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Summary

INTERNAL MBARI DISTIBUTION ONLY
Outline of Events

On March 8, 2012 Tethys stopped communicating with shore.  It had been deployed on March 6 for docking operations as part of the Power Buoy project and was left at sea for the several days of docking trials.  During the night of March 7-8 it had been commanded to run a mission 280m depth over the north portion of the Monterey Canyon.  Tethys failed to report in with its iridium radio after surfacing.  Under normal circumstances, a backup Argos radio system would communicate via satellite with shore, allowing a rough localization of the vehicle on the surface, however the Argos had stopped reporting the day before.  A search effort mobilized early the following morning failed to find the vehicle on the surface, but did detect sporadic transponder returns in the vicinity of the deep run.  The team concluded that the vehicle was very likely on the seafloor at a water depth greater than the hull crush depth.  Plans were made to recover the vehicle with an ROV.   However, on March 24, a fisherman encountered the vehicle on the surface, entangled in a kelp mat 8 miles off MBARI.  He recovered the vehicle and left it on the fuel dock, where MBARI staff (Chris Wahl) found it Monday morning (the 26th).  Subsequent analysis has determined that the Argos tracking beacon’s battery was depleted and the Iridium radio’s antenna cable was flooded.  These were the only vehicle failures.

Background

An extensive document listing the events, analyzing the data, and reviewing possible solutions has been compiled.  A ‘hot wash’ was conducted in which the material was review by all MBARI staff familiar with Tethys, which has unique characteristics and operational nature compared to other AUVs.  This document has been written to provide a concise and accessible summary of those investigations and brainstorming.

Tethys was deployed for docking tests funded by DARPA at the time of the failure.  A dock had been deployed just to the NW of MBARI on a mooring, providing a docking target.   The program was under pressure, as a DARPA review was scheduled in mid April, and homing trials had been plagued by poor performance.  The program was not behind schedule, but was in danger of becoming so.  Since the time of the operation, testing has definitively determined that the problem is the performance of the Benthos homing system integrated into the Tethys docking nose, however at the time it was uncertain whether the problem was a vehicle problem or a homing system problem.  A series of potential causes had been identified and at sea testing was being conducted to eliminate possibilities.  

Operator confidence in Tethys was (and is) high.  Tethys has been operated nearly 3000 hours at sea.  This includes early testing, three CANON field programs, two NSF field programs, and numerous engineering deployments in support of DARPA funded docking.  The long endurance of the vehicle (greater than 7 days on Li ion, and over 3 weeks on primaries) enables routine extended deployments.  The vehicle has never been lost before.  A typical deployment involves:

1) Preparation of the vehicle for deployment.  This preparation is driven by an extensive check list developed over the many deployments of the vehicle.  The check list includes checks of mechanical systems, electrical systems, and running special software routines which test functionality of subsystems and software.  Depending on whether the vehicle has been reconfigured preparation may include test tank verification of buoyancy, communications, and absence of ground faults.

2) The vehicle is deployed manually by rolling it on a cart down the MLML boat ramp, and towing it out of the harbor with one of the MLML whalers.  The mission can either be initiated by the operators in the boat e.g. using a smart phone, or from shore via a web interface.

3) The vehicle is operated via encrypted SMS messaging via a combination of Iridium and the internet.  The portal to the vehicle is a web interface which requires a login.  The web interface provides several windows on vehicle operations, including:

a. Data displays.  Graphical displays are constructed for compressed data sent by the vehicle to shore.  This display also includes pertinent information like time since last Argos update, time since last Iridium communication from the vehicle, position fixes from Argos and Iridium, and links to numeric forms of the transmitted data.

b. A list of messages sent to the vehicle and messages from the vehicle, including acknowledgement of messages from the various servers, and operator notes.  This is the most used panel, and is made comparatively easy to scan by formatting different classes of messages in different ways.  

c. Mission configuration.  New missions can be constructed by selecting from a large library of missions and changing operating parameters.  Freeform missions can also be constructed, but this is seldom necessary.  Much greater flexibility is possible – new behaviors can be scripted and sent to the vehicle, and even new code segments, however this  level of control is for expert operators and is not available via the web interface.

d. Communications report.  This is compiled on request by the operator, and can be in chronological or reverse chronological order, in local or GMT time, etc.

e. Automatic notification configuration.  A notification page allows operators to enter contact information and to select the types of information that they want transmitted.  Typically operators enter their email and the SMS gateway for their mobile phone.  This is particularly useful for night watch, as the system can be configured to send messages when various classes of errors occur, waking the operator to handle any out-of-ordinary circumstances.

4) Recovery of the vehicle is accomplished by commanding the vehicle to a recovery point, usually a few kilometers to the northwest of the harbor.  One of the MLML whalers is used to tow the vehicle back to the harbor, where it is recovered via  the boat ramp.  

