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Memo
Date:  April 23, 2004
To:  Marcia McNutt

From:  Dave Caress and Bill Kirkwood
RE:  Battery options for Seafloor Mapping vehicle
[image: image1.png]



This memo details the options available to MBARI to address problems with the AUV batteries purchased from Bluefin Robotics. Our intent is to be comprehensive in terms of presenting all of the reasonably plausible approaches for meeting our short-term and long-term AUV operational needs. 

We've included previous emails regarding current impacts to the DMO-CTD vehicle and the Seafloor Mapping Project in Appendices A and B. As stated in those notes, the DMO-CTD vehicle should be able to complete its current year missions as planned with the existing batteries, but the Mapping AUV is too depth limited to accomplish the planned surveys until a reliable, depth-capable battery system is available. The current status of our Bluefin batteries is provided in Appendix F.

The following discussion is largely based on information assembled during battery review meetings during 2002. All of the presentations and reasoning are available in the project documentation should management requires additional information beyond that presented here. The conclusion of those meetings was the selection of Bluefin pressure tolerant lithium-ion polymer batteries for use in both the CTD and Mapping AUVs.   At that time there were two other candidates that showed promise; Eagle-Picher and Saft. Both companies offered competitive chemistries and technology. 

The current seafloor mapping power requirements are defined as follows based on the Bluefin batteries: 


6 kW-hrs is currently considered the minimum battery package to accomplish a standard survey 
mission.  This is based on an average 3 km by 6 km survey at a depth of 3000 meters which 
reached the majority of targets being discussed at the moment within science. This is based on the 
vehicle and fully operational payload of side scan, sub-bottom, and multibeam sonar operating at 
the rate outlined by science in the vehicle specifications. This also allows for the acoustic modem, 
navigation systems, and main vehicle functions to be in full operation. The mission length is 
approximately 12 hours in duration. 


9 kW-hrs is the expanded battery section (the 6 kW-hr pack with the 3 additional 1 kW-hr packs in 
an additional section - which was built for the DMO vehicle and we have on hand). This allows 
for the same survey at full depth (6000 meters). This 
configuration is exactly like before with 
extended drive time down and up. The mission length here has been estimated to reach 18 hours in 
the most extreme cases. 

In general terms we believe the following options are available to us for the near and long term: 

A)  We continue with the system as is and work with Bluefin to complete development of their pressure tolerant batteries. This has the attraction of being the best overall package size and shape. They also have the promise of being the safest batteries over the long term since they are not in a 1-atmosphere housing and cannot build up explosive gases. This particular activity can continue in conjunction with any of the following alternatives until such time Bluefin is successful or we determine that further efforts are unlikely to yield satisfactory results. 

B) We contact Eagle-Picher and Saft for an updated quote. We could also down select one at this time to expedite things since Eagle-Picher did win the engineering trade between these two vendors previously. Eagle-Picher offered a 1 atmosphere design that has some safety systems in place as part of the design. Each cell has reverse voltage protection to prevent the run away condition that could start a lithium fire in the pressure housing. Below is a sketch of the proposed structure that would be fitted within a Benthos sphere. The details of this package can be found in Appendix C. 
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A single sphere contains approximately 4 kW-hrs of power. The design concept allows for electronics to be packaged within the sphere or additional batteries to be added that maximize the power to almost 4.5 kW -hrs. This design does not include the electronics. Either case would require development time from our engineering staff since the quote does not offer the necessary electronics to operate the batteries (regulating discharge and charge). At present only two people would qualify within engineering to do this: Ed Mellinger and Mark Sibenac. Hans Thomas could also assist from DMO with this task. With this or any other spherical package we will also need to redesign the nose to accommodate the new packaging. This means at minimum new syntactic foam and possibly new nose fairings if we determine to support the full 9 kW-hr condition. 

· Battery Costs (out of date but close) - $38 K each (with purchase of 3 units) plus $18 K non-recurring engineering charges. 

