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1. Executive Summary  

Our goal is to design an airplane wing and tail design able to stabilize an aircraft 
traveling at an altitude of 37,000 feet at a speed of 400 knots.   Important 
considerations to this design include values for lift, drag and the weights of each 
component of the aircraft.  To achieve this goal, we used project management 
software, virtual meetings, analysis software provided by the competition, 
computer assisted design software and a virtual wind tunnel.  It was necessary to 
think like engineers in order to organize our project and solve problems similar to 
ones that are found in real world projects.   

The Conceptual Design Phase of our project required a great deal of research 
about the aerodynamics involved in flight.  We learned that physics and 
mathematics provide the foundation for the skills needed to work through the 
design of an airplane.  As a team, we learned how airfoils provide the basic 
building blocks for many different kinds of wings and tail stabilizers.   We talked 
to mentors, read books and used online resources to decide how to move 
forward with our design. 

The Preliminary Design Phase of our project was a time to build the various 
versions of the aircraft that we envisioned would satisfy our challenge 
requirements.  After narrowing down the airfoil selection, we began building and 
testing models that satisfied the concepts we had learned.  Our goal during this 
phase was to do enough analysis and testing on these models to continually 
modify and improve our design.  This phase involved much iteration of analysis, 
building and testing designs that would eventually converge to a single solution. 

The Detailed Design Phase of our project began at the time we realized that our 
analysis and test results had converged to a solution that was viable for 
submission.  It was important to validate our results and review the goals and 
constraints to once again make sure that we had satisfied the project guidelines.  
Next, we used our design journal and notes to formalize our results into our 
design document.  We discussed all the problems that we solved during the 
project and talked about the activities that made our team successful. 
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3.  Problem Description and Explanation 

The economic crisis halted the development of the North American Tornado 

passenger aircraft when the government grant funding the project was cut. In 

response to this unfortunate event, the project was outsourced to students 

residing in North America. Students were challenged to assist the aerospace 

industry leaders by completing the wing and tail design of the aircraft in time for 

the scheduled build and assembly dates. The Baldwin High School, Kansas 

Tornadoes have assembled a team of talented students eager to apply their 

knowledge of science, technology, engineering and mathematics to work on this 

real world engineering project.  They have selected a wing and tail configuration 

that will provide stability during flight, while not compromising the ability of the 

aircraft to take off, fly and land safely. An exceptional design will ensure the 

aircraft is able to withstand turbulent conditions during flight. 

4.  Project Goals, Objectives, and Constraints 

Goals 

The primary goal of this challenge is to design an aircraft that is able to safely 

travel at 37,000 feet and 400 knots true air speed. The design should provide 

stability during turbulent conditions while in flight.  We wanted to learn how 

engineers solve complex problems within a team of diverse engineers working 

toward a common goal. To achieve this, it was important that we agreed on the 

process to follow while solving the challenge and keep an open mind while 

working with our teammates.    

Objectives 

The design should satisfy  

¶ LIFT > DRAG in the wind axis system at given flight conditions. 

¶ A minimal Objective Function:  Drag/Lift with respect to tail and wing 
components. 

¶ A sum of zero pitching moments. 
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¶ Balanced lift and weight 

Constraints 

¶ Tail selection: Conventional, cruciform, ñTò, ñHò, ñVò, Inverted ñVò, ñYò, or 
ñXò. 

¶ The tail component size must be appropriate for the kind of tail chosen. 
(Using the equations from the tail build spreadsheet) 

¶ The aircraft must be able to rotate at least 12 degrees for takeoff and 
landing with geometry being above the ground plane. 

¶ The aircraft center of gravity must be between 15% and 30% MAC. 

¶ The wing must have the same area as the baseline model and remain 
trapezoidal.   

¶ The fuselage from the nose to the aft cabin must remain the same as the 
baseline model. 

Objective Function 

The objective function is best described as drag over lift multiplied by the total 

weight of the tail components. Our goal was to minimize this function. The 

purpose of minimizing this function is to optimize lift, and as a result, increase the 

efficiency of the plane overall. 

Design Variables 

¶ Design aircraft components:  Wing, Tail stabilizers and Tail cone  

¶ Tail cone design 

¶ Placement of the wings and tail stabilizers 

¶ Angle of Attack of the wings, tail stabilizers, and overall 

¶ Area of stabilizers and tail cone 

¶ Aspect Ratio of the wing and tail 

¶ Sweep of the wing and tail 

¶ Taper of the wing and tail 

¶ Dihedral angles of the wing and tail 
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Equality Constraints serve to balance the forces that affect our design and 

ultimately the airplane in flight. 

¶ The design must balance Lift and Weight, Thrust and Drag, and have zero 
pitching moments. 