Operational responsibility is distributed among the Tethys project team.  A rotating watch list is established before the deployment.   During activities like docking trials, the engineers responsible for the docking activity will directly interact with the vehicle during the day.   At the end of the working day, the night plan is documented  for the 1600-2400 watch and the 0000-0800 watch.  Typically off hours vehicle operations require little interaction with the vehicle.  If a problem does occur, operators are capable of troubleshooting simple issues.  If a problem is outside their experience, they call Thomas Hoover first, and then depending on the nature of the problem, Brian Kieft and/or Mike Godin may be woken up.  In practice many of the Tethys team check in on the vehicle even when it is not their watch.  When Tethys was lost, two vehicle operators were online

Recap of Last Mission before Communication Failure

Recovery of the vehicle verified that the vehicle operated nominally through its deep dive.  However, on coming to the surface about 4:00 PST the vehicle was unable to establish an Iridium connection.  The vehicle batteries lasted the 18 days while the vehicle was drifting on the surface recording its GPS position., though died when the vehicle was on shore.  The drop weight was dropped shortly after the communication failure.  This is designed to increase the freeboard and help with communications.
Vehicle Evaluation

Overall the vehicle was in excellent condition when recovered.  Three of the four fins had been broken at the ‘breakaway’ points (the fins are designed with an intentional weak portion).  There was also damage to one of the fin actuator bell crank arms.  We believe this damage occurred during recovery as the surface breaks were clean.  Some minor fouling of the vehicle had occurred.  Software systems operated properly throughout the deployment.  The emergency battery had been discharged also, which a smooth transition between the main and the backup batteries.  The backup batteries are primary chemistry designed to provide sufficient power to get the vehicle to the surface and to communicate with shore in the event of over discharge or failure of the main battery.   In brief, other than the communication failure, all systems functioned properly.
The problems which were the direct cause of the loss of communications were:

1)  The cable for the Iridium antenna contained water.  This appears to be a bonding failure where the cable is attached to the antenna.  This failure was detected by the vehicle as a ground fault, however in this type of failure cannot be undone by the vehicle as there is no backup antenna.   Since this mission involved the deepest dive with the antenna (this dive was to 280m, prior operations had been to 100m) the suspicion is that air voids in the epoxy compressed putting the bond under sufficient stress to allow water ingress.   

2) The battery in the Argos self-contained fish tag had been depleted.  This was a failure of the preparation process rather than hardware failure.  Post mission testing of the Argos unit confirmed that it had transmitted its rated number of messages, so checking this before the vehicle was launched would have identified the potential for loss of Argos tracking during the mission.

Operations Evaluation

Preparation:  Vehicle preparation failed to detect the likelihood of failure of the Argos tacking tag during the several day deployment.  

Operations:  The absence of Argos tracking data was noted by operators on the 7th, the day before the vehicle was lost, so operators were aware of loss of Argos tracking and decided to continue the mission.  The decision to leave the vehicle offshore without the Argos beacon made the Iridium communications link a single point failure mode.  

The deep dive during the night of March 7-8 was monitored by several operators.  This was not considered a risky operation, although it was the deepest the vehicle had operated.  The communications failure was noticed immediately, and a vehicle search was organized during the night and the team departed the dock at 0800 PST.  

Search Evaluation

Search for the vehicle involved the following activities:

1) A JPL model assimilating HF radar was used to generate possible drift tracks for the vehicle assuming a) it aborted and came to the surface early in the mission or b) it ran its mission to completion.  The full family of tracks defined the center of the search area.  This drift track generating system was first developed during the search for Jim Gray, and testing against coast guard deployed surface floats showed good agreement over periods as long at 24 hours.  Given that we were onsite within 5 hours  and were in a region with good HF radar coverage, we had reason to be confident in the drift tracks.

2) At 8830 the RHIB searched the vehicle operational area on the surface and acoustically underwater with a USBL system.  Acoustic returns at the vehicle transponder frequency were detected sporadically at the location of the dive.  They were not detected outside a roughly 2 km diameter area, suggesting the vehicle was on the bottom.  However, to eliminate the possibility of the Tethys being on the surface, a surface search was initiated.  Conditions were comparatively calm and search conditions were excellent.

3) To improve the speed and reliability of the search, a helicopter was rented (the helicopter has deployable floats in case of a power loss over water).  Minimum altitude is 1000’ over the Marine Sanctuary, but at that altitude small floats are easily visible, and the in the judgement of the searchers the vehicle would have been easily spotted if under the search path.  However, it was not spotted.

Why didn’t the surface search find the vehicle?  The GPS track of the vehicle shows that the vehicle started drifting north immediately on reaching the surface.  This was the opposite direction from the drift model track, which is surprising since HF radar generated surface tracks have proven reliable in prior experience, e.g. matching Coast Guard deployed surface drifters in the search for Jim Gray for up to 24 hours.  The drift track basically biased the search in the wrong direction.  Despite this, the helicopter search area was large enough that a single additional pass to the north would have had a good chance of finding the vehicle.  It should be said that a more vigorous surface search would have been conducted had the false acoustic detection of the vehicle not been made.

The reason the drift reconstruction was incorrect is that the current implementation of the model assimilates HF once per day.  So the drift reconstruction was made without the most recent HF radar data.  Drift tracks constructed much later (after HF radar assimilation for that period) show the vehicle drifting north immediately, confirming the importance of using the most current HF radar data.

