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Executive Summary
The United States Air Force is currently testing a Micro Aerial Vehicle (MAV) known as the Bullwinkle. The Air Force Research Lab (AFRL) has asked Group 15 to improve the design and manufacturing of the Bullwinkle’s fuselage. This aircraft is a tandem wing design that is 15.75 inches in length and 24 inches in wingspan.  Its mission is aerial reconnaissance and transportation of a small payload.  The aircraft is currently constructed from pre-impregnated carbon fiber in two parts using a male mold.  The material is shaped in a vacuum bag and cured in an oven.  Group 15 has found that the best material to construct this fuselage is carbon fiber.  After research and lab testing, Group 15 designed a two part shell structure.  In this design, the cap and bonding strips to assemble the fuselage are made from a flat sheet of infused carbon fiber. The male mold form was provided by AFRL and was used to cast the female mold from industrial grade gypsum plaster.  The fuselage was made with polyester resin. The carbon fiber was laid into the mold and vacuum bagged.  The cloth was then infused with resin using the Vacuum Infusion Process.  This process uses vacuum in the bag to draw resin in through an inlet tube.  After curing, the parts were trimmed and assembled with two part epoxy. A motor mount plate was cut using the water jet machine from 0.064” thick 2024 aluminum and bonded to the fuselage. The average weight of the produced fuselage with the motor plate was 140 grams.  A cap was designed with carbon fiber tabs that was able to be removed quickly without fasteners or moving parts. The final design was approved by the sponsor and a quote request package was sent to potential manufacturers. Group 15 found that Milco Water Jet in Huntington Beach, California could produce the requested 30 motor mount plates for $190 in a five day period.  Of an original 30 companies, Group 15 found six companies interested in producing the fuselage. This information will be passed on to the engineers at AFRL.  Group 15 recommends that the engineers at AFRL employ the Vacuum Infusion Process in house and make their own parts. This will allow them to have direct control over each aircraft they construct.   
Chapter 1: Introduction

The United States Air Force has developed Unmanned Aerial Vehicles for use in situations where conventional piloting is not needed or is not possible.  It was seen that this technology could be shrunk to be carried and operated by a person in the field.  This Micro Aerial Vehicle (MAV) technology was adapted for use by Combat Control troops.  These troops are Air Force Personnel that are deployed in small, independent units or with joint service ground units.  The job of these troops is to identify targets and communicate with other personnel in an attempt neutralize said targets.  Many times, these troops on the ground are talking directly to the pilots who are overhead deploying munitions.  

In the past, these troops carried an average of 150 pounds of gear.  Recently, there was a major emphasis put on lightening this load and increasing the effective area of these troops.  Strides such as these have been taken to protect them and to make these outstanding troops even more effective.  

One of the newest MAV’s has been dubbed the “Bullwinkle.”  The Bullwinkle is a 16in carbon fiber vehicle with a weight of 4.3lbs.  The vehicle is controlled by a “Toughbook” laptop PC which has also replaced some of the troops’ other communication and control gear.  The Bullwinkle is unique because it has the capability to lock onto a target and carry a small payload. 
Currently, the Air Force Research Laboratory constructs the fuselage of Bullwinkle using vacuum bag molding.  In this process, the fuselage is constructed in two parts.  Pre-impregnated carbon fiber is laid onto a mold of the fuselage.  The mold is placed into a vacuum bag that removes all the air from the material and makes the material conform to the mold.  The material is then cured in a high temperature laboratory oven.  After extraction from the mold, the two halves of the fuselage are then fastened together with nylon screws.  

Group 15 is assisted by sponsor, Jeff Wagener, Micro Aerial Vehicle Program Manager at the Air Force Research Laboratory, and Dr. Richard Liang of the Industrial Engineering Department, who specializes in composite manufacturing technology.  Additional assistance and supervision are provided by Dr. Chiang Shih of the Mechanical Engineering Department.  Another valuable resource is Jerry Horne, manager of the Industrial Engineering Composites Laboratory.  Through this laboratory Group 15 gained knowledge of composite structures and techniques, and had access to all materials necessary for this project.        
Chapter 2: Product Specifications

Current MAV Specifications
· Weight – 3 pounds

· Length – 15.75 inches 

· Material – Carbon fiber

· Fasteners – Nylon screws

· Controls – Autopilot, Laptop PC input

· Maximum Velocity – 90 knots

· Propulsion – Battery powered pusher propeller
Project Specifications
· Size – Use given geometry
· Shape – Use given geometry
· Weight – 130% of AFRL Fuselage – Goal: < 127.79grams
· Structural Integrity

· Heat Resistance (Motor – 300o F)

· Impact (30o nose dive)

· Payload – Batteries, control systems, propulsion system, motor, camera, and other unspecified payload

Manufacturing Specifications

· Production : 30 fuselages  (may be scaled to 100)

· Timeline

· Start-up: 1 month

· Production : 1 month

· Budget

· Start-up: $20,000

· Production: $300 Per-unit

Chapter 3: Background Research

Composites Basics


The physical properties of composites are fiber dominant. This means that when resin and fiber are combined, their performance remains most like the individual fiber properties. For example, it is not satisfactory to merely average the tensile strengths of fabric and resin to determine the strength of a panel. Test data shows that the fibrous reinforcement is the component carrying the majority of the load. For this reason, fabric selection is critical when designing composite structures. 