 

Inequality Constraints serve the purpose of providing limits during our design 

and analysis work.  These parameters should help us understand whether our 

analysis is within valid boundaries. 

¶ Plane clears the ground plane at takeoff by twelve degrees or more 

¶ Center of Gravity between 15% and 30% MAC 

5. Approach 

 

We have seven members on our team, all having varying schedules and course 

loads.  We knew it was important to keep organized with bi-weekly status 

meetings in addition to having open hours for work in the lab and using Windchill 

to communicate meeting times and share files.  It wasnôt until after completing 

the State Challenge that we realized our process wasnôt formally documented.  

We thought that our view of the project was consistent, but after taking an 

afternoon to put it to paper realized that many of us werenôt as knowledgeable 

about the overall project flow.  The three figures below show how we approached 

the RWDC National Challenge.   
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Diagram 5.0 (a) òConceptual Process Diagramó 

 

Diagram 5.0 (a) displays the steps we took during the Conceptual Design phase 

to understand the challenge guidelines and aerospace principles in general.  

Next, we talked about the Preliminary Phase of our National Challenge and 

diagramed the pieces that were needed to work toward a solution.  This involved 

accessing the airfoil data from the UIUC airfoil database, analyzing that data with 

Design-Foil, and then entering the analysis phase.  This phase consisted of using 

the RWDC analysis software, ProEngineer, CFD testing, and validating each of 

our results against the constraints and goals we were given.  This was the most 

challenging of the phases.  See Diagram 5.0 (b) ñPreliminary Process Diagramò. 



 

- 8 - 

 

 
Diagram 5.0 (b) òPreliminary Process Diagramó. 

 
 

Finally, we reached our final design phase of the project.  This still required some 

tweaking until we were satisfied with the final solution.  See Diagram 5.0 (c) 

ñFinal Design Diagramò.   

 

 

 

 

 

 

 

 

 

 

 

Diagram 5.0(c) ñFinal Design Documentò 
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5.1 Conceptual Design Phase 

The Conceptual Design Phase consisted of several ñblack boardò drawings 

exploring the impact of the wing and tail shape, and size and placement on the 

fuselage. See picture: ò5.1 Conceptual Designò The team used the internet to 

search for actual planes that used the various tail shapes described by the 

challenge. Much of our discussion involved understanding the concept of 

balancing pitching moments and how to accomplish this in aircraft design.  Much 

of the conceptual design took place before we used the analysis tools provided 

by the competition.  Our mentor taught us how to mathematically find the 

moment with respect to the wing [ Mw ] and the moment with respect to the tail 

[ Mt ] for our design.  We learned how to work toward the goal of making them 

equal which provided a better understanding of our need to balance pitching 

moments.  See picture: ñ5.1  Balancing Pitching Moment ò.   We carefully worked 

through the math for our first attempt at building the baseline aircraft.  This 

exercise proved useful as we explored our 

options for our aircraft design.  See picture: ñ5.1  

Balancing Pitching Moment using Baseline Model ò.  

Eventually, we realized that the analysis 

program could be used for this purpose, but 

having the mathematical foundation helped us 

truly understand the concept. 

       

      

Picture 5.1 ñConceptual Designò 
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Picture 5.1 ñBalancing Pitching Momentò  Picture 5.1 ñBalancing Pitching Moment Using  

      Baseline Modelò 

During this phase, we also identified many questions that were important to 

understand before starting our preliminary design.  We found an excellent 

resource to help us understand these concepts and terms in the book 

Understanding Flight, Second Edition by: Anderson & Eberhardt. 

1. What are the benefits of wing position? 

2. Why are wings sometimes pointed up or down from the root to tip? (dihedral) 

3. How does adding a twist to the wings affect the root and tip stall conditions? 

4. How does taper adjust the load along the wingôs span?   

5. How do we determine the optimal aspect ratio for our wing design?  

6. How do airfoil characteristics affect performance? 

7. How do we compromise between wing thickness needed for stability and the large 

wake produced by thicker wings? 

8. How do we match our incidence angle to our specific speed-load-altitude combination? 

9. How do we determine our sweep angle as a function of cruise Mach number?  

10. Should we put a waist in the fuselage to maintain a constant cross-sectional area? 
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Mentor Input: We were fortunate to be able to meet with one of our mentors, 

Chris Hedden during the conceptual phase of our challenge.  He helped us work 

through the 10 questions we listed as well as the mathematics needed to 

understand pitching moment.  Pictures 5.2 and 5.3 are a result of our work on the 

black board.  We also utilized the RWDC Support Calls to ask questions and 

further help us select a direction for our design.  Based on this input and the 

quantitative down-select shown below, we decided to go forward with the 

conventional tail and the V-tail.  We knew that the V-tail would probably be our 

best performer, but also new that the conventional tail would be straightforward 

and considerably easier should we run into major problems with the other design. 

