1.0 INTRODUCTION

The Society of Automotive Engineers holds numerous collegiate design competitions in order to have engineers use their theoretical skills and apply them to real world projects. More specifically, the SAE Aero Design competition makes engineers design, build, and fly a plane by working in a team. In this competition engineers must consider different design tradeoffs while trying to achieve specific mission requirements. 

The Aero Design Open Class competition of 2006 requires the following primary constraints on the mission. The open class requires the designed airplane to takeoff within a distance of 200ft and land within a distance of 400ft. The wingspan of the aircraft has no limitations. The engine may not have a displacement greater than 0.91in3. In addition, the open class is not restricted in number of engines, total displacement, make, or model. Also, the gearboxes are allowed in the open class in order to vary the engine RPM from the propeller RPM. There are no restrictions in fuel as well. There are no requirements on payload bays in terms of size, shape, or number. Finally, the plane’s total gross weight cannot exceed 55 pounds.

In order to achieve all of these flight mission parameters, a coordinated team of varying roles was assembled. In total, the group was separated into six groups. There were 8 people in the group and each group member was placed in two different groups. First, the management team was in charge of all organizing all activities of the team. This included scheduling, budgeting, and optimizing the team’s efficiency. Second, a layout team took care of the overall design of the airplane.  There was the aerodynamics team, which handled the wing/tail layout, wing/tail airfoil selection, and related areas of concern. Next, a propulsion group was utilized for selecting engine and gearing configuration. A structures/weight group handled all structural issues, including material selection, analysis of loads, and weights analysis. In addition, a flight controls/stability group was formed to provide studies on flight control sizing/configuration and checks on the static and dynamics stability of the entire aircraft. Last but not least, a performance group was put together in order to check all capability of the airplane using all of the other groups information. Together, all of these teams acted together in order to optimize the design to fit all relevant mission objectives.

2.0 LAYOUT SUMMARY
The final design and layout of our aircraft is shown using a standard aeronautical three-view, which also uses a US standard third order projection as stated in the rules. The CAD drawing of our airplane is included in our Layout section located towards the end of the paper. 


Our airplane design is a common design concept used by many planes in the past. A standard main wing, tail, fuselage, and tricycle landing gear were all implemented into our final design. However, many minute changes for each subsection of the aircraft were carefully optimized for the mission requirements. The explanation of our design will be further explained throughout the report in all sections.
3.0 AERODYNAMICS AND WING CONFIGURATION

The aerodynamic process began with a preliminary investigation into two-dimensional airfoil data using XFOIL
 and the UIUC
 airfoil geometry database.  Concurrently, initial rough calculations were conducted to determine needed wing area and speed to meet the payload and ground roll requirements.  This information was used to initiate the overall iterative design process that utilized TORNADO, a code based upon vortex lattice theory.  This tool was used to study various parameter variations and their effects on performance, eventually leading to a final wing design.

3.1 Airfoil Selection

Starting with the database compiled by UIUC, the top six airfoils were selected from a selection of over 1400, processed using XFOIL under the same conditions (low Reynolds-number).  These airfoils were ranked by Cl/Cdmax with a Cl>1.6 and a Cd<0.02.  The selected airfoils’ Cl, Cd, and Cm data as well as manufacturability were studied and compared. This process ultimately led to the AH94145 airfoil being selected as the best choice for the proposed mission.  

The AH94145 airfoil fit the mission profile as well as provided a relatively simple construction platform with its nearly flat bottom surface and simple tail region.  The low Cm and superior drag bucket made it very attractive since mission would keep the airfoil in the nearly flat region of the drag polar (0>Cl>1.5 below Cd=0.015).  The maximum Cl for the AH94145 airfoil is 1.6 at an 8o angle of attack; due to the camber, it also provides positive lift down to -5o angle of attack.  The horizontal tail is a NACA 0009 and the vertical tail is NACA 0012, these airfoils have a symmetric and wide drag bucket which will aid in aircraft stability.  Figure 3.1 shows all three airfoils used in the final wing configuration.