· Benthos sphere for each unit - approximately $1.2 K with connector holes drilled

· Electronics (?? K) - $5 K plus development costs (2 X) >> $10 K 

· Syntactic Foam for Nose 6000 meter rated (would be less with shallower depth) - $45 K 

· Cabling and Connectors - approximately $15 K 




Total materials - $205.6 K 

Manpower estimate on an accelerated schedule with full time attention - EE 5 man months









      - ME 3 man months









      - SE 1 man month









      - Techs 2 man months

We would also require some amount of test time and support from DMO. Also we have not included any costs for fairings which could be required. Our estimate is these would be approximately $20 K. 

There are several things we could do to reduce the costs but the overall cost per unit would rise. If we purchased only one battery sphere we are estimating the cost would be $50 K plus the NRE of $18 K. We would reduce the overall cost by about $90 K, but would have no deep capability or spares. Additionally the in-house efforts would not change significantly so the overall timeline would not shorten. Our estimate is that from the decision to move forward with this option we are looking at 6 months before delivery if there are no snag with the vendor or in-house from other projects. 

Depending on the Gulf of California missions timeline we believe we have additional input that could impact any decision regarding this option. First, if obtaining alternative batteries becomes a 2005 project, we would deliver and test the working battery solution by the end of summer 2005, allowing survey missions during the Fall of 2005. This could be expedited by placing the purchase order in 2004 with Eagle-Picher and accomplishing some of the up front NRE project management efforts in advance. This might bring the delivery in by 2 months to late spring. This option allows for us to wait on Bluefin's current test plan and delay a decision until the results are known and reviewed. 

If however the G of C missions are required in early 2005 we must decide about this option in the very near term. To be available for missions in February or thereabouts would require an immediate effort in-house to address the battery situation. 

C) This option would be a full review of technologies and vendors to see what the current marketplace offers and what has evolved in a competitive market. Essentially we would farm the as much of the effort out and only use internal management to oversee production. We already have a partial quote from Bluefin for packing their cells in a 1-atmosphere housing, but the technology doesn't give us the power density suitable for a long term solution. This option includes going back to Saft and Eagle-Picher among others for competitive bids and electronics options. The external costs including labor would rise but the internal impacts would be minimized. It is doubtful that deliveries would be quicker and are more likely to lengthen by some amount. There is also some level of work that must be done internally, as with any option, to make the new batteries integrate properly. 

 D) We buy primary (or possibly secondary) cells of some sort and build a temporary solution in-house. This option would consist of building some housings for shallow depth to maximize power but keep the foam and the hull sections intact. This option could also be heavy on maintenance for the operational side due to constant replacement of the batteries once they have been used up, i.e. stacks of 'D cells' configured appropriately and then discarded once the mission(s) is(are) completed.  This is actually cost effective up to a transition point (see Appendix E). This solution has other aspects that are hard to quantify at the moment without further research, namely the amount of current the Mapping Vehicle demands at peak moments is not supportable directly by some of these chemistries. This means we would either have to operate in a limited fashion (possibly something such as no side scan or sub-bottom when running multibeam or some other power saving scheme) or we would have to incorporate extra electronics to accommodate the current demand. The most likely scenario is some combination of these two approaches would support the more demanding missions. 

 E) We return to Silver-Zinc batteries for a while. This is an expensive solution since the cells we have are no longer usable. We can however trade them in and make up a 3 kW-hr pack based on materials we still have on hand. We might have to make a few pieces which are no longer supportable but overall this is a chemistry we have experience with and can handle readily. It has the associated danger of off-gassing when charging so we'd have to open the vehicle up after every mission and do an exchange while charging the back-up cell set. This option requires us to change the foam pack in the nose and possibly a few connectors or make up adaptors. The upside is we could do this fairly quickly and meet the full depth testing requirements and so forth. The actual survey missions would suffer by being approximately half the area in shallow waters and one third the area in deep waters. The cost would be something in the range of $130 K as a first order guesstimate (2 - 3 kW-hr packs 2 $50K each and another $30 K in foam module). We would also be saving the current materials for the expected Bluefin success with pressure tolerant batteries. 