The average fabricator has a choice of three types of reinforcing materials with which to construct a project. These are fiberglass, carbon fiber, and Kevlar®. All three have their benefits and shortcomings, and are available in numerous forms and styles.
To understand composites, there are some key terms that must be understood.  The finished product is referred to, so eloquently, as the piece.  The item constructed in the mold is called the plug.  The mold is the basis for the manufacturing of the part.  There are two types of molds; male and female.  Male molds are the actual shape of the intended piece and female molds are the negative space that the piece could be formed in.  A laminate is the solid part constructed from a combination of resin and reinforcing fabric. This also refers to the process, i.e. laminating.  The gel coat, also known as the surface coat, is a term that technically applies to polyester-based materials. The term surface coat is used to describe epoxy or polyester materials that are thickened formulas of resins which can be used on the surface for cosmetic and protective reasons.  Release agents are chemicals added to the surface of the mold to help the release of the part from the mold (Fiber Glast).”  
Materials

Glass Fiber

Glass fiber, commonly called fiberglass, is a versatile and relatively inexpensive composite material.  It is the most widely accepted and least expensive reinforcement. It has been used successfully in many applications since the 1950’s, and much is known about its properties. It is relatively lightweight, has moderate tensile and compressive strength, is tolerant of both damage and cyclical loading, and is easy to handle and machine. Because it is considerably cheaper than carbon fiber and Kevlar, fiberglass cloth is more widely used in industry (Fiber Glast).    
Carbon Fiber

The idea of carbon fiber first came to life when Thomas Edison took out a patent for the manufacture of carbon filaments for use in electric lamps.  Commercial production of this product was not started until the early 1960’s by Royal Aircraft Establishment at Farnborough, Hampshire in England.  Recently applications of carbon fiber have been extended to products in numerous industries such as sporting, transportation, and manufacturing.  Improvement in materials, technologies and customer awareness are allowing for carbon fiber to be produced at a steadily decreasing price.  

The product itself is generally the same in its composition, and only varies in the care taken to create it as well as its quality of carbon.  Its atomic structure is very similar to graphite, where it is basically sheets of carbon which are in a hexagonal shape, but instead of being in parallel with each other as in graphite, the hexagons of carbon are chaotically strewn together, making the end product much stronger and more flexible (see Figure 3.1). A carbon filament is a thin tube with a diameter between 5 – 8 microns.  The fibers have high electric conductivity and low thermal conductivity. 
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Figure 3.1: Hexagonal Structure (James)

Carbon filaments are commonly made by using oxidation and thermal pyrolysis on polyacrylonitrile (PAN).  This is a polymer which when heated under the correct conditions, most of the non-carbon contaminants evaporate away.  The result after drawing is a filament which is 93-95% carbon.  Lower quality filaments can be made by using pitch or rayon instead of PAN.  Figure 3.2 shows a strand of carbon fiber as compared to human hair.
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Figure 3.2: A 6 μm diameter carbon filament compared to a human hair. (Carbon Fibre) 
Kevlar

Kevlar was developed in 1965 at the Dupont Company by Stephanie Kwolek by synthesizing two monomers and drawing the solution into a fiber.  Kevlar is commonly used as reinforcement in marine and aviation industries.  Kevlar has become most famous for its military applications. It is used in body armor, gloves, helmets, vehicles, and many more applications. Military body armor was previously made from heavy metals and ceramics.  The Kevlar used in the new Interceptor Outer Tactical Vest is five times the strength of steel by weight.  This weight reduction drastically increases a soldier’s mobility and decreases human fatigue.  Kevlar has become such an integral part of the military that many soldiers refer to their Kevlar helmets as “my Kevlar.”  Kevlar has a tensile strength of 3GPa. (Kevlar).
Comparison

Table 3.1 shows comparative properties of Glass Fiber, Carbon Fiber, and Kevlar.

Table 3.1: Materials Properties 
	Property
	Glass Fiber
	Carbon Fiber
	Kevlar

	Fabric Density (g/cm^3)

	2.5
	1.78
	1.44

	Tensile Modulus (Mpsi)

	2.5
	8.2
	3.8

	Tensile Strength (kpsi)

	45.8
	75.6
	45.4

	Flexural Modulus (Mpsi)

	3
	6.4
	2.5

	Flexural Strength (kpsi)

	66.7
	96.5
	34.5


Resin

Polyester
 
Polyester resin is a commonly used substance because of its flexibility in use and its wide variety of applications.  This product is commonly available at retail stores for use with fiberglass. In most polyster resins a catalyst such as Methyl Ethyl Ketone Peroxide (MEKP) is added to begin curing. Many professionals use polyester resins because of their low viscosity.  This makes them easy to handle and infuse (Fibre Glast).
Epoxy  

Epoxy resins are not as versatile as polyester resins and must be used with greater care.  However, some say that epoxies provide a superior part.  In many tests, epoxy resins made a tougher part allowing it to absorb more energy before failure. Epoxies are usually more expensive and are viscous making them difficult to work with and even more difficult to infuse (Fibre Glast).  