During the evaluation of possible causes for the loss members of the team put forth their most likely failure modes.  A problem with the Iridium antenna was first proposed by Brian within a hour of the overdue check-in and was why we performed a visual search even after finding the acoustic beacon on the seafloor.  The buoyancy system valve was the component most likely over the build in safe guards and  allow the vehicle to sink to the seafloor. We are already 75% through an upgrade program on that component so there wasn’t anything to change or do but we were critical of the fact that upgrade wasn’t complete yet.  

The most troubling aspect of this experience was the mystery acoustic beacon that is on the seafloor below the last know location of Tethys.  We use a Benthos UAT-376 configured for a 26 kHz interrogation and 29 kHz reply frequency.  This transponder is compatible with the Trackpoint LST system owned by the Bellingham lab and has been shown to be very effective for operations up on the shelf where omni-directional USBL is most appropriate.  The Sonardyne deep water directional systems used on MBARI’s ships cannot track transponders outside of a 45 degree cone below the ship.  There are seven possible reply frequencies available on the popular UAT376 transponder and that frequency combination is also available on transponders manufactured by Applied Acoustics, Helle, Simrad, and others. Unfortunately, we are not the only researchers deploying equipment in the canyon and it appears somebody else has deployed a transponder configured for 26/29 kHz.  We contacted USGS in Santa Cruz and they didn’t think they had anything deployed at that frequency. While the returns were weak and infrequent, about every 3 min, they were limited to a fairly small area.  Had we not found this transponder we would have opened up the visual search zone even more and almost certainly found the vehicle.
Remedies

Changes to ensure communications and tracking failure does not occur again include:

1)  Modifying the bonding method for the Iridium antenna to eliminate air voids and testing in a pressure vessel.  This also  requires modifying the antenna because it doesn’t currently fit inside MBARI pressure vessels.

Operational procedure changes include:

1)   Adding Argos battery check to vehicle checklist.  The Argos tracking system should always have a sufficient power to ensure Argos transmissions a week beyond the nominal mission length.
2)   Recovering the vehicle when practical if the Argos fails.

Search procedure changes include:

1)  Implementing a web accessible HF radar drift track system.  Sergey Frolov has already developed a system that outperforms both the existing NPS and model-driven track generators for track predictions up to 12 hours in the future (paper accepted for publication).  We have implemented this as a real-time aid to vehicle operations under a program to put surrogate models on the vehicle.  Now we will implement a web interface that will allow construction of tracks using Sergey’s approach.  The computational efficiency of the method allows assimilation of new HF radar data in real-time. Of course this is only useful within HF radar coverage.

2)  Improving helicopter search.  The helicopter search was extremely efficient from both a time and cost perspective; however, at least two improvements that are possible.  First, the Freewave rf modem in the vehicle should be detectable from the air.  While this antenna is not currently in the mast, it is mounted just under the mast and should be able to transmit.  This would provide an immediate detection of the vehicle on the surface.  Second, flying a search pattern required one of the search team to monitor the flight path, distracting a pair of eyes from the search.  Having a simple map view of the helicopter path would have greatly simplified helicopter search and minimized the chance of ‘gaps’ in the search pattern.   After the search for Jim Gray, meetings with the Coast Guard lead to a series of best practices assimilated from the self organized portion of the search, as well as an appreciation of Coast Guard procedures for search (they are good!).  Searching for a vehicle like Tethys at sea is similar to searching for a human at sea, so we will draw on our Coast Guard contacts for lessons which might systematize search methods.

3) Realize there could be other transponders sharing our frequencies.  We are considering requesting a new omni-directional Sonardyne USBL that is compatible with the Homer transponders that only MBARI deploys in the bay an which feature 100 unique coded IDs.  Unfortunately, these transponders are larger than the existing UAT-376 and do not easily fit inside Tethys and the topside USBL costs over $60k.
Background 
Thursday, March 7th, 2012 at 0233 PST, Tethys was given the command to run the “depthLimit.xml” mission with a depth of 280m and a max depth of 285 meters.  This mission runs West to East from 36.774, -121.977 to 36.78, -121.944.  The mission has the vehicle transit to the first waypoint at a depth of 15 meters, surface for a GPS fix, comms with home, then dive to 280 meters for a transit to the second waypoint, followed by surface and mission end.
Tethys reported receiving the command and began the mission successfully.  She apparently transited to the first waypoint, surfaced for a GPS fix and comms with home and then dove.

Her last Iridium communication was:

	2012-03-08T10:44:45.827Z
	latitude=36.774466

	2012-03-08T10:44:45.827Z
	longitude=-121.975765


This was received at 0245 PST, presumably just prior to Tethys commencing her dive for the depthLimit mission.  The length of the depthLimit transect is approximately 3000 meters long.  Adding in the time to dive and surface, it was anticipated this mission would run for approximately one hour.
At 0400 PST, Tethys was expected to be on the surface but had not checked in.  Based on the belief that we were simply experiencing erratic Iridium comms following the deep dive, the command to run the mission “boxWaypoints.xml” was sent.
At 0624 PST, Tethys was declared overdue and the “stop” command was sent.

