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Program Overview

• Project start date 09/2008
• Project end date: 09/2011
• Percent complete: 60%

• Material system costs
• Manufacturing processes

Timeline

Budget

Barriers

• Quantum Technologies, Inc. 
• The Boeing Company (Boeing)
• Pacific Northwest National 

Laboratory (PNNL)
• Lawrence Livermore National 

Laboratory (LLNL)

Partners
• Total Budget: $5,486,848

• DOE Share: $2,566,451

• QT/Boeing Share: $1,920,397

• FFRDC Share: $1,000,000

Presenter
Presentation Notes
FFRDC == Federally Funded Research & Development  Contracted (?)  . . . Is the LLNL and PNNL efforts, 500K each.  Recommended time for this slide:  <2 minThe purpose of this slide is to provide some context for evaluating your project and especially your accomplishments.  The information in the left column describes the magnitude and timing of the investment in your project.  The information in the right column describes the players and the issues that are to be overcome.  Note that the example includes the Technical Targets the project is addressing.  This is acceptable if it can be done in a concise manner as shown.  For projects that include multiple partners, please discuss the roles of each and how the overall project is being managed.
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Briefly – Composites at Boeing,  787 Family

787-9
250-290 passengers
8,000-8,500 nmi 
(14,800-15,700 km)

787-8
210-250 passengers
7,650-8,200 nmi 
(14,200-15,200 km)

Presenter
Presentation Notes
This 787 chart were previously released part of the 787 Public Presentation. The charts were removed from "787 Public Presentation (Updated 1/4/11). Lorri Murphy is the contact for Public Relations, Communications Toolbox on the 787.  The first family member is the 787-8. It has a range of 8,000 nautical miles when configured with 250 passengers in a three-class configuration. The 787-9, a stretch version of the 787-8, will follow the 787-8 into service.
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Composite Structure

• Lighter

• More durable

• Negligible corrosion 
and fatigue

• Reduced scheduled 
maintenance

• Opens new design possibilities

Carbon laminate
Carbon sandwich
Other composites
Aluminum
Titanium
Titanium/steel/aluminum

Aluminum
20%

Titanium
15%

Steel
10%

Other
5%

Composites
50%

Presenter
Presentation Notes
This 787 chart were previously released part of the 787 Public Presentation. The charts were removed from "787 Public Presentation (Updated 1/4/11). Lorri Murphy is the contact for Public Relations, Communications Toolbox on the 787.  You can see that the 787 uses a significant amount of composite materials on its primary structure. This is because the composite materials are ideal for an airplane – they don’t corrode and they don’t fatigue.
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Asia
Fuji
Mitsubishi
Kawasaki
KAL-ASD

Canada
Boeing
Messier-Dowty

Australia
Boeing

U.S.
Boeing
Spirit
GE
Goodrich

Europe
Messier-Dowty
Rolls-Royce
Latécoère
Alenia
Saab

Wing tips
Seoul, Korea

Moveable trailing edge
Melbourne, Australia

Fixed trailing edge
Nagoya, Japan

Wing
Nagoya, Japan

Nacelles
Chula Vista, CA

Tail fin
Frederickson, WA

Horizontal stabilizer
Foggia, Italy

Aft fuselage
Charleston, SC

Passenger entry doors
Toulouse, France

Center fuselage
Grottaglie, Italy

Mid forward fuselage
Nagoya, Japan Forward fuselage

Wichita, KS

Cargo access doors
Linköping, Sweden

Wing/body fairing
Landing gear doors
Winnipeg, Canada

Engines
GE – Evandale, Ohio
Rolls Royce – Derby, UK

Fixed and moveable
leading edge
Tulsa, OK

Landing gear
Gloucester, UK

Center wing box
Nagoya, Japan

Main landing gear
wheel well
Nagoya, Japan

48
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46

44

43

41
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45

Partners Across the Globe are Bringing the 787 Together

Presenter
Presentation Notes
This 787 chart were previously released part of the 787 Public Presentation. The charts were removed from "787 Public Presentation (Updated 1/4/11). Lorri Murphy is the contact for Public Relations, Communications Toolbox on the 787.  
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20-Year Market Forecast