Vinyl Ester

Vinyl ester resin qualities lie between those of polyester and epoxy.  Its most important characteristic is corrosion resistance. For this reason, vinly esters are commonly used in boat hulls, fuel tanks, and chemical storage tanks.  The most important drawback to vinyl ester is its short shelf life of about 90 days (Fibre Glast). 

Bonding Processes

Resin Transfer Molding

Resin Transfer Molding (RTM) is a process by which reinforcing fiber is held in a closed mold at room temperature and atmospheric pressure.  Resins are injected into the mold via injection ports.  Air and excess resin escape the mold through vents.  This process provides a smooth, defined finish on both sides of a part. Resin Transfer Mold provides a part with very few voids and consistent resin concentration.  In common applications, the reinforcing material is glass fiber and the resin is an epoxy that is a mixture of a resin and a catalyst.  Figure 3.3 is a basic diagram of the process.
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Figure 3.3:  (Resin Transfer Molding)

Vacuum Bagging

In order to control resin and make a smooth part, materials can be placed inside a plastic bag to which a vacuum is applied.  This removes air from the part making a very low void ratio (air in the product). It also holds the material tightly against the mold making the part very smooth on both sides (Vacuum Bagging).  

Contact Molding


Contact molding is commonly known as hand lay-up. In this process, a mold is layered with various materials to produce the product.  Then using a roller press or a brush, the material is pressed to form one component as shown in Figure 3.4.  Examples of applications are plane wings, motorboats, and train noses such as Figure 3.5 (Hand Lay Up Process).  
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Figure 3.4: Hand Lay-Up Process (Hand Lay-Up Process)
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Figure 3.5: Bullet Train (Hand Lay Up Process)
Curing

Oven


The ovens used in composite manufacturing work on the same principles as a household baking oven.  These ovens cure composites at high temperature and a pressure of 1 atmosphere.  The composites lab available to students has an oven with 12 cubic feet of heated space.  
Autoclave

The most common use of autoclaves is the sterilization of surgical and scientific instruments.  They operate at high temperature and high pressure. The temperature and pressure can be varied to achieve the engineer’s desired results. The composites lab available to students does have a large autoclave but the facilities have prohibited its set-up and projects have not deemed its connection necessary.  Thus, the autoclave is not set up or connected to any of its needed systems and is not available for the group’s use.  

Room Temperature


Many composites can be cured at room temperature.  This process is simple, inexpensive, and is capable of producing very strong parts.   Parts may take longer to cure but in many cases this is preferred to the costs of owning and operating large ovens and autoclaves. 
Chapter 4: Ideation Selection

Group 15 evaluated the design of the fuselage in the areas of material, resin, process, and curing as discussed in the previous chapter.   

Material

Because the weight is the major issue, carbon fiber must be used.  This weight constraint was defined by the sponsor as 130% of the weight of the current fuselage which is constructed of pre-impregnated carbon fiber and weights 98.3 grams. The fact that the sponsor and faculty advisors favored carbon fiber also weighed heavily on this decision.  Table 4.1 is a decision matrix that shows the selection of carbon fiber as the reinforcing material for the Bullwinkle.  In this case the manufacturing budget allows cost to have relatively low weighting factor.  Because the end state is manufacturing, availability and manufacturability are given a higher weighting factor.  Also because of the size and weight restrictions of this vehicle, density is very important.  
Table 4.1: Material Decision Matrix
	Property 

(Weight Factor)
	Glass Fiber
	Carbon Fiber
	Kevlar

	Tensile Strength 

(.5)
	5
	9
	6

	Cost

(.3)
	8
	5
	7

	Density

(.8)
	3
	8
	9

	Availability

(.6)
	8
	7
	5

	Manufacturability (.9)
	9
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9
	5

	Total
	20.2
	24.7
	19.8


Resins

Because of its versatility and availability group 15 chose to use vinyl ester epoxy with Methyl Ethyl Ketone Peroxide catalyst. 
Process
In order to develop a manufacturing process students had to first design the fuselage construction geometry and molds. Students investigated four models for molding the fuselage of the Bullwinkle.  
Bullwinkle 1