 F) We select cells and do the entire assembly and build in-house. This last option is a spin on a several previous options. In this case we would order cells only and do the entire build in-house. This is a trade of dollars for manpower, so we would remove NRE and any design work or electronics from the outside and do that work in-house. This is probably the least desirable option for everyone but it could be done if the timing is critical and we are short of non-salary funds. This is probably the most risky also since these batteries are extremely dense power units and by nature dangerous. If we selected an approach like this I would highly recommend that we have Ed Mellinger at least as an advisor on the team no matter who else is assigned to the job. Mark Sibenac could certainly lead such an effort and is very knowledgeable but for all concerned I would ask that we err of the side of safety by having our most senior power engineer review things. 

Conclusion:

The options discussed above capture the range of approaches considered during recent discussions amongst the Mapping AUV Team. Of course, additional plans can be constructed by combining elements of options A-F in different ways. The numbers presented are accurate to within an order magnitude, allowing costs and risks to be fairly compared. The table in Appendix E is probably the most useful for cell costs (for the sake of this conclusion cells may cost from $30K - $150K) and anything beyond that generally involves altering in order the connectors and electronics ($5 -  $25K), then the foam ($30 - $40 K), then NRE ($18 - $35K), and then the entire nose fairing and associated brackets etc. ($20 - $30K). So the total economic impact is somewhere between $50K (meaning limited depth performance and impact but able to do useful science) and $280 K to build a complete battery that would replace the Bluefin pressure tolerant design (and provide for complete functionality). The manpower will be substantial no matter the selection with several man months of EE as a minimum up to a full man year of effort (EE, ME, and possibly some SE for battery software) which would add $60 K up to $220 K of additional labor costs. 

How we proceed from here depends to a great extent on how determined MBARI is to be a technology leader with regard to battery technology for deep ocean applications. As we knew full well when we chose to order from Bluefin, these pressure tolerant batteries are a risky technology. However, these batteries also continue to be, if successful, a major step forward for the oceanographic community in general and MBARI in particular. 

We know that Bluefin has high profile customers for these batteries (e.g. large Navy programs) that are now involved in the development effort and that the battery vendors are actively supporting efforts to correct the failures. What we cannot do is give a timeline or guarantee that Bluefin and ultimately MBARI will be successful with this option. If we hold to the reasoning that originally justified our choice of Bluefin, then we would recommend setting a defined mission parameter or a minimum mission set to satisfy near term goals defined in conjunction with the management team based on anticipated projects. From that the Mapping AUV team would look for the lowest cost impact to MBARI overall based on the hierarchy outlined above. 

If the management determines that reliability and full vehicle functionality is critical in the short term and must be completed as soon as possible, then the recommendation would be to abandon Bluefin's technology efforts, seek a refund based on our warranty with them, and do a complete analysis of available technologies looking for the best long term solution in MBARI's interest. The return of funds from Bluefin would offset the large impact and allow for us to farm out as much of the effort as possible. This in turn would minimize the impact in-house on engineering time and other projects. Admittedly we will have an engineering impact with this approach, we may also have legal issues also based on Bluefin believing they are very close to success and working the problem vehemently thereby showing good faith although I doubt we would find it a hard case if it came to that. What we can say is this approach would be the lowest technical risk and ultimately a successful full ocean depth power system would be provided. 

The last option is consider some combination of the above which meets as yet unknown conditions from MBARI management to do some amount of vehicle testing, minimal or better surveying, and / or creating a plan of action that outlines detailed steps and costs for a critical path decision point or series of decision points based on performance from Bluefin. 

Please feel free to contact us for any additional information. We will formulate a detailed plan of action based on your directives. 

[ Note: Many of the material and supporting documents were supplied by Hans Thomas and Mark Sibenac and from Vendors who previously bid or gave valuable information to the Mapping Vehicle project]  

Appendix A:  Bill Kirkwood note to Marcia McNutt and Management Team on Battery Status April 9th, 2004. 

Marcia (and M-team interested in batteries) - 

Dave and I, as discussed and in the Multibeam meeting minutes, will be putting together the options for batteries and bringing it to you. I'll meet with Dave today and set an appointment on your calendar for next week or the week after at the latest. From that information we will be able to give the M-Team options with approximate costs and manpower resources for each option. We will also be able to outline the approximate time it would take to deliver any of the options and the risk associated with any particular option. Once we have this together and meet with you, the Multibeam team and/or designated engineers will pursue whatever path(s) is(are) selected to support future projects and operations. 