3,470 
airplanes

Large 
twin-aisle

3,090
airplanes

Small 
twin-aisle

Medium 
twin-aisle

787-8
242 seats

787-9
280 seats

787-size airplanes represent 3,400+ market
Source: Boeing CMO 2010 - 2029

Presenter
Presentation Notes
This 787 chart were previously released part of the 787 Public Presentation. The charts were removed from "787 Public Presentation (Updated 1/4/11). Lorri Murphy is the contact for Public Relations, Communications Toolbox on the 787.  
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Significant Need for Carbon Fibers in Aerospace

Presenter
Presentation Notes
Source:  http://www.compositesworld.com/articles/carbon-fiber-up
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. . . Also for other Energy and Industrial Uses

*500,000 units of compressed gas cylinders would require  27 Metric Tonnes

Presenter
Presentation Notes
Source: http://www.compositesworld.com/articles/carbon-fiber-upEstimating carbon fiber supply is an inexact science, primarily because not all carbon fiber suppliers share data about current and planned capacity. Because of this, conference attendees were told that although there was some uncertainty in the figures, the overall trends and totals are accurate enough to provide a good general sense for how the market could be expected to evolve. The forecasts were based on PAN-based fiber, by far the largest category of carbon fiber product, and therefore of greatest interest to most attendees. The data were categorized by fiber tow size. Small tow encompassed products up to 24K fiber, and large-tow data covered those products larger than 24K.Figures for small-tow carbon fiber were broken out individually for major suppliers — Toray Industries and Mitsubishi Rayon Co. Ltd. (both based in Tokyo, Japan), Toho Tenax (Wuppertal, Germany), Hexcel (Dublin, Calif.), Cytec Engineered Materials (Tempe, Ariz.) and Formosa Plastics (Taipei, Taiwan). Total nameplate capacity for small-tow PAN carbon fiber in 2009 was about 53,750 metric tonnes (almost 118.5 million lb).Major suppliers of large-tow fiber include Toray, Toho, Mitsubishi, Zoltek Inc. (St. Louis, Mo.) and SGL Technologies GmbH (Wiesbaden, Germany). Nameplate capacity for large-tow in 2009 totaled ~26,550 metric tonnes (> 58.5 million lb).
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Specific Strength and Modulus

Note, in this case, the modulus and strength are divided by the 
specific gravity (no-units) to give the specific modulus or 
strength
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DOE High Priority MR&D Needs

Presenter
Presentation Notes
One of two storage technologies is currently employed on virtually every hydrogen-fueledconcept vehicle: (1) high-pressure compressed gas storage at 350 bar (5,000 psi) or 700 bar(10,000 psi) and ambient temperature or (2) liquid hydrogen storage at 20 K and nearambient pressure. These two options employ very different manufacturing methodsbecause their materials and fabrication processes differ significantly



Engineering, Operations & Technology | Boeing Research & Technology Materials & Fabrication Technology

EOT_RT_Sub_Template.ppt | 1/12/2009 | Structural Tech  12Copyright © 2009 Boeing. All rights reserved.

Hybrid Process

Fiber Placement

Filament Winding

Presenter
Presentation Notes
This slide has not been previously released.  
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Project Objectives

Filament winding process is not optimal
• Allows no easy dropping/picking-up of tows
• Build up of thickness at dome (ends) must pass across length of cylinder
• Results in 15 to 20% added weight
• Lower quality laminate – higher porosity, lower fiber volume
Fiber placement process is not optimal
• Slow process, 2 lb/hr lay down, compared to 30 lb/hr for filament winding
• Expensive equipment 
• More touch labor 
Goal to manufacture Type IV H2 storage pressure vessels, utilizing a 

new hybrid process with the following features 
• Optimal elements of flexible fiber placement & commercial filament 

winding
With the aim of achieving:
• A manufacturing process with lower composite material usage, cost & 

higher efficiency

Presenter
Presentation Notes
Purpose:  The objectives should describe what you are trying to do, both over the life of the project and during the current project year.   Relevance to the Hydrogen Program includes contribution to achievement of specific targets and milestones. 
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Fiber Placement Technology

• Fiber placement, a CNC process lays 
multiple strips of composite material on 
demand.