[image: image7]
Figure 4.1: Bullwinkle 1 Exploded View
Bullwinkle 1 (seen in Figure 4.1) is designed in four main sections, a nose, a tail, a base, and a cap.  These parts are constructed in female molds lending themselves to vacuum bagging and making smooth aerodynamic parts.  After the parts are molded, trimmed, and cured, the nose, base, and tail sections are bonded together using two part epoxy to make the main integral structure.  The cap, as the name implies would simply act as a cover for the access to the internal components of the Bullwinkle.  The length of the nose is defined in this case as 5in because the front wing is mounted on top of the fuselage with the leading edge 1.5in behind the nose.  The remainder of the nose allows for the 3in wing root and 1/2 in of structure.   The rear wing mounts below the aircraft with the trailing edge flush with the rear of the fuselage.  This design allows the wings to be mounted to the integral nose-base-tail structure. Thus the aircraft is a solid structure with only a removable cap to access the internal components. 
Bullwinkle 2

[image: image8]
Figure 4.2: Bullwinkle 2 Exploded View
Bullwinkle 2 (seen in Figure 4.2) is similar in design to Bullwinkle 1 with the only structural and dimensional difference located in the nose section.  In this case as in the first design, the nose, base, and tail would all be bonded together to make a complete integral structure.  The nose is shortened here to allow for more complete access to the internal components of the aircraft.  One drawback to this design is that the front wing would have to be mounted to the cover portion of the shell.  This creates two key dilemmas.  The top has to be mounted structurally (i.e. several screws). Thus the assembly and disassembly times would be quite inconvenient. This would increase weight and also make removing the cover more difficult and time consuming.  
Bullwinkle 3


[image: image9]
Figure 4.3: Bullwinkle 3 Exploded View
Bullwinkle 3 (seen Figure 4.3) is similar to the design currently used by the Air Force Research Lab.  It uses a two part design that lends itself to lay-up with a male mold.  This is also a reasonable application of pre-impregnated carbon fiber.  The drawback of using pre-impregnated material is it is difficult to form around compound curves such as the nose and tail sections of the fuselage.  In these situations, the material must be cut and overlapped. In a male mold these areas of overlapped material become surface discontinuities witch negatively effect aerodynamics.  
Bullwinkle 4


[image: image10]
Figure 4.4: Bullwinkle 4 Exploded View
Bullwinkle 4 (seen in Figure 4.4) is a two part design that lends itself to a male mold.  This design allows for a shell with a solid nose and a solid tail.  The solid nose allows for more aerodynamic construction and the solid tail allows for better stress concentration for the mounting of the motor.  
After presenting to the sponsor at the end of the fall semester, group 15 chose the basic design of Bullwinkle 1.  This design gives an aerodynamic shape with a strong interface to which the wings can attach.  This allows for strength and predictability in all aspects of performance.  
Infusion


There are many different methods by which resin permeates reinforcing material.  However, it is crucial to control the resin ratio for the Bullwinkle in order to maintain weight standards.  Through lab work, Group 15 has found that the most desirable and achievable resin to cloth ratio is 40% to 60% by weight.  For this reason, Group 15 chose the Vacuum Infusion Process (VIP).  In this process the materials are laid into the mold and sealed in a vacuum bag.  Resin is then allowed to infuse into the material through an inlet.  
Curing

The fuselage is cured at room temperature.  This allows a manufacturer to cure the parts without a large oven or autoclave.  This vastly simplifies the logistics of production.  For example, if a manufacturer’s oven can only cure 12 parts at the time, the manufacturer must plan around the 12 part constraint.  If the parts are cured at room temperature, the manufacturer does not incur the cost of the oven or its operation, and parts can be produced constantly as long as there is sufficient space to store them in the facility.  
Chapter 5:  Original Design  


The first fuselages were built with a four part design as in the Bullwinkle 1 model. This model was very strong and aerodynamic. The first prototype was constructed with 3k plain weave carbon fiber. “3k” means that each strand consists of 3,000 fibers of carbon. This fabric was easy to work with but the loose weave left a porous surface in the fuselage even with two layers.  The vinyl ester resin worked well in conjunction with the vacuum infusion process as the research suggested it should.    Figure 5.1 shows the final design of the parts of Group 15’s first Bullwinkle.  In this model the three parts of the main structure are held together with bonding strips cut from excess material from the lay-up process.  The parts were allowed to cure at room temperature for 18 hours and were bonded together with epoxy.  
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Figure 5.1: Original Design 

Chapter 6: Design Development

At beginning of the fall semester, the team constructed the same design from a different type of carbon fiber cloth. This new material was tight 3k twill weave material.   As opposed to the plain weave, light did not pass readily through even one layer of this material. This new material increased the weight to around 130 grams.  This made the fuselage heavier, but close enough to the specifications to be approved by the sponsor. It also allowed for a much more aerodynamic and stronger structure.  