Attached is the written outline I requested from Frank at Bluefin. It outlines the current status of battery development and their commitment to solving the problems and completing the batteries. The downside for the moment is the note puts restrictions on our operations with a depth limit. That maximum depth has been reduced to 200 meters, this is based on the analysis they have done on all batteries and failures. The recommendations from Bluefin do not limit the time of operation or depth of discharge from the factory spec. This means we should be able to pursue Ken's (and Steve's) desire to move forward with 24 hour unattended ops without any additional battery costs at this time. 

Dave and I will get back with the details for Multibeam and battery options as soon as we can - Bill 

Appendix B:  Note from Frank Von Mierlo of Bluefin 

Mr. Bill Kirkwood

7700 Sandholt Road

Moss Landing, CA  95039

April 8, 2004

Dear Bill:

It was good to talk to you yesterday.  Thanks again for being such a patient collaborator—we recognize that you have been a real internal champion for us in the oceanographic community.  I sincerely hope that you will stick with us as we correct this problem—we are pushing the technology as progressively as possible.  It is our continued expectation that this technology will provide an easily operable, high energy battery solution for the oceanographic community.  As a follow-up to our conversation, I have prepared this confidential summary of the battery event and what we are doing about it.

Battery event at 600m, statistical anomaly

The battery event occurred on Sunday, 29 February 2004 at 600m depth off the coast of San Francisco, CA during a sea acceptance test.  The battery that failed was pressure tested to 3000m for 14 cycles at 2 different testing facilities.  While we have seen a few failures in deep pressure testing, this is the only time we have seen a battery failure in the field.  The vehicle recognized the problem immediately and responded by aborting the mission and powering itself to the surface.  The fire self-extinguished and other than a single failed battery, no other parts of the Bluefin21 were damaged.

Limit deep dives to 200m until further notice

Bluefin is confident that the mechanism that caused the battery failure was pressure induced and has only occurred at depths greater than 200m.  For the immediate and near-term, Bluefin is asking its deep-water customers to limit dives to 200m or less.  There is no reason to believe a failure could occur in conditions other than at very high pressure. 

Integrated analysis with vendor

At this point, evidence suggests that a single cell failed, causing the pack to fail.  We are utilizing our own internal resources, as well as third party experts from MIT, Lawrence Livermore Labs and Carderock, to identify, reproduce and correct the fault.  We have pursued, and have received, some additional sources of funding to pursue a solution to the battery problem we encountered in testing.

We are working closely with our battery cell supplier to identify and correct the failure mechanism.  At this point, we have asked them to create controlled batches of cells with the suspected root-cause defect emphasized and batches with the intended correction.  Each controlled group will be extensively tested to prove (or disprove) the different suspect failure mechanisms.  We expect that this will be a bit of an iterative process, lasting a few months.

Progress to date

We have been subjecting these cells to a focused regime of testing, designed to reproduce the fault in our design.  While we were unable to do so until this week, we can now make cells fail in a repeatable fashion.  This week we will receive the first lot of corrected cells (about 80 pieces).  We will use 64 cells to make up a 1kWh battery and will subject the remaining 16 cells to destructive testing.  We are also testing a second design based on a different cell technology. By the end of June we will have completed the testing of our first set of corrective actions. We will continue our R&D until we do have a working solution. 

Back-up

If you need an interim solution to proceed with your project we can produce a battery pack for you inside a glass sphere. We estimate that we can pack 3KWh and the related electronics into a sphere without too much problems. Assuming that you will supply the sphere and the penetrators, the cost for this back-up will be less than 10 K$ per KWh.

Please feel free to contact me at anytime with questions or concerns.