Quantitative Down-select:   As we narrowed down the choices for the 

components of our design we considered the following characteristics of each in 

order to move forward to our preliminary design.  Based on our discussions with 

mentors and our immediate team, we decided to explore Conventional and V-

tails based on the listed criteria. 

Conventional Tail:  

¶ Easier to build in ProE because of tutorial provided. 

¶ Area calculations are more straightforward 

¶ Airline industry proven choice. 

¶ Easy to modify surface area in ProE 

¶ The challenge tools kit proved to work well with this choice. 

V-tail: 

¶ Less surface area which in turn means less weight and less drag. 

¶ Innovative choice because few are used in real world. 

¶ More difficult to model using RWDC Analysis program. 

¶ Required vector analysis and trigonometry to determine dihedral and sizing. 
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5.2 Preliminary Design Phase (TAIL ï State Challenge) 

5.2.1 Airfoil Selection 

An airfoil has a leading edge, trailing edge, a chord and a camber.  These values 

determine the flight qualities of a wing with the geometric shape of the selected 

airfoil.  We discovered that selection of an airfoil isnôt an exact science.  We 

decided to perform analysis on 5 super-critical airfoils found in the UIUC 

database in order to help us make the best selection.  Our analysis consisted of 

several steps: 

      Tail Stabilizers: 

1. Reverse the airfoil coordinates to values usable by Design-Foil.  

2. Use Design-Foil software to find LIFT/DRAG values for sc(2)-0402, sc(2)-
0403, sc(2)-0710, sc(2)_1010, and sc(2)-1006 airfoils. 

3. sc(2)-1006 had almost double the lift over drag ratio of any of the other 
airfoils. 

4. Use a thicker airfoil for the root and thinner for the tip 

5. Build both the Conventional and ñVò shaped tails 

6. Use FloEFD to test tail and compare results. 

In the earliest stages of the challenge we were looking at symmetrical airfoils but 

we soon discovered that a cambered airfoil would provide more lift. We also 

learned that using a super-critical airfoil would be helpful in meeting the design 

requirements. We learned that the last two digits of the name of an airfoil dictate 

the thickness and we chose different thicknesses of the same airfoils to test for 

which thicknesses were most effective. We had some problems with Design Foil 

at the start but we quickly developed a rapport with the creator John Dreese and 

with his guidance learned how to fix our problem. He explained that we had the 

coordinates ordered incorrectly for the software. The root and tip were initially 

ordered separately starting at the origin and ending at the trailing edge. For the 

software to work we had to reorder the coordinates. They had to start at the 

trailing edge and work counter-clockwise back around to the trailing edge. This 
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process took just under an hour for each airfoil we tested during the State 

Challenge.  Later, we were able to find software to automate this process which 

made analyzing 22 airfoils for the National Challenge achievable.  

5.2.2 Pro Engineer Modeling 

Tail Stabilizers & Tail cone 

We learned how to model tail cones and stabilizers using the tutorials on the 

RWDC getting started page.  We built both a Conventional tail and a V-tail for 

preliminary testing.  The V-tail was difficult because the tutorials didnôt explain 

much of what we needed to model this shape.  We adapted our methods to our 

design and modeled the stabilizers by placing the airfoils on rotating datums. 

This Pro-E drawing technique kept the thickness of our root airfoil accurate; 

otherwise the airfoil thickness could very easily have been compromised.  We 

used two airfoils sc(2)1010 at the root and sc(2)1006 at the tip. They were 

basically the same airfoil, just different thicknesses.  

Next, we used the Build_a_ Wing  Spreadsheet provided by the challenge to 

create three dimensional coordinates from the two dimensional coordinates taken 

from an airfoil database located on the internet. We imported the coordinates into 

ProEngineer and created our stabilizers from the two selected airfoils. As we 

modified our design we scaled and rotated the airfoils to change aspects of the 

design such as area and angle of attack.  

During the National Challenge we were provided with a program that made it 

much easier to model and optimize the tail.  Initially we thought we had a good 

tail configuration, using high lift airfoils.  During the final iterations of the design 

we realized we were producing too much lift to be able to balance lift weight and 

pitching moments by changing the angle of attack.  We tried two different things 

to fix this problem.   
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First, we inverted the airfoils by switching the signs of the ñyò coordinates.  The 

idea behind this was to counter the excess lift provided by the wing with 

downward force given by the inverted stabilizers of the tail.  This worked; 

however, it was not the best solution due to the large increase in induced drag.  