With an elementary knowledge of composites, the group looked for other ways to improve the design. The team evaluated laying up the whole structure at one time.  As it sounds, this was very difficult, and was quickly abandoned.  The best fuselage design was constructed in two main parts instead of four, which was an appropriate compromise of the previous ideas.  After bonding, the fuselage is a complete shell with cutouts.  The process is still the same but the fuselage is much stronger and requires much less secondary labor.  In the original design, the group required about ten man hours of labor to make a complete fuselage after the main parts were infused.  This work is known as secondary labor.  With the final design, the secondary labor is cut to about 1 hour.  

The final design used the 3k twill weave carbon fiber material.  This material was infused with vinyl ester resin through the vacuum infusion process. The molds were female plaster molds as they have worked well throughout this project.  The main design difference was the shape of the parts.  The structure of the fuselage was made from two main parts. All the other parts were cut from a flat infused sheet of carbon fiber.  A major area of time saving was the method of cutting.  All of the flat pieces and the openings in the fuselage were cut using the water jet cutter.  This provided extremely quick and accurate cuts that needed only minimal sanding.  The bonding material was changed from JB Weld epoxy to a two part, five minute epoxy, available at most stores.  Carbon fiber dust (made from sanding) was added to the clear epoxy for color.   


Also, in the spring semester, Group 15 designed and built motor mount plates.  The plates were designed on a sketch program called Omax Layout.   The plates, designed to promote air flow through the motor, were cut from 0.064” thick 2024 aluminum.  Figures 6.1, 6.2, and 6.3 show renderings of the final fuselage design.
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                            Figure 6.1: Final Design Explosion
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        Figure 6.2: Final Design (Isometric)             Figure 6.3: Final Design (Rear Isometric)    
Chapter 7: Construction
Note: These processes are described in detail with photographs and drawings in the instruction manual.
Mold Construction

The male mold form was provided by the sponsor. This was created in a rapid prototyping machine and coated with epoxy to seal it. In many cases in industry, mold forms and molds are machined from metals or polymers.  Though the group has access to a five-axis Computer Numerical Controlled (CNC) mill at the composites lab, there are a few downsides to machining and using these materials.  These materials are very expensive.  For example, a bar of aluminum 2.25’’ square and 36’’ long to make this form would cost the group $170.75 (Speedy Metals). Also the group has to wait weeks for these materials to ship.  If a machining error occurred, the loss would be great.  This led the group to make molds out of gypsum plaster, which is far less expensive and more readily available.  The mold box was made from particle board 5’ x 10’ sheets 3/4” thick.  This was used because of its availability, consistency, and workability.  

All of the wood was sprayed with Minwax Polycrylic polyurethane.  This was used because it provides a smooth, durable finish, with less than one hour recoat times and simple water cleanup.  The coating was sprayed with an automotive style spray gun for optimum volume and coverage control.  Also, the coating is much more affordable to purchase in bulk than in individual spray cans.  The box was assembled using #8 X 1” sheet metal screws throughout and labeled to ensure proper and easy assembly and disassembly. 


After disassembly, each piece was waxed with paste wax. This wax, commonly used on furniture, was used to seal and level any small imperfections as well as ensure proper release of plaster castings. With a center line drawn on the mold form, the mold form and box were assembled.  The bottom half of the mold was poured and allowed to cure.  After leveling a waxing the bottom of the mold, the top half was poured.  After careful separation of the molds, the corners were rounded with sandpaper. The molds were cured in the oven for 24 hours and then wax was applied to the warm molds.  
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Figure 7.1: Molds     

Fuselage
The plaster mold was coated thoroughly with paste wax to keep resin from leaching into it.  The wax was allowed to dry for five minutes between coats and was buffed lightly after the final coat.  The area of the mold where the cloth is laid was coated with Poly Vinyl Alcohol (PVA), a water based release agent.  The PVA was allowed to dry for 15 minutes.  The first layer of carbon fiber was laid and formed into the mold.  The excess was then trimmed.  The mold was sprayed with a common spray adhesive to hold the cloth in place.  This step does not bond the cloth to the mold.  It temporarily bonds the cloth to the layer of PVA release agent.  Subsequent layers of the cloth were trimmed and bonded to previous layers.  A layer of peel ply was placed on top of the final layer of cloth.  This material keeps the flow media and vacuum bag from being bonded to the carbon fiber.  A layer of mesh flow media was placed over the peel ply.  This media allows the resin to flow quickly and evenly into the cloth.  If the peel ply is not positioned correctly, the flow media will permanently bond to the carbon fiber thus ruining the part.  