• Allows maximum weight efficiency
• Only places material where it is needed
• Steering of fiber allows greater design 

flexibility

• Existing machines don’t meet the all 
objectives

• Process is scalable to smaller parts
• Software available for smaller 

machines

Ref: Boeing Released, BOE031709-109, by K. M. Nelson on Jan 29, 2010.

Presenter
Presentation Notes
Boeing Released Information Ref: BOE031709-109, by K. M. Nelson on March 30, 2009
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Microstructure

Fiber Placed

Filament Wound
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First Tank Fabrication and Test

The smallest polar opening 
AFP can make currently 

The regions (domes) covered by 
the localized reinforcement were 

protected very well. 

• Static Burst Result:   23420 PSI > 22804 PSI, 
EN standard (New European Standard superseding EIHP)

• 64.9 kg composite usage in the 1st hybrid vessel vs. 
76.0 kg in the baseline tank (FW alone)

11.1 kg Savings!

Ref: Boeing Released, BOE031709-109, by K. M. Nelson on Jan 29, 2010.

Presenter
Presentation Notes
Recommended time for Approach slide(s):  2 minPurpose:  Describe the general approach being used to meet the objectives.  Emphasize the unique aspects of the approach and describe how the approach represents an improvement over past efforts, if applicable.  Unless your objectives include developing instrumentation or test methods, limit the discussion of the instruments being used; save time for discussing the details of the results.
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Tank Cost Analysis 

Quantum and Boeing’s manufacturing experience was used to 
estimate the $/kg of Filament Wound (FW) and Automatic 
Fiber Placed (AFP) Composites.

Hybrid composite design provided the mass of Filament 
Wound and Automatic Fiber Placed Composites.

Cost model included materials, labor, overheads, balance of 
system, manufacturing equipment and factory space costs.

Baseline and two bounding manufacturing scenarios were 
investigated:

1. Baseline = Quantum Filament Wound 129 Liter, Type IV Tank.
2. Fully Integrated FW and AFP – Composite layup optimized for high 

strength, but inefficient machine usage.
3. Fully Separate FW and AFP - 100% machine usage, but composite 

strength may be slightly reduce.

Presenter
Presentation Notes
Quantum’s knowledge of the design and cost of manufacturing FW tanks was used to itemize the costs and process times of the FW layup.  Boeing provided similar information for the material cost and layup times of AFP.  Quantum’s hybrid composite design provided the FW and AFP masses to estimate the as-formed cost and processing times of FW and AFP.  The cost model includes materials, labor, overheads, balance of system, manufacturing equipment and factory space costs. The equipment cost and required factory space were estimated for the FW and AFP tank layup. The tank curing and inspection/testing equipment and space requirements were then added.Baseline and two bounding manufacturing scenarios were investigated:1. Baseline = Quantum 129 Liter, Type IV Tank, 76kg composite weight2. Fully Integrated FW and AFP – Composite layup alternates FW and AFP in thin layers in the domes to optimize for high strength.  This results in inefficient machine usage because the FW (13kg/hr) must wait for the slower AFP process (1.5 kg/hr).3. Fully Separate FW and AFP - 100% machine usage by manufacturing AFP reinforcing layers off-line and inserting them on the tank domes throughout the processing.  This may result in slightly reduced composite strength.The cost model estimated the baseline Type IV tank to cost $23.45/kW*hr of H2.  This compares closely with the estimated cost of $23/kW*hr of H2 reported by TIAX in their 2009 Merit Review presentation.
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Tank Cost Analysis, 500,000/yr, $11/lb Carbon Fiber 

*Cost numbers provided by Pacific Northwest National Labs.  See Notes.