Our final solution was found using a symmetrical airfoil.  We remembered at one 

point being told that it was a standard practice to use symmetrical airfoils for the 

tail.  Now we understand why.  Symmetrical airfoils only produce lift at an angle 

of attack greater than zero.  Given a symmetrical airfoil for the tail, it is much 

easier to balance lift and weight, and have a sum of zero pitching moments.  We 

used sc(2)0010.  It is a supercritical airfoil.  Therefore it delays shock, in turn 

reducing drag. 

 

 

 

 

 

Picture 5.2.2: ñConventional Tail Designò 

 

 

 

 

 

Picture 5.2.2: ñV-Tail Designò 
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Sizing Spreadsheet (Tail Only):  In the state challenge, we used the NASA Tail 

Volume Coefficient spreadsheet  to discover the minimum area allowed for our 

tail configuration and sizing. To enter the needed values we used the 

ProEngineer model of the plane. We measured the quarter chord of the Mean 

Aerodynamic Chord (MAC) and wing span of the Wing, the height, width and 

length of the fuselage, and the aerodynamic center of our conventional and v-tail 

as defined by the Embraer  document.  

After entering these values the spreadsheet gave us the minimum areas for the 

horizontal and vertical areas. The spreadsheets can be seen below this section 

Graph 5.1: ñTail Sizing Spreadsheetò. We then modeled both tails in ProEngineer. 

At this point we spoke with our mentor who helped us make some critical design 

decisions. We decided to sweep the tail stabilizers close to 30 degrees, and keep 

the angle from horizontal of the V-tail roughly between 30 and 45 degrees. See 

Picture 5.4: ñMeasuring Sweep Angle Exampleò and Picture 5.5: ñMeasuring 

Dihedral Angle Exampleò.  

Working in ProE to measure 

the angles was challenging, 

but really helped us 

understand the aerodynamic 

effect sweep can have on 

drag. 

 

Picture 5.4 òMeasuring Sweep Angle Example ó 
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Picture 5.5  òMeasuring Dihedral  Angle  Example ó 

As we modified the sweep and dihedral the area, weight and aerodynamic center 

(AC) changed as well.  This required recalculation of the MAC and another entry 

in the sizing spreadsheet. See Pictures 5.6: òMeasuring MACó During this 

process we decided to opt for the V-tail. We filled out the spreadsheet multiple 

times for the V-tail until we found a more efficient and precise way to satisfy the 

area. The dimensions of our final V-tail are based on the last design column in 

the V-tail volume spreadsheet.  Graph 5.1: ñTail Sizing 

Spreadsheetò.
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Picture 5.6: ñMeasuring MACò 

 

Graph 5.1: ñTail Sizing Spreadsheetò 

Trigonometry:  In order to size the V-tail we used trigonometry to satisfy both 

the horizontal and vertical areas of the sizing spreadsheet as well as the desired 

horizontal angle of the V-tail from the horizontal plane of 30 to 45 degrees. To do 

this, we used the equation stating that the vertical area of the V-tail divided by the 

horizontal area of the V-tail equals the tan of the angle of the V-tail (equations 

can be seen below) Since we knew the horizontal area that we needed and we 

knew the total area then we could solve for the angle for our V-tail. Our V-tail is at 

a 28.7 degree angle in our final design.  

 

 

Tan -1(V area / H area) = angle  
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(64/120)=.533  

tan -1(.533) = 28.7degrees  

To model this in Pro Engineer we reduced the V-tail angle from horizontal to zero 
and solved for the total area which we converted from horizontal and vertical 
projected area using the distance formula. This calculation can be seen below. 

 

 

 (our actual value in ProE was 137.33 sq. ft . total)  

Output Coordinates:  As part of the state competition we needed to input our 
design in the form of coordinates into the RWDC Analysis program.   We were 
able to directly input the geometry for the tail cone into Pro Engineer.  However, 
we resorted to coordinate geometry to input the V-tail stabilizer coordinates into 
our ProE model.  To accomplish this, we took measurements of our V-tail from 
within ProEngineer.   It was also necessary to find a way to apply the angle of the 
V-tail from horizontal to the airfoil stations in the RWDC Analysis program. To do 
this we used vectors and applied them to our measurements taken from ProE.  
The national challenge automated this by providing a geometry file that could be 
input directly into ProEngineer.  

The instructions for applying vectors to the coordinates are as follows: 

RH V-tail:  

Ax,Ay,Az = leading edge of the V -tail airfoil  

Point setting the local airfoil x - axis in the global axis system  

Bx,By,Bz = [A x+ cos(Iang), Ay,Az -sin(Iang)]   

Point setting the local airfoil z -axis perpen dicular to the plane the airfoil lies in .  

Cx,Cy,Cz = [Ax, -Ay-cos(Hang), Az=sin(Hang )]  

If you need to invert the airfoil (upside down), change the signs on all Cx,Cy,Cz terms 
above.  

 

Aero CFD Testing (V-Tail) 