The part was covered in a polymer sheet that is sealed with vacuum bagging tape.  Inlet and outlet tubes were sealed into the bags.  The ends of the tubes were covered with a small piece of flow media to keep the bag from stopping the flow.  The inlet tube was crimped with locking pliers.  The outlet tube was connected to a vacuum chamber.  The vacuum chamber was connected to a vacuum pump.  This chamber is used in case any resin flows into the vacuum hose.  Cured resin is easily cleaned from a vacuum chamber.  A small amount of resin would ruin a vacuum pump that easily costs thousands of dollars.  Once proper vacuum is established, resin was allowed to enter the inlet and infuse the part.  When the part is completely infused, the inlet and outlet are closed. The part was allowed to cure for 18 hours.  The part was then removed from the mold.  The part was trimmed with a diamond blade saw and the edges were sanded. The cap parts and bonding strips were cut from a flat sheet of infused carbon fiber using the water jet machine.  Also the top opening and vent in the fuselage pieces were cut using the water jet.   The parts were lightly sanded, and the fuselage was bonded together.  The completed fuselage was coated lightly with Minwax Polycrylic to seal and protect the shell.  
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      Figure 7.2: Fuselage (Iso)
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      Figure 7.3: Fuselage (Top)
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      Figure 7.4:  Fuselage (Bottom)

Motor Mount Plate


In order to cut the motor mount plate, the aluminum was secured in the water jet machine.  The drawing exchange file was loaded and the part was cut.  The part was painted black to promote military tactical advantage and was then bonded to the fuselage.   
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Figure 7.5: Motor Plate
Chapter 8: Testing 
Note: Testing methods are described in detail in the Instruction Manual.
Impact Testing


In order to simulate a 30o nose dive impact, the fuselage was propelled by a pneumatic cannon at a target at the given angle.  The speed was calibrated and verified with a calibration board and a semi-high speed camera.  In order to verify velocity, students used the frame rate and the distance traveled.  By counting the number of frames to travel the given distance, students knew the travel time.  Then the equation Velocity =Distance/Time could be used to find an average velocity.  This process does assume an average velocity but this assumption had little effect in the 8 feet the projectile traveled.  Each test was verified to be at least 22 m/s.
Pneumatic Cannon


The barrel and supports of the pneumatic cannon were constructed from 2.5” square, 16 gauge steel.  The tank and tubing were made with common Poly Vinyl Chloride (PVC) pipe.  The control lever was made from ABS plastic on the water jet machine.  
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Figure 8.1: Pneumatic Cannon

Target


The target frame was constructed from scrap 1” x 2”, 16 gauge steel. The surface was made from a scrap table top that was 1.5” particle board. The hinges are available at most hardware stores.  This group designed the target to be variable from 10 to 50 degrees.  This will allow engineers to test at different angles for other research.
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Figure 8.2: Impact Target

Calibration Board


The calibration board was made from medium density fiber board with steel stands.  It was assembled with wings nuts for easy assembly. The board was 8 feet long with 3 inch divisions.  
[image: image22.png]Media Guide

-~





Figure 8.3: Calibration Board and Test Configuration

Impact Results

Fuselage with Motor


The fuselage and motor assembly were fired at over 20 m/s at the target.  Upon impact the motor plate bent slightly and detached from the fuselage. Also the nose deformed slightly and separated at the point of bonding.  However, the main structure of the fuselage stayed intact. 

Fuselage with Motor and Weight


The fuselage, motor, and weight added up to 3.01 pounds as specified by the sponsor.  This assembly was fired at over 20 m/s at the target.  There was considerable separation and deformation at the nose and, as before, the motor mount flexed and detached from the fuselage. As with the previous test, the main structure of the fuselage stayed intact.  

Impact Analysis


Though these fuselages suffered considerable damage, the main structures held strong. The sponsor was pleased with these results and accepted the design.  This test was difficult to quantify, but was requested by the sponsor for qualitative examination of this design as opposed to a quantitative test. 
Bench Testing


In order to ensure that the heat from the components would not affect the composite integrity, the components were assembled in the fuselage.  The fuselage was clamped to a table and the motor was run for extended periods.  The goal was to run at full power for at least 10 minutes. However, in this configuration, the fully charged battery would not last the full time.  Thus, for Run 1 and 2, the run was ended when the motor ran erratically because of low voltage.
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Bench Test Results

Run 1 

- Full power

- 5.5 minutes

- No temperature change           

Run 2

- 50% Power

- 8 minutes

- No temperature change

Run 3

- 25% Power

- 15 minutes

- No temperature change
Bench Test Analysis

Though uneventful, these results were very good.  The engineers at AFRL, using a flat sheet of aluminum for a motor mount and no vents, had an issue with overheating of the material.  Group 15’s design successfully allowed enough air to flow through the fuselage to keep the internal components cool.  
Chapter 9: Manufacturing Cost Analysis


The supplies for group 15 to make parts were provided by the Industrial Engineering Composites Manufacturing Laboratory.  However in order to have an estimated cost of production the group researched and priced these materials.  The materials seen in Figures 9.1 through 9.7 are available from Fibre Glast Developments Corporation (www.fibreglast.com).  The prices shown are in industrial quantities.
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Figure 9.1: Spray Adhesive Price
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Figure 9.2: Resin and Catalyst Price
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Figure 9.3: Carbon Fiber Price
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Figure 9.4 Flow Media Price
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Figure 9.5: Peel Ply Price
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Figure 9.6: Tape Price
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Figure 9.7: Bag Price

The 1/4” Tubing is available from Aircraft Spruce at www.aircraftspruce.com. 
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Figure 9.8: Tubing Price

Gypsum plaster is available from Shefield Pottery at www.sheffield-pottery.com.
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Figure 9.9: Gypsum Price

The aluminum is available from Onlinemetals.com (www.onlinemetals.com).
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Figure 9.10: Aluminum Price


Using advertized materials prices and a skilled labor wage of $15 per hour, Group 15 calculated manufacturing costs of molds, motor plates, and complete fuselages. 


