow in 60 seconds, and at 300% rating they should blow in 3 seconds.  At one point during the discharge, the anolyte pump B current went up to 5.7 Amps (the upper limit of the current measurement range.  The actual current could have gone significantly higher).  This was very brief and the pump is shown as running normally after that.  The control voltage leg of the anolyte pumps are not fused so a current could still be measured which would incorrectly indicate that the anolyte pumps were working normally.

System status

Looking at the Metrabyte plots, the Metrabyte voltage was between 21- 31 volts.  The Metrabyte current does not make sense as it is showing only 0.022 Amps.  The Metrabyte power plot is again incorrect as it is showing the same power being consumed for hotel and propulsion, the total being shown as zero.  Also, the last plot of Winfrog data shows Health flags (0 = healthy), and State #4 (not status), which indicates that the FC is running OK in auto mode!  These plots have no real weight since the FC alarms were already disabled. 

5.6
Pump Lid failure Investigation
Two failed pump assemblies were examined: One that was still assembled, void of oil and without corrosion; and one which was disassembled previously by MBARI showing considerable internal corrosion due to exposure to electrolyte. Both had extensively fractured lids. For the assembled housing, there was an “O”-ring partially protruding from the rear of the housing, consistent with an overpressure within the housing during failure. The fracture surfaces of the pump lid are consistent with failure being caused by an overpressure or by the internal components (pump motor) impacting the inner surface of the lids. The housing contained two loose screws, which would have been used to attach the internal components to the bottom of the housing. They have been forced out of position by the impact. It is concluded that the failure of the pump “A” lid was caused by the internal components impacting on the lid.

The fractures and mode of failure of the other pump lid show a similar cause of failure as the first lid with the addition of a bending-type failure at the plastic fitting in this lid used to bring in electrical wires. Rapid rotational movement of the pump assembly at the time of failure could have caused this. The fracture surfaces of the pump lids exhibit a brittle failure mode, which is indicative of a high strain-rate of loading.  The carbonate lid used for anolyte pump B could have been fractured before any over pressurization.  On the other hand, polycarbonate is not recommended for caustic exposure since it becomes internally highly stressed by potassium diffusion into the material.  Fractures could form and allow the caustic to displace the oil.  This caustic could then corrode the pump.

Another issue is the observed state of the pump B wiring, which indicates the possibility of short circuits occurring that could at least explain the anomalous pump current measurements.  The damaged wires are also a potential ignition source even though it cannot be proven that they were the ignition source for the explosion.

6.0 CONCLUSIONS

6.1
Known Events

What is known for certain is as follows:

6.1.1 The Fuel Cell system was not performing well, which necessitated the disabling of all FC alarms in order to continue with the sea trials.  Cause Known.
6.1.2 Hydrogen peroxide consumption was abnormally high, resulting in excess gaseous oxygen being generated within the system. Cause Known.
6.1.3 At the end of Mission 4, the AUV submerged on its own and resurfaced approximately one hour later, with obvious damage to the fuel cell section.  Cause Unknown.
6.1.4 A hydrogen/oxygen gas pocket in the after section of the hard centre tank ignited at some point.  Gas Pocket Cause Known, Ignition Source Unknown
6.2
Conclusions
The following conclusions are made based on available data:

6.2.1 Very high peroxide use – The system was consuming much more hydrogen peroxide than required for the electrochemical reaction of the fuel cell.  The excess hydrogen peroxide was decomposing and generating gaseous oxygen and heat.  Causes and Contributing factors include:

6.2.1.1 Membrane failure, Or (And)

6.2.1.2 Contaminants in the catholyte loop (not cleaned with HCl), Or (And)

6.2.1.3 Possible stuck catholyte cross-over lift check valve, And

6.2.1.4 High temperature  (contributing factor)

6.2.2 System overheating (contributing factor only).  The system was generating much more heat than the designed passive cooling system could handle.  Causes and Contributing factors include:

6.2.2.1 Excessive peroxide decomposition 

6.2.2.2 Lack of cooling while on board (contributing factor)

6.2.3 Gas Venting – There was a large amount of gas in the Centre Tank. The gas vent system was designed to handle the worst-case hydrogen evolution event, complete with generous safety factor.  However, the oxygen evolution experienced during the event far exceeded the designed capacity.  Causes and Contributing factors include:

6.2.3.1 Excessive peroxide decomposition, And

6.2.3.2 Vent design: venting rate too low (contributing factor)

6.2.4 Anolyte Pump Enclosures – While both anolyte pump enclosures failed and permitted the ingress of caustic, the Pump B enclosure obviously failed well before the Pump A enclosure, as evidenced by the dissolution of all Pump B aluminum components and the wiring damage.  Causes and Contributing factors include:

6.2.4.1 Wrong material used for local rebuild of Pump B enclosure lid, And

6.2.4.2 Pumps submerged in KOH inside the centre tank 

6.2.5 Pump Fusing.  The pump wiring scheme only fuses one of the two circuits required to run and control the pumps.  This resulted in the potential for arcing of the failed wiring (thus providing a potential ignition source) and unreliable pump performance/status data.  Causes and Contributing factors include:

6.2.5.1 Wrong wiring/fusing design, And

6.2.5.2 Failure of pump enclosure lid

6.2.6 Data Logging – The system stopped data logging at a critical time.  Causes and Contributing factors include:

6.2.6.1 Unknown

6.2.7 Safety By-Pass – The system was operated with alarm conditions disabled.  Causes and Contributing factors include:

6.2.7.1 Underestimating the indications that a potential major malfunction of the system was in progress (this was the first time that such a failure had occurred), 

6.2.7.2 Strong desire to go ahead with the test, And

6.2.7.3 Ability to disable safety-related alarms

7.0
RECOMMENDATIONS

	Recommendations

	Cause or Contributing Factor
	Resulting Recommendation

	Very high peroxide use 

	Membrane perforation
	· Do not use .007” membrane

	Contaminants in catholyte loop (not cleaned with HCl)
	· Do not eliminate acid rinse of system 

	Possible stuck catholyte check valve
	· Review design criteria for catholyte check valve

	High temperature  (contributing factor)
	· See below

	System overheating 

	Excessive peroxide decomposition 
	· See above

	Lack of cooling while on board
	· Review on-deck cooling requirements and implement plumbing/procedures

· Investigate requirement for active cooling system 

	Gas Venting

	Excessive peroxide decomposition
	· See above

	Vent design: venting rate too low 
	· Perform additional gas vent trials in FCT Pool

· Redesign, if required, to increase capacity to include excess oxygen generation 

	Anolyte Pump Enclosures 

	Wrong material used for local rebuild of Pump B enclosure lid
	· Ensure material selection process includes verification of material suitability for caustic, peroxide and mineral oil

	Pumps submerged in KOH inside the centre tank 
	· Investigate relocating anolyte pumps outside the centre tank

	Pump Fusing 

	Wrong wiring/fusing
	· Redesign pump wiring to fuse both channels

	Data Logging

	Unknown
	· Continue investigation as to why system stopped logging data

	Safety By-Pass 

	Underestimating the indications that a potential major malfunction of the system was in progress
	· Review Qualitative Safety Analysis

· Perform Formal Quantitative Safety Analysis

· Hold a Design Review Meeting for all staff to review the current design methodology and recommend improvements

	Strong desire to go ahead with the test
	· Develop and adhere to go/no-go protocols for testing and sea trials, both to start and to continue, for H2O2 consumption, electrolyte temperatures, and any other measure identified by the Safety Analysis

	Ability to disable safety-related alarms
	· Modify software so that critical alarms cannot be disabled by user
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� 	The decision to proceed was made after a review of the situation with senior management (J. Stannard) who agreed with the team’s recommendation to proceed.  It is worthwhile to note that, throughout all the single cell tests, bench-top stack tests, pool tests and sea trials, FCT had never experience these particular symptoms and was thus unaware of the scope of the failure at that time. 
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