Ref: Boeing Released, BOE012010-035, by K. M. Nelson on Jan 29, 2010.

Presenter
Presentation Notes
Boeing Released Information Ref: BOE012010-035, by K. M. Nelson on Jan 29, 2010.  Cost Numbers Provided by Pacifica Norwest National Labs as part of the Quantum/Boeing/PNNL/LLNL team. DOE Hydrogen Program, Development of Advanced Manufacturing Technologies for Low Cost Hydrogen Storage Vessels, Project ID #MF008.  The first hybrid tank exceeded the required burst pressure and saved 11.1kg of the 76 kg baseline (14.6% !!)12.6 kg of parasitic FW material in the center section of was replaced with 1.5 kg of AFP material to locally reinforce the domes at the optimum ply orientations.Fully integrated process time is the sum of the FW and AFP processing times.Fully separate process time is the maximum of the FW or AFP process times.Number of processing cells is calculated based on 500,000/yr, Process time per tank, processing hours/year (233 days x 24 hr x 0.9).Integrated processing assumes 2 AFP heads per FW cell.The composite cost  (FW + AFP = $2000 to $2290) is 86% to 89% of the total tank materials cost for $11/lb carbon fiber.Manufacturing equipment and factory costs are small in each case ($43 - $76/tank) and could be reduced further with continuous production (233 days initially assumed, continuous = 350 days x 24 hr x 0.9).Composite layup can be optimized without significant penalty from reduced machine efficiencies.Reduced tank mass improves Specific Energy increased from 1.5 to 1.67 kWh/kg. Cost efficiency reduced from $23.45 to $21.75/kWh for $11/lb carbon fiber.Bottom Line:  The first hybrid tank exceeded the required burst pressure and saved 11.1kg of the 76 kg baseline (14.6% !!) with a projected tank cost savings of 10%.
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Cost* and Tank Weight Compared to DOE Targets

*Cost numbers provided by Pacific Northwest National Labs.  See Notes.

Presenter
Presentation Notes
Cost Numbers Provided by Pacific Norwest National Labs as part of the Quantum/Boeing/PNNL/LLNL team. DOE Hydrogen Program, Development of Advanced Manufacturing Technologies for Low Cost Hydrogen Storage Vessels, Project ID #MF008.  First weight savings is 15%, the second is 23%, or 8% moreFirst Cost Savings is 11%, the second is 17% then 18% (for the increased placement rate).  Costs for Tank 4 is 2133, 2112, and then $1488 for the 6$ carbon.  Baseline is 11 $/kg carbon fiber.  Different look at the numbers.  These are just the tank costs and tank weight.  The tank costs are roughly From: http://www.appropedia.org/Carbon_fiber_productionIt was found that carbon fiber production costs can be divided into six categories: Material, Process Materials, Energy, Labor, Capital and Other. Of these categories Material makes up for 44% of the overall cost, Process Materials is 6%, Energy cost is 15% of the overall cost, Capital makes up 21% of costs, Labor is responsible for 9% of costs and other costs make up 5% of the overall costs.[12]. Methods to improve the energy efficiency of this process should be considered. suggested project. Carbon fiber fit for commercial applications can be produced for as little as $5.83 per pound. This is broken down into $1.90 for the precursor, $0.12 for pretreatment, $1.51 for stabilization and oxidization, $1.19 for Carbonization and $1.11 for sizing surfacing and quality control. This is the price per pound for producing carbon fiber out of a commodity acrylic fiber and does not include the overhead costs of building the tow or ovens used in each process. Theses costs are at their 2002 level and will be slightly lower due to advancements in technology.[13] 
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Breakdown of System Costs

Baseline System
Total Cost =$3864 
Includes: 

Tank Hardware
System Hardware
500,000 Units per Year

*Cost Numbers Derived from PNNL Cost Analysis.  See Notes.