The total cost for manufacturing three molds and 30 complete fuselages with motor plates should be $1,525.35.  These are useful in comparison to quotes and information from possible manufacturers. These calculations can be seen in depth in Appendix C. 

Chapter 10: Hiring

In order to find interested manufacturers, Group 15 researched the American Composite Manufacturers Association.  Initial contact was made by email with thirty companies in the ACMA that were experienced with the Vacuum Infusion Process.  Of the initial thirty, six responded as being interested in small scale carbon fiber manufacturing.   In the same manner, the group contacted about ten companies from the  National Tooling and Machining Association that advertised water jet machining concerning the motor plate.     
Chapter 11: Conclusion

After extensive effort, Group 15 got a quote for machining the motor plate from Milco Water Jet in Huntington Beach, California. The lot cost for thirty units would be $190 and the production time would be five days.  In constant contact with manufacturers, Group 15 was able to produce interest with potential manufacturers.  However, none of the interested parties had the timeline to give a quote by the end of the semester.  The contact information of these companies will be passed on to AFRL so that they may continue contact.
Chapter 12: Recommendations


Group 15 recommends that the engineers AFRL conduct this type of small scale manufacturing in house.  This would allow them direct control over each part. With a manufacturer, if a minor change needed to be made, the engineers would have to develop a new contract with the manufacturer.  In house, the change could be made immediately. 


In order to move toward this type of production, Group 15’s sponsors visited the composite manufacturing lab to get hands-on experience with the vacuum infusion process.  Figure 12.1 below shows Lieutenant Joe Czabarnek and Mr. Jeff Wagener of AFRL positioning a piece of carbon fiber in a mold at the composite manufacturing lab. 


[image: image35]
Figure 12.1: Sponsor Visit


Group 15 also suggests that AFRL research the possibility of vacuum forming of polymers.  Some polymers can provide very strong, light parts. In this process, sheets of material are heated and spread over a mold using vacuum. The parts can be used after cooling.  This is much faster than the curing time of most resins.  Many polymers can be chemically bonded which makes basically a continuous structure. Polymers would provide more elastic deformation before failure without sacrificing strength.  This is possibly the most important aspect for AFRL. With the growing cost and lack of availability of composites, the low cost and availability of polymers may be useful in production. 
References
“About Reinforcements.” Fibreglast.  November 28, 2007. <http://www.fibreglast.com/learning_center_brochures/about_reinforcements.pdf>. 

 “Carbon Fiber Data Sheets.”  HEXCEL. November 27, 2007.

<http://www.hexcel.com/Products/Downloads/Carbon%20Fiber%20Data%20Sheets/>. 

“Carbon Fiber Guide.” http://www.asbury.com/pdf/CarbonFiberGuide.pdf (June 2003).
“Fibre Glast Developments.” 10 October 2007.                                                <http://www.fibreglast.com/contentpages-molding+fibreglass-171.htm>. 

Fouquet, Chris “Vacuum Bagging” (21 September 1996). 10 October 2007 <http://www.pilotsguide.com/rc/vacbag.shtml>.

“Experts: Composite Materials.” AllExperts. March 30, 2004.  November 27, 2007.

<http://en.allexperts.com/q/Composite-Materials-2430/fiberglass.htm>. 

 “Growth opportunities in Carbon Fiber Market 2006-2011.” (November 2006).                              <http://www.e-composites.com/marketcarbon.asp>.

 “Hand Lay-Up Process.” 1996-2004 Design Insight ©1996-2007.  10 October 2007.  <http://designinsite.dk/htmsider/p0102.htm>. 

Hedge, Raghavendra R. “Carbon Fibers.” April 2004.  November 27, 2007. <http://www.engr.utk.edu/mse/Textiles/CARBON%20FIBERS.htm>. 

 “Hex Tow Carbon Fiber Selection Guide.” (June 2007). 10 October 2007. <http://www.hexcel.com/NR/rdonlyres/ 225E3CA5-965B-4B29-9A920CE184B1DDF3/0/CarbonFiber_ SG_US.pdf>.   

James, Mathew. “An Introduction to Carbon.  (15 June 2002). Octuber 11 2007 .<http://www.chm.bris.ac.uk/webprojects2002/mjames/carbon.html>.  

“Kevlar.” About.com. November 28, 2007.  <http://composite.about.com/od/aboutcompositesplastics/l/aa050597.htm>.