A search effort was initiated.

Initial Search

The decision was made to head out to last know position with LXT and Freewave equipment.  There was a collective hope the vehicle was floating on the surface with a failed antenna.
By 0900 Hobson, Hoover and Kieft were headed off shore in Moss Landing Marine Lab small boat “Hurricane RHIB”.  McEwen was shore contact and Godin was running drift simulations.
By 1000 the RHIB had initiated a visual search at the last known location and commenced interrogating with the LXT.  Proceeding west, as predicted by the drift simulations, the visual and acoustic search was continued   Shortly the LXT established contact with the transponder onboard Tethys.  Range and bearing indicated she was WNW of the current position.  Visual and acoustic searching was done down the bearing.
Acoustic contact with the transponder was intermittent and range information was erratic.  Soon the LXT started giving depression angles instead of bearing information, implying the vehicle was below the RHIB.  A check of the onboard electronic chart showed the water depth to be anywhere from 600 to 900 meters.  Tethys is rated for a maximum depth of 300 meters.  LXT ranges indicated the vehicle was probably on the bottom however range information was frequently confused by presumed multipath or second time around distances that were either deeper than the known bottom of significantly more shallow.
At this point, it was believed Tethys was on the bottom, however given that conditions for a visual search were ideal and the drift models indicated she could be drifting SW out of the bay, the decision was made to eliminate the possibility she was drifting on the surface.  A surface visual search was commenced in a box pattern approximately 5 km on the side with 1 km between track lines.  Track lines were run North -  South with the box off set South and West from the last known surface location by approximately 2 km.  This covered the last know surface position, the western waypoint location, and the area in which the transponder was heard.
Approximately 3 hours into this search, around 1300, the surface search was joined by an air search.  Bellingham, McEwen and Zhang arrived on scene in a helicopter and took over the visual search.  This greatly increased the confidence that the vehicle was not drifting on the surface and released the RHIB to resume the acoustic search.

By 1400 the RHIB had returned to the last location where the transponder had been heard.  From 1410 to 1546, the RHIB drifted NW to SE over the transonder location and logged the lat, lon, range and depression angle of all contacts made with the transponder.  The time of each drift leg was approximately twice the duration of time during which contact was made.  This convinced the RHIB crew they had localized the transponder.  With fading light and 10 nm trip back to port, the search was ended.

After returning to port, the LXT – transponder data was reviewed.  The average of all lat long locations from which the transponder could be heard was 36.7729, -121.9805.  The water depth at this location is approximately 750m.
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Graphic showing location in relation to Moss Landing, Santa Cruz, Monterey and Monterey Canyon.
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Close up of location.  Red line is last reported track from vehicle.  Yellow line is planned depthLimit mission.  Gray triangle is outer bounds of acoustic contact, extend to sea floor.  White concentric ring on sea floor is average lat long of all contacts, projected on sea floor.

Plan for Localization

The decision was made to get a better acoustic system and a more stable vessel of opportunity to work from.  The Tethys Lab pulled an older model Track Point II+ system out of storage and started looking for vessels of opportunity to work from.  All MBARI vessels are currently deployed to the Gulf of Mexico or in overhaul.  The Shanna Rae was identified as being available to assist in the search.  Inquires were also made regarding the availability of ROVs that were capable of operating at the needed depth.  The soonest one can arrive on scene is the week of the 19th and more likely the week of the 26th.  
Planned Operations
Due to weather limitations, the soonest return to the vehicle location is anticipated to be Thursday, March 15th.  At this time the Shanna Rae will go to the vehicle location with the Track Point II+ system and attempt to localize the transponder to an area small enough for an ROV to search.  Bottom topology at the vehicle location is challenging with a bottom depth of 650m to 800m in the 400m zone that the transponder was audible in.  This implies a slope of around 25%.  Past experience with ROV dives into the canyon  show the slopes to be more ledges and flat spots cluttered with a fair amount of slide debris.  It is reasonable to suspect the vehicle will be difficult to locate amid this.
Vehicle Condition

Little is know about the vehicle condition.  We can, however make some reasonable guesses.  

First, working from the fact the transponder is intact, we can presume the vehicle did not suffer a catastrophic failure of the pressure vessel.  It is not reasonable to expect the transponder to survive a close proximity implosion.