[image: image1]
Figure 3.1 - Airfoils (Wing and Tail)
3.2 Wing Configuration Refinement

Using TORNADO and wing area estimates from available power and ground roll distance, several trade studies were conducted to determine the wing configuration required to lift to the 55 lbs. weight limit: Taper vs. Lift, Taper vs. Angle of Attack, Taper vs. Induced Drag, Taper vs. Area (Weight) Savings, Wing Span vs. Induced Drag.  As the chord shrunk and the span increased (fixed wing area) the induce drag decreased, however, other considerations (e.g. construction and weight issues) factored in to produce a practical solution.  
These studies helped determine the wing’s root chord length (20 inches) and taper ratio (0.6).  TORNADO shows that this taper ratio will decrease induced drag considerably (when compared to taper ratio of 1.0) without a serious penalizing the control surfaces with poor stall characteristics.  This provides sufficient lift to complete the mission.  Figure 3.2 shows the original concept with the final wing design, as TORNADO models, side by side to illustrate the results of the design process mentioned above.  


[image: image2]
Figure 3.2 - Original (Left) and Final Wing (Right) Configurations


Construction, particularly materials, was a large factor in the wing design.  Several tests were conducted to determine which materials and material configurations would work best for the proposed wing design.  Balsa wood truss, foam single layer fiberglass, and foam double layer fiberglass with protruded carbon fiber rods were tested for weight to strength characterization for the ribs and spars.  During the tests, the single layer foam provided the same strength to weight ratio as the balsa wood truss, however, foam construction has the added benefit of highly customized shaping characteristics.  Using this composite manufacturing technique, highly tailored structures were designed applying the proper amount of strength where needed (with the appropriate safety margins).  
3.3 Total Aircraft Aerodynamics

After setting the final design constraints, a set of parametric modeling tools were developed using Mathcad, which supplied the necessary aerodynamic characterization of the total aircraft.  Particularly, these tools were used to modify different aspects of the aircraft design according to results from the control surface determination, as well as the optimization of aircraft size (both of which will be discussed subsequently).  Below, significant aerodynamic data such as the drag polar, drag build-up, and L/D are displayed in the following figures.


Figure 3.3 illustrates the drag polar for the wing, excluding the other aircraft components; it clearly shows stall points for both positive and negative angles of attack, by significant increases in total drag.  The camber profile of the AH94145 airfoil gives it a relatively steady stall progression at both positive and negative angles of attack.  Aerodynamic stability is illustrated in the local CL distribution (Figure 3.4), where stall characteristics of the main wing will not initially occur on the control surfaces.  Figure 3.3 also illustrates an expected trend of increase induced drag with increasing lift.


[image: image3]
Figure 3.3 - Wing Drag Polar – Comparison of Induced and Profile Drag

[image: image4]
Figure 3.4 - 3D Wing Loadings

Variation in drag with angles of attack is depicted in Figure 3.5, which illustrates the contribution of each aerodynamic component of the aircraft to the total drag profile.  It is significant to note that the increase in drag around -4 degrees angle of attack is due to the high camber of the AH94145 airfoil, which begins to stall on its lower surface at about this angle of attack.  Both Figure 3.6 and Figure 3.7 demonstrate the benefit of using the airfoil/wing configuration, chosen because it provides a wide L/D curve (and giving a wide range of reliable aircraft operation).


[image: image5]
Figure 3.5 - Drag Build-up by Components


[image: image6]
Figure 3.6 - Drag Polar (Lift vs. Drag)


[image: image7]
Figure 3.7 - Lift-to-Drag vs. Angle of Attack

Things to ADD:

· Definitions and references for several of the observations found above

· Verification and clarification of the observations found above

4.0 STRUCTURES, WEIGHTS, & BALANCE 
The essential purpose for the structures team was to design and manufacture an aircraft that could complete the flight with as light of a body as possible.  In order to achieve this goal, a highly iterative process, from both a design, experimental and analysis standpoint, was completed.  The main point of interest was whether to build an aircraft that could stay mainly intact from a hard landing standpoint or one that could manage only to endure a flight or two before repairs would be needed.  With many factors being compiled into the decision it was determined that an aircraft that would stay mainly intact from a hard landing would be best for the competition since many flights will be operated.

