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Abstract

A vortex generator (VG hereafter) is a common feature of an aircraft wing that disturbs the flow

on the leading edge of the wing, thus energizing the boundary layer and reducing flow separation. For an

aircraft experiencing flow separation, VGs can increase the lift-to-drag ratio of the wing and prevent stall;

however, if flow separation isn’t an issue, the unnecessary frontal area of the VGs has the potential to

produce parasitic drag. This study seeks to determine whether the use of a deployment system can

improve the performance of VG’s by raising or lowering them depending on the angle of attack of the

wing. Using wind tunnel testing, a feed-forward control deployment system was developed which

improved the lift to drag ratio for some angles of attack, and it was determined that further

development could potentially produce a system with significant improvements in aircraft efficiency.
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1. Introduction

1.1 Boundary Layer Separation
When a fluid is flowing around a body, it forms a boundary layer, which is a region around the

body where flow must be treated as viscous [8]. This region of viscous flow, under certain conditions, can

separate from the body in an occurrence known as boundary layer separation. Separation occurs when

the fluid loses energy due to friction, causing the pressure gradient along the surface of the body to

decrease until it eventually reverses at a point known as the point of separation [8]. When the body

being considered is a lift producing airfoil, boundary layer separation can severely decrease the amount

of lift produced by the airfoil in an occurrence known as stall [8].

1.2 Vortex Generators
As previously explained, boundary layer separation can be catastrophic to an airfoil. Thus,

solutions are often implemented to reduce the likelihood of separation. One of the most common

methods of delaying separation is to cause turbulence in the boundary layer [8]. Because turbulent flow

contains more kinetic energy than laminar flow, a turbulent boundary layer can potentially provide the

energy necessary to avoid the formation of the adverse pressure gradient that causes separation [8]. This

delay in separation can be observed in figure 1 below.

Figure 1  The effect of a turbulent boundary layer on separation. The image on the left side of this figure shows flow
separation around a sphere with a laminar boundary layer. In the image to the right, the boundary layer has been made

turbulent, thus visibly delaying separation [8]
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In order to achieve a turbulent boundary layer, vortex generators are often placed along the

wing of an aircraft. Vortex generators are a type of boundary layer control device, which is a general

term for any device which can be used to influence the boundary layer [10]. Typically, vortex generators

consist of small, inclined vanes, typically rectangular or triangular in shape, which create vortices that

mix high energy free stream flow into the lower energy boundary layer [2]. An example of a vortex

generator array on a wing can be seen in figure 2 below.

Figure 2  Vortex Generators on the wing of a 737-800 [11]

1.3 Important Factors
As stated in Fundamentals of Fluid Mechanics, separation occurs over an airfoil because the

angle of attack of the airfoil is too large [8]. The angle of attack of an airfoil is the angle between the free

stream flow and the chord line of the airfoil [10]. In other words, if flow is horizontal, the angle of attack

is the angle at which an airfoil is inclined.

It is known that vortex generators are beneficial when this angle is too large because they can

delay separation; however, it is also known that a turbulent boundary layer creates more skin friction

drag than a laminar boundary layer [10]. Because of this, it can be assumed that, when the angle of

attack of the wing is not large enough to cause separation, vortex generators actually do more harm than

good, by producing friction drag without benefitting the lift of the airfoil. If this is the case, it should be

observable in the lift-to-drag ratio of the wing, which is a performance parameter that is simply the

amount of lift (vertical force) produced by the wing, divided by the amount of drag (horizontal force)

produced. If lift is not improved but drag is increased, then the lift to drag ratio of a wing with

unnecessary vortex generators should be smaller than that of a wing with no vortex generators because

the latter would have the same numerator (lift) with a smaller denominator (drag).
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1.4 Proposed Solution
Throughout the course of any flight, the wing will typically experience many different angles of

attack. For example, the wing may need to be at a steeper angle at takeoff and landing than when

cruising. For this reason, there are likely to be some flight conditions where vortex generators improve

the lift to drag ratio and others where they decrease it, all within the same flight. Even if this increase in

drag is not very large, it can be assumed that, over the course of hundreds of hours of flight, a large loss

could be taken in terms of fuel economy because of the need to overcome the drag with additional

thrust from the power plant. However, simply removing the vortex generators could cause safety

concerns due to their effectiveness at reducing wing stall, outlined previously.