Second, looking at the suspected location of the vehicle, she appears to be 350 to 650 meters WEST of her last surface position.  Given that the mission would have her dive and drive to the EAST, she seems to diverted from her dive.  A rapid failure on dive would have reasonably placed her 500 to 1000 meters to the EAST.  Additionally, this would be on the EAST side of the ridge she seems to be on.  Her present location implies she is on the WEST slope of that ridge.  This set of circumstances implies that as she dove, some event occurred that caused her to abort the dive and attempt to surface.  The GoToSurface behavior is not direction specific, so it is not unreasonable to find her WEST of the most EASTERLY point of the track.
Third, based on the transponder being intact and the vehicle apparently having made an effort to surface, we can theorize an event that made the vehicle heavy in an increasingly uncontrollable fashion.  This would be consistent with a progressive flooding event in which a leak develops due to failure of a penetrator/o-ring seal/etc and allows sufficient water into the vehicle to make it too heavy to surface, even after dropping the weight.  This would be somewhere in the range of 1.5 liters of water.  If the buoyancy engine managed to pump to max buoyancy (unlikely below a depth of 70 meters) it would take around 2 liters to make the vehicle heavy.
If we accept the idea that a progressive flooding event is a probable cause of the vehicle being unable to surface, we can estimate the size of the leak.  This is useful since is sufficient flooding occurred before the vehicle reached bottom, the pressure vessel can still retain structural integrity.  That is key to recovery efforts.
We know the vehicle has successfully been as deep as 100 meters with out a problem.  Starting at a depth of 150 meters or 225 psi, if we require the flooding to prevent the vehicle from making it to 70 meters when the buoyancy engine would start to assist in the ascent, we have 70 meters of travel or approximately 140 seconds of time to flood the vehicle.  Naturally, starting deeper, 280 meters for example, would give us ~400 to put 1.5 liters in the vehicle to sink it.  Some rough estimates indicate that the ¼ inch piping used in the seawater manifold and the buoyancy engine is of sufficient size to cause this amount of flooding.
The internal volume of the vehicle pressure vessel can be roughly estimated at 75.6 liters, empty.  If we presume it is 75% occupied with components, that leaves around 19 liters of empty space.  In order for the pressure vessel to not exceed the pressure rating it needs to flood approximately all but 0.5 liters of the empty volume before reaching 700 meters of depth.  This is about 18.5 liters. Starting from 300m and descending to a depth of 700 meters at the design rate of 30 degrees, would take about 13 minutes. To maintain a pressure differential of 30 atm deeper than 300m we would have to leak 9.5 liters of water over 20m of downward depth change. This equals a minimum flow rate of 14 liters per minute to prevent hull implosion. 
As it fills, we can reasonably believe that the salt water will short out the batteries.  We have both rechargeable Li-ion batteries in our main battery and primary Li batteries in our stand-by battery.  Based on the flooding scenario above, we don’t have mechanical damage to the batteries however, the short circuit will discharge them.
For the Li-ion batteries, over discharge are high rates can cause a thermal runaway condition.  A key part to this is the high rate.  It is unclear if there is sufficient conductivity in sea water to achieve a high enough rate to get to thermal runaway while being cooled by the sea water.  It would seem to that the cells in the center of the pack are at highest risk due to the lack of cooling.  Fortunately, a cascading failure is reduced in likelihood due to the cooling of the outer cells.  There will also be swelling of over discharged cells.  This is likely to rupture the plastic containment packs.  The degree to which this is a problem is not clear.  The main battery pack was at approximately a 50% charge state which will also help reduce the damage.

The Li primary cells are more challenging.  Thankfully there are fewer of them.  The Standby pack consists of eight D-cell batteries in a 4S-2P arrangement.  They have more room for expansion and flow of cooling fluid around them.  The Li is not directly exposed to the water so initially, they will be discharging.  Eventually, the cathodic corrosion will likely eat through the metal end plates and it is likely there will be an energetic reaction when sea water gets to the Li inside the cell.  The severity of this is unclear.
One thing that is becoming clear is the water inside the vehicle is likely to be caustic and possibly will contain  gases at partial pressures equal to 1000 psi.  Great caution should be taken with venting the vehicle when it is brought to the surface.

Vehicle Recovery

In the above scenario, it is unlikely the basic vehicle structure will be severely compromised although it is possible there will be heat damage to the internal chassis along with stresses due to main battery expansion.  This makes is more likely the vehicle can be recovered with a single pick on the nose, barring impact damage when she reached the bottom.  With this in mind, the follow plan has been proposed.

Localize the vehicle with acoustic tracking.

Send down an ROV for an acoustic / visual search.

Attach a new transponder to the vehicle.

The condition of the vehicle is evaluated with regard to being structurally intact enough for a lift.

Attach a lifting line to the vehicle.

The lifting line is proposed as a line bucket carried by the ROV with a snap shackle on the end.  As the ROV returns to the surface, the line is paided out.

The tending vessel recovers the ROV.

The tending vessel brings the line to a capstan / winch and lifts the vehicle to the surface.

The vehicle is then brought on deck.

Points of concern:

Attaching a lifting line to the tow point could be an issue if the vehicle is nosed into the bottom.

Lift off from the bottom could be an issue if the vehicle is wedged into terrain features.
The lifting line needs to be of small enough diameter to fit in the line bucket but large enough to be effective on a winch / capstan.
The lift out of the water onto the ship deck will need to be able to handle a 500# vehicle.

The vehicle on deck needs to be approached with great caution until it is safely vented.

The vehicle on deck needs to be handled carefully until there is confidence it has been thoroughly flushed of caustic fluids.