“Kevlar.” 2007. www.kevlar.com. 2 Oct 2007. <http://www2.dupont.com/Kevlar/en_US/index.html.>. 

“Resin Transfer Molding,” JHM Technologies, inc. 5 Oct 2007
<www.rtmcomposites.com/whatrtm.htm2005>.

“Speedy Metals.”  www.speedymetals.com, 27 Oct 2007.

<http://www.speedymetals.com/pc-931-8377-2-14-sq-2024-t3-aluminum.aspx>.

Tomba. “Carbonfibre.” (21 Sep 2002). 26 Oct 2007 <http://www.f1technical.net/articles/3>. 

Appendices
46Appendix A: Materials Samples


47Appendix B: Quote Request Package


65Appendix C: Calculations


69Appendix D: Photographs


71Appendix E: Schedules


 Appendix A: Materials Samples
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Appendix B: Quote Request Package

Quote Request
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R/C Aircraft Fuselage
Point of Contact

John Brewer

Jsb03e@fsu.edu
850-209-0551

Dear Potential Manufacturer:

Thank you very much for your interest in our project.  The structure we have designed is a fuselage for a remote controlled airplane.  Below, we have included current specifications, the end state specifications we would like from the manufacturer, current model photographs, 3-D renderings, and 2-D drawings.  If possible, we would like to have you construct and install the motor plate.  However, we understand that many companies may not have the tooling to make this part efficiently.  The plates are currently made with a water jet machine. A non dimensioned drawing of the motor plate is included with this document for visual purposes.  A Drawing Exchange File (DXF) of the motor plate will be sent with this file.      

Please feel free to suggest changes to any part of our design (basic shape should stay the same). We are requesting a quote for 30 units fully assembled (please specify with or without the motor plate).  Our manufacturing timeline is currently set at one month for start-up and one month for production.  Let us know if this is feasible. Feel free to contact me with any questions or comments.  

John Brewer (Team Point of Contact)

Jsb03e@fsu.edu


850-209-0551

Current Specifications

- Length: 15.75”

- Width: 2.25”

- Height: 2.25”

- Weight: ~130grams

- Material: 3k basket weave carbon fiber, 2 layers

- Resin: Vinyl ester

- Catalyst: MEKP

- Process: Vacuum infusion

- Molds: female, plaster

- Joints: JB Weld – 4 hour epoxy

End State from Manufacturer

- 30 complete fuselages

- trimmed

- Smoothed

- Assembled/bonded

- All openings present

Model Photographs
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      Figure 1: Fuselage (Iso)
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      Figure 2: Fuselage (Top)
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      Figure 3:  Fuselage (Bottom)
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      Figure 4: Fuselage Interior (from nose inside tail)
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      Figure 4: Fuselage Interior (from tail inside nose)
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Figure 5:  Three Fuselages with Caps

3-D Renderings
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       Figure 6: Front Iso Rendering                         Figure 7: Rear Iso Rendering
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                       Figure 8: Iso Explosion

2-D Drawings

Table 1: Bill of Materials

	Part # 
	Part Name
	Material
	Quantity
	Drawing #

	1
	Top
	CF
	1
	1

	2
	Bottom
	CF
	1
	2

	3
	Strip
	CF
	2
	3

	4
	Cap 
	CF
	1
	4

	5
	Tab
	CF
	1
	5

	6
	Motor Mount
	AL 2024 - .064” wall
	1
	6


Table 2: List of Assemblies

	Assembly
	Description
	Drawing #

	1
	Bottom with Strips
	7

	2
	Body
	8

	3
	Cap
	9

	4
	 Complete
	10
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Appendix C: Calculations
Section C.1: Manufacturing Costs
Resin price per fluid oz.
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Carbon Fiber price per sq. ft
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Flow Media price per sq. ft
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Peel Ply price per sq. ft
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Yellow Sealant Tape price per linear ft
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Nylon Bagging Film price per sq. ft
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Tubing price per linear ft
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Plaster price per pound
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Cost of Flat of Carbon used for Cap and Bonding Strips
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Aluminum 
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Area of Material Used

Motor Plate
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Section C.2: Pneumatic Cannon Calculations
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Appendix D: Photographs
Section D.1:  Current AFRL Photographs
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Figure D.1.1: AFRL Fuselage                             Figure D.1.2: AFRL Two Part Fuselage
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Figuer D.1.3: AFRL Male Mold
Section D.2:  Group 15 First Fuselage Photographs
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Figure D.2.1.: Assembled Fuselage 1            Figure D.2.2: Assembled Fuselage 2           
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Figure D.2.3: Assembled Fuselage 3            Figure D.2.4: Assembled Fuselage 4            

Appendix E: Schedules
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Sample A.1: 3K Twill Weave Carbon Fiber








Sample A.2: Peel Ply








Sample A.3: Flow Media








Sample A.4: Vacuum Bag
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