For this reason, a system was designed which deploys vortex generators to the optimal height

depending on the angle of attack of the wing, which could potentially reduce any negative effects due to

skin drag. The system was tested in a wind tunnel in an attempt to determine what level of deployment,

from 0-100 percent deployed in increments of 10% was optimal at angles of attack ranging from -12 to 6

degrees in increments of 2 degrees, and from 6 degrees to 24 degrees in increments of 1 degree. Then, a

curve fit was generated for percent deployment as a function of angle of attack, and the final

feed-forward control system was again tested and compared to a control with no system deployed.
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2. Design
An initial survey of available resources and skill proficiencies guided the overall design process.

The physical structure needed to be stiff enough to withstand forces in the wind tunnel, while also

providing a large enough interior for the necessary components. Additionally, the structure needed to be

manufacturable, cost effective, and be completed quickly to facilitate adequate time for testing. It was

decided that the wing structure would be made by use of a FDM 3D printer, since this option had the

most desirable compromises. The question was then turned to computational and mechanical power of

the system, which had similar requirements to that of the wing structure. It was determined that a

simple microcontroller, breadboard, and small servo motors would suffice. The system needed only one

input, that of the pitch of the system, which would be achieved by a gyroscope wired into the

microcontroller via the breadboard.

To achieve the desired deployment effect, a lifting mechanism was developed that would utilize

two servo motors connected in tandem by a rod, see figure 3 below. The gyroscope would detect the

attitude of the system and send the system to the microcontroller. The microcontroller would take that

value, compare it to a known curve of deployment height versus angle of attack and select an

appropriate value of deployment. That value would then be converted to a servo command that would

move the vortex generators up to the appropriate position.

Figure 3   Initial sketch of the lifting mechanism

8



2.1 Theoretical Basis and Sizing
It was desired that the concept of deployable VGs incorporated a baseline. In order to achieve

this the team decided that rather than performing tests to find an airfoil that required VGs, it was more

efficient to select an aircraft that already has VGs in use. The airfoil selected was the USA-35B, which is

the airfoil used on the Piper PA-18 Carbon Cub SS. The overall span of the wing for testing was

maximized to the walls of the wind tunnel testing area. This was done for the assumption of recording

data with an infinite wing, as well as to mitigate the effects of wing tip vortices. The team sized the chord

of the wing and chose the airspeed for data recording so as not to overload the wind tunnel sting, or

damage the wing test section, as it was additively manufactured. The thickness, dependent on the chord

of the wing, was also taken into account such that we needed to be able to fit the electronics within the

overall design as well. The final parameters for the wing turned out to be a 12 inch chord with an 18 inch

span. The airspeed of the tunnel was determined to be 30 mph giving a Reynold’s number of 287,727

which was much lower than desired.

The VGs were sized by referencing multiple sources [5] see also: [6]; [7];  [12]. The chord of the

VGs was set at a value of 7% of the overall wing chord. This value was given by the flitetest article as we

were not able to find other data sources. The VGs were placed such that the leading edge of the VGs

were located at the point where the boundary layer transitioned from laminar to turbulent flow for an

angle of attack slightly less than the critical angle of attack for the wing. The transition point was found

using XFOIL which can be seen as the pressure drop on the upper surface below in figure 4. It is also

precisely defined in the XFOIL command window, see figure 5.

Figure 4  XFOIL visual for 8 degree angle of attack, indicating boundary layer transition point in red circle
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Figure 5  XFOIL results for 8 degree angle of attack, indicating boundary layer transition point in red underline

This value is in percent of the chord. This allowed the height of the VGs to be equal to the thickness of

the boundary layer right before the transition. This thickness, delta, can be found using the equation

below for a laminar boundary layer [7].

Where x is designated as the location of the transition point along the chord, and Re is the Reynold’s

number. Even though this value was calculated to be 0.023 inches, a variable height was desired and

with the servo motors and manufacturing methods available it was decided that the overall deployment

of the VGs would be 0.25 inches. A research paper on the effects of VG installation angle [6] was used to

find the incidence angle for the vortex generators. The method described in the paper uses the ratio of

the distance from the trailing edge of the VG to the point of boundary layer separation. The separation

point of the boundary layer was found using  XFOIL, as seen below in figure 6.
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Figure 6  XFOIL visual for 12.5 degree angle of attack, indicating boundary layer separation

With the separation occurring around 0.5 times the length of the chord, the ratio was found to be 117.7.