Localization Status
Friday Mar 9:

Track Point II+ system pulled out of storage and prepped for deployment. Jim provided a suite of Matlab scripts to aid in visualization of acoustic communication. Incoming weather put the next available ship day at 3/15. 
Thursday Mar 15:

Hobson and Hoover departed Moss Landing aboard the Shana Rae at 10:00 a.m. with Track Point II+ system and a handheld GPS logging to a laptop. No pings were found at the initial search site. Pings were found .8nm W and .8nm SW of the site. The most reliable pings were found in a cluster approximately .6nm SE of the initial search location. The data is stored in the folder below, with the most reliable pings in the files “gps6.txt” and “tp6.txt” 
\\Tornado\projectlibrary\900739.LRAUV.Data\Testing\2012\2012_03_05_mokDok_63\Tethys_Down_Survey_2012_03_15\Raw
Data analysis is in progress. Results will be added to this document. 
Friday  Mar 16:

Hobson and Hoover departed Moss Landing aboard the Donna Kathleen at 08:30 a.m. with Track Point II+ system for further localization data. Engine trouble prevented the use of the Shana Rae. 
Wednesday  Mar 21:

The week was spent analyzing the data brought in from the Donna Kathleen survey on 3/16. A variety of tools were used including: Matlab code to condense Trackpoint and GPS data (TPIIRead), Matlab code for displaying convergence of range circles at a given depth (rangeCircles), A least squares method for fitting a location to range data and solving for sound speed and depth (LBLSurvey), and high resolution bathymetry data. The data showed significant multipath and the team discussed multiple methods of data filtering or bounding in an effort to run localization code on “good” data points. Of particular interest was the error code given by the Trackpoint system as well as the variety of range values received – some very large indicating multipath for a given interrogation and some very small indicating receipt from a previous interrogation. Analysis was run on data bounded by range as well as by error code. First, bounding was calculated on range to be valid between 700m and 1300m. 700m is the approximate water depth and 1300m was calculated based on the 45 degree cone in which the Trackpoint can receive. This data was analyzed with all methods and the following constraints:
	Conditions
	Data Points
	TPII calc Position

	Total data points collected
	242
	36.7673,-121.9772

	No depth bounding, error <= 50 
	162
	36.7666,-121.9769

	No depth bounding, no TP errors
	47
	36.7669, -121.9777

	700m-1300m, all TP data
	41
	36.7687,-121.9774

	700m-1300m, error 50 and less
	27
	36.7684,-121.9763

	700m-1300m, no TP errors
	8
	36.7649, -121.9790


Data from aforementioned analysis methods was plotted over a high resolution bathymetry image in Google Earth (see below) and places the vehicle on a ridge in an area about 300m long by 300m wide. For scale, the red line is 300m. 
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The most recent position calculations, bathymetry data, and ship tracks are stored in a kml file here: \\Tornado\ProjectLibrary\900739.LRAUV.Data\Testing\2012\2012_03_05_mokDok_63\ TethysLocation.kml
Plan for Vehicle Recovery and Transport to MBARI

The vehicle is located by ROV

1) Place beacon next to vehicle

a. Attach to vehicle?

2) Visual survey of vehicle 

a. Look for separation of end bells from pressure vessel tube

i. No visible separation implies pressure vessel is still intact

b. Look for damage to Bow Fairing

i. Verify all visible fairing screws are intact

ii. Verify no breaches or cracks in Bow fairing forward to tow hook.

3) Visual inspection of tow hook

a. Look for bending, cracking or damage of fairing at attachment point

IF vehicle is structurally intact:  This means that the pressure vessel is not obviously ruptured and the bow and stern fairings are still attached to the vehicle.

1) Attach recovery line to bow hook

2) Back away from vehicle while verifying the recovery line is paying out from line bucket

3) Bring ROV to surface with recovery line

4) Recover ROV and recovery line

IF vehicle is NOT structurally intact.  This means the pressure vessel shows a visible gap at either end bell and/or the tow hook – Bow fairing is not solidly attached to the vehicle

1) Need alternate plan to recover parts 
a. This idea needs development

b. Net ?

c. Basket? 

d. Elevator?

2) Need ROV with manipulator?

If Vehicle is structurally intact and has bow hook:

Recovery with lifting line

1) Lifting line is deployed by ROV from line bucket

a. Lifting line needs to be small diameter due to space limitations.

b. Lifting line needs to be large diameter due to winch/capstan

c. Lifting line should have shock absorbing feature (snubber) at attachment point to vehicle

2) The vehicle is assumed to be flooded.  This means the internal pressure of the vehicle could be as high 50# above the ambient pressure at location.

a. Lift needs to be at a slow enough pace that the vehicle can relieve pressure as it is brought to the surface

b. In water weight is estimated at 250# heavy

3) Stop lift when vehicle is visible but before it breaks surface

a. Dynamic loading on lift line will increase significantly as vehicle is brought awash.

4) Place tag line on vehicle by sending down lift line

a. Stiff loop of line with slip knot

b. Pull tight on vehicle at mast

Bring Vehicle Onboard

1) Precautions

a. Do not place body in line with vehicle axis until after it has been vented 

b. Wear gloves and goggles to protect against possible hazardous materials when handling vehicle

2) launch cart on wood blocks tied down to deck

3) tag line on aft end of vehicle

4) land vehicle on cart

5) place tie-down strap on vehicle

6) Rig hose to keep vehicle cool and flushed with sea water if necessary

7) Stay clear of vehicle if audible hissing (venting) or heat ( fire) is detected.