4.1 Fuselage
Composites have been moving into the aircraft industry fast as of late; with its high in-plane strength to weight ratio as the primary factor.  This was a good reason to use it as the skin and the bulkheads for the fuselage.  It did however pose problems because of relatively new construction tools and methods that were expensive and hard to come by.  Two layers of fiberglass were used for both the skin and bulkheads as it is a known fact that one layer doesn’t bide very well.  For the skin of the aircraft, a full sized model of the aircraft was made out of foam which would be used to create a mold so the foam model would not need to be created each time a new fuselage needed to be built.   Epoxy was then added to create a hard coating surface and then many hours spent on sanding it down.  A joint compound was added as a filler to seal all cracks and dips in the epoxy.  A special wax was then applied and sanded to try to get as close to perfect of our female aircraft mold as we could get.  Polyvinyl alcohol was then applied with paint brushes as a release agent.  Fiberglass was then laid around to finally make the mold.  It was formed in two halves that were joined along interior flanges, to create a smooth outer surface.  Between the two layers of the skin, Graphlite © carbon rods were used as longerons to take all the bending loads. The two layers of fiberglass were capable of withstanding the shear load for the fuselage structure. The bulkheads would be utilized as a natural way of connection points.  The wing, landing gear, tail, and engine would all be connected to the fuselage through the bulkheads. 

Another important design factor was the shape of the fuselage itself. Originally, our group planned on building a cylindrical fuselage. The reasoning behind this was flawed. After careful consideration of our mission parameters, we decided on using a square fuselage. There were several reasons behind this decision. First, our fuselage obviously did not need to be pressurized due to a lack of operation at high altitudes.  These conditions enabled a cylindrical fuselage to provide adequate stress relief.  Secondly, at such low flight speeds, parasitic drag would not be critical as induced drag would be the only drag worth worrying about. Therefore, a square fuselage’s aerodynamics penalties would not only be minimal but could neglect completely.  Furthermore, a square fuselage would be simpler to construct and be easier to attach structure both internally and externally. Finally, a square fuselage saved us weight in comparison to our original cylindrical design. Our payload was a rectangular shape, because of this, a cylindrical fuselage would occupy more space than required. This allowed us to size our fuselage to the size of our payload, thus, reducing the size and weight of our fuselage.

4.2 Wing

The decision to build a more sturdy aircraft can be easily seen in the method of constructing the wing.  The original idea for creation of the wing was a foam filled D-spar with Graphlite © rods for reinforcement, having balsa wood for ribs and covered in monokote.  However our aircraft needed to be a lot more sturdy than this due to the extra size of being in the unlimited competition, only the foam D-spar with Graphlite © carbon rods for reinforcement as the spar made it to the actual airplane.  

The foam D-spar was cut and then sanded for gaps that would allow the spars to penetrate.  First it was covered with a layer of 2 oz/yd2 fiberglass cloth, the spar was then placed into its gap with another layer of fiberglass going over the D-spar making it smooth and restricting the rod from moving.  The skin of the wing took precision of time and effort with the new construction methods of fiberglass composite.  Required at the special time when the epoxy in the fiberglass was still formable but not impossible to move, is when the foam ribs were placed between a large continuous layer of fiberglass that needed to be pulled snug so the airflow would happen exactly as projected.  

The wing was made into 3 section parts.  The main, or center part, is attached to the fuselage with the two outer parts, or secondary wings, being connected to the main part of the wing.  The main part of the wing is attached to the fuselage through a U-bolt going up through the fuselage and a pin going across the top of the bolt in the wing to enclose the circle.  The D spar overlaps 2 ribs sections worth on both sides of the main wing as connection points to the outer wings with an extra layer of fiberglass to allow more shear strength at these critical points.  The ailerons are made completely of foam with a rear spar made and designed the same way as the D-spar.  They will be inside the secondary parts of the wing with internal hinges.
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Figure 4.1
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Figure 4.2
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Figure 4.3
4.3 Landing Gear
Graphlite © carbon rods were used for their significantly high strength to weight ratio.  As can be seen if Figure XYZ the size of stroke for Graphlite © carbon rods needed with a landing at 8 ft/s was just shy of 6 in. and could handle the stress of a 55 lbs aircraft landing was found to be .191 in. x .721 in.  A single Graphlite © carbon rod could not be found at this size so a stack up of a number of Graphlite © carbon rods were used.  With the largest size of rods coming in at AxB a stack up of CxD was needed.  The Graphlite © carbon rods were inserted in a pocket into the fuselage at a bulkhead just behind the payload to spread the stress and stop the rotation from occurring.  The attachment point from the landing gear to the wheel was just a curved metal tube that inserted itself into the wheel.  
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Figure 4.4
4.4 Weight

The weights to be used as payload were made from lead due to its high density easy of use.  The payload was placed between the two largest bulkheads and entered the fuselage from a side door.  Multiple 5.0 lbs sheets along with five 1.0 lbs sheets and a base with two poles to keep them all secured during flight were used.