Presenter
Presentation Notes
Cost Numbers Provided by Pacifica Norwest National Labs as part of the Quantum/Boeing/PNNL/LLNL team. DOE Hydrogen Program, Development of Advanced Manufacturing Technologies for Low Cost Hydrogen Storage Vessels, Project ID #MF008.  Here are the cost drivers for the total system.  So this includes the System hardware – regulator/valve/sensor/etc.Raw carbon fiber at 11 $/lb make up 33% of the costs.The Manufacturing Equipment and Factory floor space is only 1%.  The point here is that the added cost of robotic AFP is insignificant.  Tank Components and System Components are over 50% of the costs, clearly advances in these would reduce the tank costs, how much is difficult to speculateQuestion to Ken JohnsonWhere does the 
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DOE Cost Goals

Presenter
Presentation Notes
Ref: http://www.hydrogen.energy.gov/pdfs/roadmap_manufacturing_hydrogen_economy.pdfAnd:  http://www.hydrogen.energy.gov/manufacturing.htmlThe pathway to cost reduction is summarized in Figure 10. Costs for storage systems forcompressed gas stored at 5,000 and 10,000 psi can be reduced by lowering the cost ofcarbon fibers through materials development and moving to higher volume manufacturingprocesses through manufacturing R&D (left arrow).This section of the roadmap focuses on the R&D needed to manufacture onboard storagesystems that use compressed hydrogen, because this technology is most likely to beemployed early in the transition to the hydrogen economy. As materials–based orchemical storage technologies are further developed, manufacturing R&D efforts will beexpanded to address those systems. Improved high-volume manufacturing processes willplay an important role in reducing the cost of hydrogen storage systems to meet the DOE2015 target of $2/kWh (~$300 for a 5-kg hydrogen system). High-priority needs formanufacturing R&D are summarized in Table 10.
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DOE Energy Storage Goals

The current (as of 2009) high pressure, i.e. 700 bar (10,000 
psi) gaseous, hydrogen storage

• Goal is a 5-kg H2 storage vessel
• 2010 target for on-board hydrogen storage is:

• $4/kWh by 2010
• 2 kWh/kg (6 wt%)
• 1.5 kWh/L

• By 2015 target is:
• $2/kWhr by 2015 (~$300 for a 5-kg hydrogen system).
• 3 kWh/kg (9 wt%)
• 2.7 kWh/L

Presenter
Presentation Notes
Ref:  (1)  http://www1.eere.energy.gov/hydrogenandfuelcells/mypp/pdfs/storage.pdf(2) http://www1.eere.energy.gov/hydrogenandfuelcells/mypp/(3) http://www1.eere.energy.gov/hydrogenandfuelcells/mypp/pdfs/manufacturing.pdfMost onboard systems in use today operate at 350 bar (5,000 psi). However, composite tanksare available that can operate at 700 bar (10,000 psi). The higher pressure operation improvesfuel capacity, but it also increases requirements for integrity, leak rates, and long-termcompatibility for manufacturing the seals, valves, and regulators.The current high pressure, i.e. 700 bar (10,000 psi) gaseous, hydrogen storage system costrange is approximately from $250 to $350/kWhr. The Program’s target for all on-boardhydrogen storage technologies is $2/kWh by 2015 (~$300 for a 5-kg hydrogen system).10 Theobjective of manufacturing R&D is to reduce the cost of making high-pressure storage systemsto meet this target.
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Specific Energy Compared to DOE Goals

Presenter
Presentation Notes
2015 target needs a fundamentally stronger fiber, by 2 or 3 times.  
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Cost* Efficiency Compared to DOE Goals

*Based on $11/lb Carbon Fiber.  Cost Numbers Derived from PNNL Cost Analysis.  See Notes.