Make vehicle safe on deck

1) Pictures of vehicle condition

a. bow and stern fairing

2) Vent vehicle through top fitting on accessible end bell

a. Remove fairing

i. Bow Fairing is easier to take off unless damage to nose prevents it from sliding past starboard side CTD bracket.

1. photos of visible damage

2. hex key for fairing screw 
3. Forward endbell DVL watertight fitting

a. ¾” wrench

ii. Stern Fairing has up to six more operations past the eight fairing screws.  However the drop weight is most likely not present which removes one operation.

1. photos of visible damage

2. fin positions 

a. Ascend position is leading edge of fins down

3. Prop Intact?

4. antenna mast visible damage?

5. hex key for fairing screws

6. hex key for fins

7. socket wrench for prop 
8. Dropweight hex key

9. Aft endbell Prevco vent fitting

a. ¾” wrench

3) Drain vehicle through bottom fitting on accessible end bel

a. Forward endbell

i. AHRS watertight fitting

1. ¾” wrench

b. Aft endbell

i. Tether watertight fitting

1. 13/16” flat wrench

Begin Forensic Evaluation of Vehicle.

1) Record / photograph

a. Fin positions (if not already done)

b. Drop weight status

c. Mast condition

d. Prop condition

2) Record / photograph

a. Damage to fairings

b. Damage to pressure vessel

c. Condition of nuts / bolts on forward endbell

d. Condition of buoyancy bladder

e. Condition of Science Instruments

i. ISUS tube

ii. DVL

iii. Flourometer

iv. CT head

3) Record / photograph

a. Color / composition of fluids draining from vehicle

b. Odor of gases venting from vehicle

4) Initial temperature of vehicle on deck

a. Watch for rising temperature

b. Keep vehicle cool with sea water hose

Transfer to pier and transport to MBARI

1) Replace drain plug on vehicle

a. Reduce spread of potential HAZMAT

b. Keep vehicle vented

2) Crane to pier on launch cart

a. Vehicle should still be strapped to launch cart

b. With wood framing if using fork lift for transport

c. Without wood framing if rolling back to MBARI

3) Bring vehicle to concrete pad outside of Test Tank door

Vehicle Recovery

Found on Monday, 26 March. 
Tethys program meeting was in progress on Monday, March 26th, starting at 10:00.  Discussion included continuing efforts to refine Tethys location on bottom of Montery Canyon axis and plans to deploy Mini-ROV to recover her.  At approximately 10:30 Chris Wahl entered room and inquired if Daphne was deployed.  Being told no, he replied that it must be Tethys on the Fuel Dock.  Meeting was immediately adjourned to the Moss Landing Fuel Dock.Vehicle was recovered from Fuel Dock in Moss Landing Harbor at around 10:45.

Recovery

Visual inspection at Fuel Dock showed following:

· Lower rudder fin and both elevator fins were broken off at the designed fracture point.

· Rattle noise in Forward fairing

· Elevator at max dive.

· Rudder at max turn to Starboard.

· Propeller was intact

· No evidence of mud, dirt, sand, etc on vehicle.

· Missing dropweight.

· Vehicle seemed empty ( pressure vessel intact) based on weight and sound of thump on hull.
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Initial Inspection

Vehicle was brought back to MBARI outside Test Tank.
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Decision was made to lift with crane and continue inspection in the lab based on no indication of ruptured or flooded pressure hull.
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Fin stubs.
In the lab, the aft fairing and forward fairings were removed.  

It was noted that external oil bladder appeared full and there was no evidence of mud, dirt, sand, etc inside the fairings.  With the vehicle oriented in a safe direction, the aft fairing vent plug was slowly backed off with minimal sound until removed.  Sound and smell indicated approximately 5 psi of pressure with N2.  This is the standard condition on launch.
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The rattling noise was a single trim weight that had come loose at some time in the forward fairing.
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With vehicle vented and no indication of internal problems, the tether was plugged in and power was provided to the vehicle.  Power was current limited at 1.0 amps and 17 volts.  Initial voltage was 12.3 and slowly rising.  This is consistent with the rechargeable batteries having entered self shutdown.  Communication was established with the application and log transfer was commenced.

Detailed Inspection

Elevator bell crank is bent.
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No evidence of cathodic corrosion on actuator assemblies. There was some minor cathodic corrosion on DAT acoustic shield.
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There is an abrasion on the aft fairing underbody, port side, just aft of the fairing screws.
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The dropweight appeared to “burn” correctly.
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The mast showed evidence of considerable paint loss.
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Both antenna connections showed indications of flooding.  O-rings appear to be installed and intact.
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The mast / antenna assembly was removed for inspection.  See report by Denis Klimov for details.
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Status of Location Systems

The Argos transmitter, Wildlife Spot Tag 09S1234 was interrogated using Spot5Host software.  It was determined that the tag had transmitted 25,139 times.  The tag was activated and placed outside with a clear view of the sky but was unable to report it’s position.  It was noted that the red indicator diode for the tag still provided blinking indication of attempt to transmit and mode selection.