	Component
	Weight
	Local Cg's
	Local Cg's

	
	(lb)
	(in. from nose)
	(in. from mac)

	Engine/Fwd
	
	
	

	Engine & Prop
	3
	-1.25
	-24.525

	Fuel Tank
	0.5
	3.25
	-20.125

	Batteries
	0.25
	4.75
	-18.625

	Receiver
	0.25
	18.5
	-10

	
	
	
	

	Controls
	
	
	

	Aileron Servos (2)
	0.551
	33.5
	5

	Vtail Servo
	0.276
	93.54
	65.054

	Htail Servo
	0.276
	93.54
	65.054

	Nose Gear Servo
	0.276
	0
	-28.75

	
	
	
	

	General
	
	
	

	Fuselage
	.774
	31.831
	3.331

	Main Wing
	2.835
	30.95
	2.45

	Horizontal Tail
	0.433
	92.251
	63.751

	Vertical Tail
	.373
	86.315
	57.815

	Front Gear
	0.259
	0
	-28.75

	Main Landing Gear
	0.8
	35.5
	7

	Empty Total
	10.853
	28.75
	0

	
	
	
	

	Payload
	
	
	

	Payload
	44.147
	28.75
	0

	
	
	
	

	Design Total
	55
	28.75
	0


Table 4.1 – Weight and Balance Data
5.0 PROPULSION










Propulsion section will be updated once performance numbers are obtained this weekend:

As this is the first year the University of Cincinnati has entered into the Open Class competition, there was no previous experience to draw upon, and an entirely new model had to be developed.  The open class allows choice of any engine 0.91 cubic inches or smaller, as well as the option to use multiple engines, reduction drives, and tuned exhaust systems.  The larger engines provide significantly more power and allow for larger props, greater thrust, and higher takeoff speeds than the Regular class.


The engine chosen was a 2-stroke 0.90 in3 engine from Jett Engineering.  Initially, the design had called for a large 26” diameter propeller, with a 2.3:1 belt reduction drive, however several factors caused a reversion back to a more standard direct drive configuration. The reduction drive provided nearly 50% greater thrust than the untuned direct drive configuration, resulting in higher takeoff velocity and lower wing size.  The wing weight decreases proportional to the reduction in wing size; however the propulsion system weight increases, and the landing gear have to be lengthened and strengthened to account for the larger diameter propeller.  The weight savings were deemed too small to necessitate the difficulty of designing and building a custom belt drive.


Without data from previous years, the initial design was based off a prediction of the engine running at 3.2hp at 12000rpm.  Starting with a large diameter propeller and trimming it to get different operating RPMs, a torque curve was generated for the engine.  Rather than using a standard muffler, our design calls for a fully tuned exhaust pipe.  The tuned pipe works on the principle that an divergence nozzle will reduce pressure and rapidly draw the exhaust as well as some fuel air mixture out of the engine.  The pressure wave then bounces off the convergent nozzle at the back of the pipe and forces the fuel air mixture back into the engine increasing the amount of fuel for combustion.  Assuming an average exhaust temperature of 500ºF, predicted tuning length is 22.3”.  After testing, a length of <blah>” was found to be optimal for the desired RPM.  Maintaining subsonic propeller tip velocity throughout flight envelope limited the propeller diameter to 16”, at which the engine could turn a 16x8 prop.
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6.0 Stability & Controls








6.1 Flight Stability


Static and dynamic stability were both evaluated when investigating the aircraft's flight stability.  Within static stability, lateral, longitudinal, and directional axes were all given consideration, with the greatest emphasis placed on the longitudinal axis.

Control surface sizes were equated based on a common range of fraction and span chords.  To obtain maximum control authority, the upper limit of these ranges were chosen for each control surface fraction value.  The elevator sizes selected were a chord fraction of 0.4 and a span fraction of 1.0.  After sizing and design, pitching moment coefficient as a functions of angle of attack was plotted for various CG locations, elevator positions, and horizontal tail incidence angles.  After sizing and design, pitching moment coefficient as a functions of angle of attack was plotted for various CG locations, elevator positions, and horizontal tail incidence angles.  Figures #, #, and #, below, show these plots.