Friendly regards,

Frank van Mierlo

President

Appendix C: Eagle - Picher Details 

Total Pack Capacity 4043 Whr - vendor testing/cell margin might raise this to 4300 Whr

Pack mass estimated at 32 kg - 27 kg of cells, 5 kg for electronics, packaging

33.6 V open circuit - 28.8 V nominal/under load

Each cell protected by discharge/charge control board

$37,773.88 per battery (assumes 3 to 5 units) plus $17,643.86 NRE for documentation

· Pros

· Maximizes volume/buoyancy

· still have room left over to electronics, more cells

· Protection on each cell

· System can come apart into trays for shipping/servicing

· 8 cell series arrangement raises bus voltage

· AGM cell is part of high volume production line, so we get an economy of scale on cell costs

· Same cells in use on ABE and Hanu vehicle with good experience

· initial problems with cell variability, AGM now seems to have line consistent

· Cons

· Complicated wiring

· No pack gas gauging capability provided

· Current concept has cells RTV bonded into structure

· they have offered to rework this

Appendix D: Comparison Chart of Various Battery Chemistries 

	
	Saft 3.6V/41Ah
	Valence 44/4360 Ah

(Bluefin)
	Valence +10% scotchcast

(Bluefin)
	Eagle-Picher SLC-16015

	Chemistry
	LiC/LiNiO2
	LiMO
	LiMO
	LiC/LiMO2

	Construction
	Spiral Wound
	Polymer
	Polymer
	Spiral Wound

	Weight (kg)
	1.05
	0.121
	0.121
	0.136

	Max Cell Dimensions (mm)
	220 (height)

54 (diameter)
	5.8 (thickness)

103 (height)

103 (width)
	5.8 (thickness)

103 (height)

103 (width)
	61.0 (height) 34.04 (diameter)

	Nom. Cell Voltage (V)
	3.6
	3.8
	3.8
	3.6

	Nom. Cell Capacity (Ahr)
	41
	4.36
	4.36
	4

	Specific Energy (Whr/kg)
	140
	136.9
	126.04
	105

	Energy Density (Whr/liter)
	290
	269
	242.1
	250

	Density (kg/liter)
	2.07
	1.9675
	1.92
	2.456

	Pressure Tolerant
	Under Devel.
	Under Devel.
	
	Under Devel.

	Cycles
	>1500 @ 80% DOD
	>1500
	
	TBD (>1500)


Appendix E: Cost Comparison of Battery Chemistry / Technology Initially and per Mission Cycle. 

[image: image3.emf]chemistry/vendor capacity(kwhr)cost ($) Initial Cost ($/kWhr) cycles $/kwhr cycle

bluefin lpb 1 10000 10000.00 1000 10.00

ept l-ion (optimistic) 4.3 42000 9767.44 1000 9.77

ept l-ion (nameplate) 4.043 42000 10388.33 1000 10.39

ultralife bb-2590/u 0.17 415 2441.18 500 4.88

Ag/Zn 0.054 192 3555.56 50 71.11

alkaline 0.018 0.54 30.00 1 30.00

Saft High Capacity 3.0996 90351 29149.25 2100 13.88

Yardney 1.4 22000 15714.29 1000 15.71


Appendix F: Current Status of MBARI batteries from Bluefin
We have 3 working batteries in house serial numbers 95, 97, and 99. These are all 2 kW-hr packs and are all in the DMO-CTD vehicle. Number 97 had a failure a few weeks ago when a fuse popped. After discussions with Bluefin Hans Thomas repaired the battery and it is back in service. Per the note in Appendix A from Bluefin these batteries are limited in depth to 200 meters but are otherwise approved to operate as fully functional. DMO has some question about the reliability of these batteries but based on other customers from Bluefin shallow water operations have shown no adverse impacts on the batteries to date based on the construction techniques used in this series of serial numbers. 

We have one more 2 kW-hr battery pack in-house, SN# 96 which failed on the bench a few weeks ago. It has a cell that has went dead internally. The cell in question dropped to zero during a regular CTD mission of yo-yos down to 500 meters. We are waiting for disposition from Bluefin. [Note: This condition is considered potentially dangerous since the cells can thermally run away] 

The last 2 kW-hr battery is SN# 94 which is at Bluefin for replacement or rework. With the series of failures that have occurred Bluefin has not given a disposition on this battery to us. 

The sixth and final 2 kW-hr pack we ordered has never been delivered from Bluefin, again due to the discovery of failures and a desire to build it correctly. We have an open PO with Bluefin for this unit and have no paid for it.  