When referring to the research paper [6], the installation angle should be 20 degrees off center from

being in line. The final placement parameter for the VGs is the span wise spacing. Two methods were

used to find this value, one from the Flitetest article [12] and one from a research paper [5]. The

research paper suggested a spacing equal to five times the thickness of the boundary layer. For our case

this would have resulted in 0.116 inches between each of the vortex generators. From a native

intelligence and feasibility standpoint this value appeared to be too small. The Flitetest article suggested

that VGs be spaced no more than two times the radius of the vortex generated by each VG. The radius, r,

of the vortex generated was calculated using the following equation.

Where S is designated as the planform area of the VG and b is the height of the VG. While Cl is the

coefficient of lift of the VG (a flat plate) mounted at an angle, 𝛼, or in our case, the installation angle, 𝛽.
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This method gave a span wise spacing of 3.658 inches, which appeared much more reasonable. For the

sized wing span, the maximum even amount of four VGs were then spaced 3.658 inches apart, from

trailing edge to trailing edge, and centered along the span of the wing. The sizing code was written in

MATLAB and can be seen in Appendix B.

2.2 Computer Aided Design
After deciding on the design concept and determining the proper sizing of the major

components, the system prototype was designed using SolidWorks. First, the main body was designed by

extruding the airfoil to the span of 18 inches and extrude-cutting an offset airfoil 17.5 inches (.25” from

each edge of the first extrusion) in order to hollow out the inside. The inner airfoil was offset by .180” to

form the shell of the wing. Then, the mounting point for the wind tunnel was added using a revolve (for

the outer shell) and a revolve cut (for the hollow inside). Next, the wing was divided into a leading edge

(LE) section and a trailing edge (TE) section, and a female to female linkage was designed to join the two

(shown below). This division of LE and TE allowed access to the hollow inside of the wing, so that the

deployment system could be removed, adjusted, and replaced. This was especially helpful for attaching

the microcontroller to the computer to upload a new code.

Figure 7  Female Mating Surfaces between leading edge and trailing edge section

Finally, each section was divided into pieces to ensure that each individual piece could fit into the print

space of the available 3D printers. To accomplish this, the LE was divided into 2 equally spaced pieces,

and the TE was divided into 3 pieces. Because the stress due to moments on a wing is known to be larger

as distance from center span decreases, the two divisions of the TE were kept farther from center span.

This resulted in the three sections of the TE being 4.5”, 9”, and 4.5”, from left to right. The LE was only

split into two sections so that the split lines on the LE and TE did not align,and  so that no single cross
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section of the wing was entirely compromised by a split line. Two forms of added rigidity were used to

mate the split lines: a 0.295” carbon fiber spar in both the LE and TE section, and alignment rods

between each split face, including the LE to TE face. These mating methods will be discussed in greater

detail in Section 3.0 - Manufacturing. All of the holes for each of these components, as well as the

sections of the wing, can be seen in figure 8 below.

Figure 8  Top view of wire frame wing section. Here, each hole for spars (front and rear horizontal cutouts) and guidance pins
(small horizontal and vertical cylinders at each mating surface) can be seen, as well as the 5 major sections of the wing and

the wind tunnel mount (bottom center).

Lastly, mounting surfaces for each of the components were added. This included cut-outs for the vortex

generators which were modeled in SolidWorks, as well, blocks for the servos, and a mount for the

accelerometer.

2.2  Mechanical and Electrical Components
The two servo motors used were EMAX ESO8As and provided 1.5kg-cm of stall torque with a 5

volt input, and the rod that connected the two was a 0.125 inch diameter carbon fiber rod. This lifting

system was capable of withstanding the applied forces of the wind tunnel and would maintain a

reasonable amount of accuracy of vortex generator deployment under said forces. This mechanism was

controlled by a  Teensy 3.2 microcontroller, which was mounted on a standard breadboard. The

controller received attitude inputs by a mpu-6050 3-axis accelerometer and gyro sensor that was

mounted in the direct center of the wing structure to provide accurate angular readings. Additionally, an

auxiliary button and two LEDs  were wired into the system and mounted on the side of the structure to

allow for greater flexibility and simplification of code during the initial data collection phase. The entire
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system, including the motors, were powered by a single 5V, 5000mAh battery interfaced directly to the

Teensy 3.2, the very same kind used for portable device charging.

Research was then conducted to integrate the circuit into a more compact form. The circuit took

various forms upon multiple breadboards in attempts to condense and consolidate it to make room for

the other internal components. Development started on a custom printed circuit board design, PCB, and

plans to make accommodations and mounting changes to organize the interior as much as possible. A

PCB manufacturer was found with the appropriate capabilities and team members began learning how

to program the circuit into the company's builder. The idea for a PCB had to be scrapped, however, due

to time constraints on both developmental and deliverable fronts. The extra time needed to build and

debug the PCB would take members off of other essential duties that would prevent a working model

from being tested on time. Further, the time it would take to have the PCB submitted, manufactured and

delivered would have exceeded the allotted time for this project.