The Benthos Transducer, Model UAT-376, was removed from the vehicle, placed in the Test Tank and interrogated using the ORE LXT Deck Box, Model 4430B.  Reasonable range, bearing and depression angles were returned from various locations.

The RJE Pinger, Model ULB-350/37 was tested by shorting out the wet contacts and hearing an audible ping.  

Vehicle Status

At 1600, approximately 5 hours after initiating 1.0 amp charge on rechargeable batteries, battery voltage was 13.8 volts.  Charge rate was increased to a 4.0 amp limit.

The following repairs need to be performed, at a minimum, prior to next deployment:


Replacement of damaged fins


Replacement of flooded mast / antenna


Replacement of discharged Standby Primary battery


Repair / replace bent  elevator bell crank 


Replace Argos SPOT tag

Where was she?
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Vehicle logs of GPS track during deployment.

Addendum
Vehicle Inventory

Independent localization
Transponder

UAT-376, Benthos
Acoustic Beacon
ULB-350 37 kHz, RJE International
Argos


Argos DCLS transmitter, Wildlife Computers
Navigation, Control, and Communications
Digital Compass
SP3004D, Sparton Electronics
AHRS


3DMGX3-25-OEM, Microstrain
USBL


DAT and MF transducer (note ITAR restricted), Benthos
GPS/Iridium

NAL9601-DGS-LP, NAL Research 
RF Radio

MM2-TTL, Freewave Technologies Inc.

DVL


NavQuest 600 Micro, LinkQuest Inc. 
Pressure

Series 6 PA-6ST/50BAR/80400.XX, Keller




Scientific 

CTD


NBOSI (custom firmware)

Flourometer

BBFL2-HYD Triplet Puck, WET Labs Inc.

Oxygen

Optode 4330, Aanderaa 

Nitrate


ISUS
Weather reports at M1 on day of search.

	#YY
	MM
	DD
	hh
	mm
	WDIR
	WSPD
	PRES
	ATMP
	WTMP
	PTDY
	TIDE

	#yr
	mo
	dy
	hr
	mn
	degT
	m/s
	hPa
	degC
	degC
	hPa
	ft

	2012
	3
	10
	23
	55
	260
	6
	1016.6
	9
	10
	-1.9
	MM

	2012
	3
	10
	22
	55
	260
	6
	1017
	8.9
	9.9
	-2.3
	MM

	2012
	3
	10
	21
	55
	250
	4
	1017.6
	8.9
	9.8
	-2.3
	MM

	2012
	3
	10
	20
	55
	270
	5
	1018.5
	8.5
	9.7
	-1.8
	MM

	2012
	3
	10
	19
	55
	290
	5
	1019.3
	8.2
	9.8
	-0.8
	MM

	2012
	3
	10
	18
	55
	260
	1
	1019.9
	7.7
	9.6
	0.5
	MM

	2012
	3
	10
	17
	55
	340
	2
	1020.3
	6.9
	9.6
	1
	MM

	2012
	3
	10
	16
	55
	10
	3
	1020.1
	6.7
	9.5
	1.1
	MM

	2012
	3
	10
	15
	55
	30
	6
	1019.4
	6.9
	9.5
	0.3
	MM

	2012
	3
	10
	14
	55
	340
	4
	1019.3
	6.6
	9.5
	-0.3
	MM

	2012
	3
	10
	13
	55
	290
	6
	1019
	7.2
	9.5
	-0.8
	MM

	2012
	3
	10
	12
	55
	320
	3
	1019.1
	7
	9.5
	-1
	MM

	2012
	3
	10
	11
	55
	300
	8
	1019.6
	7.3
	9.5
	-0.9
	MM

	2012
	3
	10
	10
	55
	290
	9
	1019.8
	7.3
	9.5
	-0.9
	MM

	2012
	3
	10
	9
	55
	300
	9
	1020.1
	7.3
	9.5
	-1.1
	MM

	2012
	3
	10
	8
	55
	290
	5
	1020.5
	7.7
	9.5
	-0.6
	MM

	2012
	3
	10
	7
	55
	300
	5
	1020.7
	7.9
	9.5
	-0.8
	MM

	2012
	3
	10
	6
	55
	290
	5
	1021.2
	8.1
	9.6
	-0.4
	MM

	2012
	3
	10
	5
	55
	320
	5
	1021.1
	8.4
	9.6
	0
	MM

	2012
	3
	10
	4
	55
	290
	9
	1021.5
	8.6
	9.6
	0
	MM

	2012
	3
	10
	3
	55
	290
	8
	1021.6
	8.9
	9.7
	0
	MM

	2012
	3
	10
	2
	55
	280
	8
	1021.3
	8.6
	9.8
	-1
	MM

	2012
	3
	10
	1
	55
	280
	7
	1021.4
	9
	9.8
	MM
	MM

	2012
	3
	10
	0
	55
	250
	4
	1021.8
	9.4
	9.9
	-1.3
	MM
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