We also have three 1 kW-hr batteries. All of these suffered a failure mode where the outer jacket of urethane seemed to swell up from compensator oil getting past the barrier between the electronics and the battery cells. We have not received a disposition on these cells either. 

What we have in-house at the moment to begin mapping Vehicle testing with are two 2 kW-hr loaner batteries from Bluefin. One loaner is SN# 56 and is limited to 50 meters in dive depth. The second unit is the much newer design and cell chemistry (Lithium - Cobalt) SN# 132. This unit is the same type as the one that caught fire during a dive, the remains of which are in the DMO AUV lab waiting disposition from Bluefin. The unit we have is also limited to 50 meters to mitigate the potential for an on-board fire. 

[NOTE: SN # 96 and the unit in the DMO AUV lab are difficult situations in the current state. Neither can be shipped in the usual manner due to the potential for spontaneous ignition and fire] 
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Batttery Worksheet

						Saft 3.6V/41Ah		Valence 44/4360 Ah		Eagle-Picher SLC-16015/AGM ICR34600		Lithion
INCP-611678		Yardney
LR-40		Electrochem CB36		Alkaline MnO2		Lithium Sulfur		moltech
Lithium Sulfur potted 
in 4500m syntactic		Valence 44/4360 Ah w/ 50% scotchcast

				Chemistry		LiC/LiNiO2		LiC/LiMO2		LiC/LiCoO2		LiC/LiNiO2		Ag/Zn		Li/SOCl2		Zn/KOH/MnO2		Li/S				LiC/LiMO

				Construction		Spiral Wound		Polymer		Spiral Wound		Prismatic		Prismatic		Cylindrical		Cylindrical		Polymer				Polymer

				Weight (kg)		1.05		0.121		0.125		0.188		0.638		0.213		0.138		TBD				0.121

				Max Cell Dimensions (mm)		220 (height)
54 (diameter)		5.8 (thickness)
103 (height)
103 (width)		61.0 (height)
34.04 (diameter)		16.0(thickness)
78.0(height)
61.0(width)		25.1(thickness)
180.3(height)
82.6(width)		111.4(height)
33.53(diameter)		61.0(height)
34.0(diameter)		TBD				5.8 (thickness)
103 (height)
103 (width)

				Nom. Cell Voltage (V)		3.6		3.8		3.6		3.6		1.5		3.9		1.5		TBD				3.8

				Nom. Cell Capacity (Ahr)		41		4.36		5.2		6		64		29.0
(derated for 0 C)		14.3		TBD				4.36

				Specific Energy (Whr/kg)		140		136.9		149.76		145		150.47		531		130		420		330.91		82.20

				Energy Density (Whr/liter)		290		269		343.95		345		256.82		1426.9		289		520		390		148.6

				Density (kg/liter)		2.07		1.96		2.30		2.38		1.71		2.6872		2.22		1.24		1.18		1.81

				Pressure Tolerant		Under Devel.		Under Devel.		Under Devel.		No		Available		No		no		TBD

				Cycles		2100		1000		1000		>500		30-50		1		1		>500				1000

				Initial Cost($/kWhr)		$29,149.25		$10,000.00		$10,038.00		$15,714		$3,555.56		$300.00		$30.00		TBD				$10,000.00

				Cycle Cost ($/KWhr cycle)		$13.88		$10.00		$10.39		$15.71		$71.11		$300.00		$30.00		TBD		?		$10.00

		Single 17'' Glass Sphere, no additional Syntactic

		Total Energy (Whr)				3654.00		3573.09		3908.74		3784.50		3927.27		13859.10		3393.00		10962.00		8636.73		2145.42

		Energy Density (Whr/liter)				86.56		84.64		92.59		89.65		93.03		328.31		80.38		259.68		204.60		50.82

		Neutrally Buoyant Battery using 4500 Meter Foam

		Energy Density (Whr/Liter)				91.8423507463		91.56		94.96		90.97		106.75		322.30		83.28		361.27		296.21		56.85

		Battery Volume Fraction				0.317		0.340		0.276		0.264		0.416		0.226		0.288		0.695		0.760		0.383