2.3 Initial Data Collection and Initial Analysis
Initial wind tunnel data needed to be collected in order to optimize vortex generator deployment

with respect to angle of attack. The team needed to know the particular effects of the generators for any

given deployment state and how it related to the lift and drag characteristics. A program was written

that would cycle through ten levels of deployment so that the system could be continuously tested at

every angle of attack without need of external adjustment. These ten levels of deployment, spanning

from 0% to 100%, would give a fine enough resolution to find the most efficient level of deployment for

each degree of angle of attack. The code utilized the two LEDs and button to achieve this, see figure 9

below. Each level of deployment was assigned a light code to provide positive feedback and assurance as

to the level being tested. At the end of testing at one angle of attack, the wind tunnel was opened and a

single press of the button would cycle to the next level of deployment and its accompanying light code.

The light codes were programmed in such a way that an accidental double press, or a button bounce,

would be noticeable, see Appendix C for the data collection code. That data was then analyzed, verified,

and then regressed to produce an equation for optimal vortex generator deployment for the final

system. Special attention was paid to the data collected from the 0% deployed configuration, as this set

of data could be compared to published results of the airfoil and be used to confirm the reliability of the

wing structure.  Further detail on the preliminary data collection and analysis can be seen in section

4.1.1.

The preliminary design called for a small hole to be drilled out of the back of the system so that

the vortex generator deployment level could be precisely controlled by a laptop  while the wind tunnel

was running. This idea would have allowed for continuous data collection and more precise results. An

inspection of the final parts revealed far less physical space was available for the wire, and a work

around needed to be developed. This led to the development of the button and LED code. To minimize

the number of times that the wind tunnel had to be stopped to reconfigure the system, a compromise

was made between data fidelity and practicality which were the 10% deployment intervals. It was

important that the steps of deployment remained relatively small because of the small size of the vortex

generators themselves.
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Figure 9  System being tested with button and LED. Light code indicating 40% deployment

2.4 Design Constraints
The four largest constraints to the project were: The time available to complete the project, the

limitations of the windtunnel, the manufacturability of the system, and the overall cost to build the

system.

2.4.1 Time Constraint
Of the four main constraints affecting this project, the most influential was time. The system had

to be designed and manufactured quickly in order to meet deadlines set by both the group and the

course syllabus, which meant that producing a durable, manufacturable design had to take a higher

priority than extensive data gathering and refinement. Additionally, access to the wind tunnel was

limited due to constraints from the University, such as Mechanical Engineering Laboratories requiring

use of the tunnel and the availability of the student assistants who are responsible for its use. These

limited access windows meant not only that less testing could be performed than desired which limited

the total accuracy of the collected data but also meant less results to analyze and average. This limited

windtunnel access also hindered the initial design of the system, as the group had to evaluate the

available test space dimensions, mounting method, and testing procedures later in the time schedule

than expected. These factors of prioritizing a manufacturable design combined with the limited wind

tunnel access meant that time was the most important constraint for this project.

2.4.2 Wind Tunnel Constraint
The second highest constraint was the test space and mounting method of the wind tunnel used

for testing. The wind tunnel’s usable testing space only had a cross section of 20 by 28 inches, and a

length of 48 inches. This limited the overall wingspan of the airfoil and alongside this cramped space, the

system had to be largely designed around the mounting sting in order to be properly secured and

mitigate the risk of the system moving during testing or otherwise dislodging itself and ruining either the

data results or the wind tunnel. As mentioned in section 2.2, it was decided that the airfoil shell would

attach to the sting via a cylindrical tunnel in the central rearward section, which in turn meant that the

full testing length could not be utilized and the wing could only take up about half two thirds of the

testing space at maximum. This limited chord reduced the Reynolds number experienced by the airfoil
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which also contributed to the inaccuracy of the collected data. On top of the already limited chord length

the forces applied to the sting via the airfoil cannot exceed a normal force of 25 pounds, and axial force

of 10 pounds, and an applied pitching moment of 50 inch-pounds, meaning that the size of the chord

had to be reduced even further in order to not damage the tunnel. This in turn reduced the reynolds

number even further and created even more inaccuracy in the collected data. The cylindrical mounting

tube built into the airfoil shell also likely had a negative impact on the airflow of the system.