Presenter
Presentation Notes
Cost Numbers Provided by Pacifica Norwest National Labs as part of the Quantum/Boeing/PNNL/LLNL team. DOE Hydrogen Program, Development of Advanced Manufacturing Technologies for Low Cost Hydrogen Storage Vessels, Project ID #MF008.  These numbers are different, because they are based on the system costs.  So the regulator, valve, pressure sensor, and hardware are included. We are way out of line for the target.  Getting to a cost efficiency of 4 would mean carbon prices on the order of 2 $/lb, plus reducing component prices by 3 or 4 times.  
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Observations

• Based on the system cost:
– Carbon fibers drive 33% of system cost

• Based on tank cost:
– Raw carbon fibers are 50% of tank costs
– Composite part of tank is 86 to 89% of total cost

• Reduce fiber cost from 11 to $6/lb would:
– Reduce tank cost by 24%
– Reduce system cost by 15%

• Hardware components are expensive: 52% (of system cost)
– Valves, Regulators, Sensors, End Bosses, Fittings
– Explore ways of reducing these costs.

• Realistic, aggressive DOE cost goals 
• Cost Efficiency == $/KwH

– $1700* for full system
– Realistic goal = 10 $/KwH

• Specific Energy == KwH/kg
– Driven by fiber performance.  
– Realistic goal == 2 KwH/kg (2010 Goal) 

• Refurbishing tanks
– 30-year life time is longer then vehicle life
– Use refurbished tanks in lower-cost new vehicles
– Residual value of tank after 15-years maybe 40% of new

• 1.80 vs. 2.25 Factor of Safety?
*Cost Numbers Derived from PNNL Cost Analysis.  See Notes.

Presenter
Presentation Notes
Cost Numbers Provided by Pacifica Norwest National Labs as part of the Quantum/Boeing/PNNL/LLNL team. DOE Hydrogen Program, Development of Advanced Manufacturing Technologies for Low Cost Hydrogen Storage Vessels, Project ID #MF008.  The $1700 assumes a 50 Kg composite structure weight and $5 per pound carbon fiber, combined with a 50% reduction on all other significant cost factors (labor, hardware, etc.) Specific Energy goal assumes a 25% reduction in associated hardware weight by more efficient designs and better choice of materials (arbitrary estimate), plus current T800 class fiber performance.
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Built for the Environment

• Reduction in hazardous chemicals 
and overall waste 

• Significant reduction in tooling

• 30-40% reduction in manufacturing 
assembly time

• Process creates repeatable first-time 
quality

• Much better buy-to-fly ratio

Manufacturing techniques drive environmental performance 

Presenter
Presentation Notes
This 787 chart were previously released part of the 787 Public Presentation. The charts were removed from "787 Public Presentation (Updated 1/4/11). Lorri Murphy is the contact for Public Relations, Communications Toolbox on the 787.  There are four key technologies that contribute to the 787’s 20 percent fuel advantage.Materials – the composites – contribute 3 percent.Systems contribute 3 percent.Aerodynamics contributes about 3 percent.Engines contribute about 8 percent of the improvement.But there is a distinct advantage in putting these technologies on an all-new airplane that gives us another 3 percent advantage. We call it cycling – the ability to let one improvement reduce the requirements elsewhere. For example, the engines are more efficient so the wing doesn’t need to carry as much fuel so the wing can get smaller. When the wing gets smaller, the engine can get a little smaller. If we were to introduce the engine technology on an existing airplane, we would still see some improvement but we wouldn’t be able to change the wing. The full benefit of the technology improvements can only be reached with an all-new design.
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New Head Design

• Structural efficiency increases with smaller fiber-placed polar openings 
• Heads must be designed to minimize clearance with the boss
• Programming focused on geodesic paths for minimal shear loading of 

composite

Ref: Boeing Released, BOE031709-109, by K. M. Nelson on Jan 29, 2010.

Presenter
Presentation Notes
Boeing Released Information Ref: BOE031709-109, by K. M. Nelson on March 30, 2009
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