INSERT PLOTS HERE

The yaw axis was also investigated to ensure directional stability.  The rudder, the main contributor to this phenomenon, was designed with root chord and span fractions of 0.4 and 1.0, respectively.  Figure #, displays the yawing moment coefficient as a function of sideslip.  It is evident from the negative slope of the plots, that the aircraft is directionally stable.
Finally, aileron sizes were also selected based upon common aircraft control surfaces sizes.  Their chord and span fractions were selected to be 0.2 and 0.4, respectively.  The ailerons were positioned such that the outer edge of the control surfaces were located a distance from the wing tip equal to 10% of the half span.  The sizing and location were selected for maximum roll control authority.  Additionally, coefficient of rolling moment was plotted as a function of sideslip.  Figure #, below, displays the aircrafts static roll stability as Cl = 0 and  = 0, and Cl is inherently negative.


Dynamic stability was evaluated through stability derivatives.  Most derivates were calculated in a program, Tornado, which uses vortex lattice method.  The remaining ones were calculated from these computer-produced values.  The table below lists these dynamic stability values. 

INSERT TABLE OF DYNAMIC STABILITY VALUES HERE

6.2 Control System


The radio control (RC) system is built around a Futaba 9CAP controller and receiver unit.  Futaba servos were also used, and specific models were selected based on calculated torque needs for the various control surfaces.  Digital servos were chosen over analog due to their increased torque capabilities with a lesser weight than analog ones.  One servo was used for each of the left and right ailerons, and for the elevator.  However, due to the large size of the rudder, two servos were needed for this control surface. INSERT REST OF CRAP ABOUT ROD AND LINKAGE CONFIGURATION WHEN AIRCRAFT IS PUT TOGETHER.
7.0 PERFORMANCE & OPTIMIZATION

Finally, by incorporating the results from each of the previous analyses, the performance of the design was evaluated and adjusted, in order to satisfy the flight requirements.  Of particular concern, for the prescribed mission, were the design weight (especially the payload weight) and the ground roll length required to reach takeoff.  Additionally, a minimum climb rate was stipulated.  Through an iterative process, a series of Mathcad models were employed to study the influence of main wing area and takeoff velocity for the determined ground roll.  Lastly, the performance of the final design was determined.
7.1 Trade Study

A simple trade study was conducted to optimize the main wing area.  To be conservative, the design limit set upon ground-roll distance was 170 ft.  Based upon preliminary assumptions, a range of wing areas from 12.5 ft to 20 ft were investigated.  Within this range, the permissible wing area of the design was determined, using the ground-roll limitation of 170 ft as the discriminating factor; the results are shown in Figure 7.1.  Predictably, the ground roll length decreased as the wing area increased.  To minimize the wing area, the maximum ground roll of 170 ft was used which corresponded to a wing area of 17.7778 ft2.  
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Figure 7.1 - Design Weight vs. Wing Chord Length
7.2 Aircraft Performance


After determining the final configuration, estimates of the aircraft performance were readily available from the aforementioned parametric models.  A brief summary of the key results follows immediately below.  Note that in Figures 7.2 and 7.3, curves for two alternate design weights are provided for comparison, whereas Figures 7.4 and 7.5 represent only the final design behavior.  
First, Figure 7.2 illustrates the increase in groundroll distance as the velocity increases.  Most importantly, the lift-off velocity of 49.78 ft/sec is reached well within the ground-roll limit.  Next, the V-N diagram (Figure 7.3) indicates a maximum wing loading of 3 g’s, which occurs only at velocities above about 72 ft/sec.
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Figure 7.2 - Ground-roll vs. Velocity
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Figure 7.3 - V-N Diagram



Lastly, the angle and rate of climb are also plotted as functions of velocity (Figures 7.4 & 7.5).  For the case of the angle of climb, the values are zero at low velocities, during the takeoff run.  Upon reaching the lift-off velocity (49.78 ft/sec), the aircraft leaves the runway with it’s’ maximum climb angle of roughly 10.65 degrees and a climb rate of 551.84 ft/min.  The maximum climb rate is around 700.3 ft/min, for velocities between 65 to 80 ft/sec.  The actual operation of the aircraft may not reach these performance conditions, but the analysis indicates that the aircraft will provide acceptable takeoff and climb performance for competition purposes.
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Figure 7.4 - Climb Angle vs. Velocity
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Figure 7.5 - Rate of Climb vs. Velocity
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� XFOIL is an interactive program for the design and analysis of subsonic isolated airfoils created at MIT.  


Author: Mark Drela  <http://raphael.mit.edu/xfoil/>


� University of Illinois at Urbana-Champaign (UIUC) 


<http://www.ae.uiuc.edu/m-selig/ads/coord_database.html>
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