		Foam Volume Fraction				0.683		0.660		0.724		0.736		0.584		0.774		0.712		0.305		0.240		0.617

		21'' Diameter, 17'' Long Cylindrical Midbody Section w/ 1 sphere and top-half foam																										1.3023255814

		Total Energy (Whr)				5342.53		5224.23		5714.98		5533.33		5742.08		20263.45		4960.92		16027.59		12627.80		3136.83

		Energy Density (Whr/liter)				58.10		56.82		62.15		60.18		62.45		220.38		53.95		174.31		137.33		34.11

		Total Battery Volume (liters)				18.42		19.42		16.62		16.04		22.36		14.20		17.17		30.82		32.38		21.11

		Total Foam Mass (kg)				13.43

		Total Battery Mass (kg)				38.16																9677.4193548387

																						10264.7522000926

		21'' Diameter, 21'' Long Cylindrical Midbody Section w/ 1 sphere & top & bottom half foam

		Total Energy (Whr)				8500.08		8311.87		9092.66		8803.66		9135.78		32239.60				25500.25		20091.10		4990.76

		Energy Density (Whr/liter)				74.84		73.18		80.05		77.51		80.43		283.84				224.51		176.88		43.94

		Total Battery Volume (liters)				29.31		30.90		26.44		25.52		35.57		22.59				49.04		51.52		33.59

		Total Foam Mass (kg)				19.27

		Total Battery Mass (kg)				60.71

				Packaging		Saft 3.6V/41Ah		Valence 44/4360 Ah		Valence 44/4360 Ah w/ 10% scotchcast		Eagle-Picher SLC-16015		Yardney LR-40		Lithion
INCP-611678		Electrochem CB36

				Neutral Buoyant		97.44		96.79		89.97		67.48		112.37		96.93		344.46

				Sphere		86.56		84.64		77.93		64.92		93.03		89.65		328.31

				Sphere & top Foam		55.39		54.17		49.87		41.55		59.54		57.37		210.10

				Sphere & Top/Bot Foam		78.62		76.88		70.78		58.96		84.50		81.43		298.19

						81.3953488372

										54

		Construction





HousingFoam Worksheet

		Seawater Density (kg/liter)		1.025

		Housing Parameters

		Depth Rating [m]		6700

		mass [kg]		17.3

		Seawater Buoyancy [kg]		26.10		note - vitrovex spec sheet number doesn't agree with calcs														25.97

		Internal Diameter (ID) [mm]		404

		Overall Diameter [mm]		432

		Internal Volume (liters)		34.53

		External Volume (liters)		42.21

		Density (kg/liter)		0.4098229172

		4500 m Foam Parameters

		Density (kg/liter)		0.54

		Bouyancy (kg/liter)		0.485

				25.8942884207

		1.5117289314

		173.7619461338

		114.9425287356





bluefin real numbers

		length(m)		width(m)		height(m)		dry mass		volume(l)		wet mass		neutrally bouyant volume(l)		energy(whr)		neutrally buoyant specific energy(wh/l)

		0.2667		0.127		0.2794		15		9.46352946		-5.2714917151		20.0065128902		1000		49.9837230749

		0.2667		0.127		0.4572		27		15.48577548		-11.0806228066		37.6470210931		2000		53.1250532427

		0.2667		0.127		0.6858		42		23.22866322		-18.1209342098		59.4705316397		3500		58.8526771747





cost comparison

		chemistry/vendor		capacity(kwhr)		cost ($)		Initial Cost ($/kWhr)		cycles		$/kwhr cycle

		bluefin lpb		1		10000		10000.00		1000		10.00

		ept l-ion (optimistic)		4.3		42000		9767.44		1000		9.77

		ept l-ion (nameplate)		4.043		42000		10388.33		1000		10.39

		ultralife bb-2590/u		0.17		415		2441.18		500		4.88

		Ag/Zn		0.054		192		3555.56		50		71.11

		alkaline		0.018		0.54		30.00		1		30.00

		Saft High Capacity		3.0996		90351		29149.25		2100		13.88

		Yardney		1.4		22000		15714.29		1000		15.71

						144		10752

								10666.68