2.4.3 Manufacturability Constraint
The previous two major constraints both impacted the manufacturability of the project, which in

itself was already a constraint set by the group. In order to complete the project in a reasonably fast

timeline without the use of precision tools or machinery, 3D printing was selected as the production

method. By using the FDM 3D printer with already owned PLA filament, the group could begin

manufacturing the system as soon as the design was finalized, with the caveat that neither the filament

nor the printer were designed with particularly high precision in mind which meant that multiple

attempts to print suitable parts had to be made. As a result, in the system design, generous tolerances

had to be placed on any dimension that interacted with other parts or components. As described in

section 2.2, the airfoil shell had to be manufactured in multiple sections due to the largest possible print

dimension being 400mm (15.75”). Care had to be taken to design the connection points in a way that

gaps between parts were minimized without taking up excessive amounts of internal space so that the

deployment mechanism had room for its full range of motion and all components could still fit inside the

shell. Due to the cramped conditions within the shell, the internal components also had to be chosen to

minimize their size without falling below minimum performance requirements.

2.4.4 Cost Constraint
Going into the project, the group attempted to make use of manufacturing equipment and

hardware resources that the group already possessed in order to minimize costs. The largest expense

covered by already possessed equipment was the 3D printer so if the airfoil shell was printed large

expenses could be avoided in purchasing or renting equipment. Combined with the idea of rapid

manufacturing this cost saving potential effectively constrained the manufacturing technique to 3D

printing alone. Outside of this however, the performance requirements of the internal hardware meant

that regardless of which specific part was purchased to fulfill each hardware need the cost remained

roughly the same. It was of course still the group's goal to minimize costs wherever possible, such as the

use of parts donated by the Aero Design Team and the use of the University’s wind tunnel. Because of

this relative difference in parts costs that weren’t already possessed or donated were so low, the pricing

and cost constraint of the project was debatably the lowest priority of the constraints.
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3. Manufacturing

3.1 Design for Additive Manufacturing and Test Prints
It was decided that the parts would be 3D printed because of the complex surfaces of the airfoil

and internal structure for the mounting and locating of the electronics. The print orientation was taken

into consideration during the design process. Even though the critical surfaces were going to be sanded

and waxed, it was desired that the layer lines of the prints be in line with the streamlines of the moving

fluid. The parts also fit the best into the 300mm x 300mm x 400mm (11.8in x 11.8in x 15.7in) build

volume by being oriented this way. Both the trailing edge section and the leading edge section were

fitted with a carbon fiber spar to help laterally strengthen the sub-assemblies. Any complex internal

structure was also given 45 degree supports to help reduce the amount of support material needed,

especially where it would have been needed in the tight fit areas. An example of this can be seen in

figure 10 below for the built in mounting of one of the servo motors.

Figure 10  Example of features for additive manufacturing

Once the full system was modeled, some fine tuning of the size of the parts needed to be tested

due to the nature of the parts produced by the desktop 3D printer. The parts that come off the desktop

3D printer generally have holes that are smaller than nominal and protrusions that are larger than

nominal. This is because of the nozzle of the printer slightly over extruding on these lower end machines.

The simplest way to mitigate this problem was to oversize or undersize the respective features which

required doing so. The critical features, seen in figure 11 below, were the mounting section for the sting

(top-left), the VG slots in the airfoil surface (top-right), the holes for the spars and alignment pins

(bottom-left), and the geometry used for attaching the leading edge section to the trailing edge section

of the wing (bottom-right).
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Figure 11  3D printed test pieces to confirm dimensional accuracy

Most of these features were printed undersize; this resulted in offsetting the faces by approximately 0.01

inches, depending on the size of the feature. The most critical of these features was the mounting

section to the stingl and the VG slots. The sting mounting section needed to fit tight in order to reduce

the vibrations throughout the test model, leading to inaccurate angle of attack readings from the

accelerometer. This would have led to very inaccurate results. The set screw also needed to be in a

precise location so as to not damage the wiring or sensors within the sting.

3.2 Final Printed Parts
The full system was divided into two sections to allow for a simple method to be used to insert

and mount the internal electronics; these sections were the leading edge section, and the trailing edge

section. The leading edge section was then split into two halves, the port and starboard sides, so that it

could fit within the build volume of the desktop 3D printer. The trailing edge section was not able to be

split directly in half because of the geometry used to mount the system to the wind tunnel sting. The

trailing edge section was split into three sections so that it could also fit within the print volume of the

3D printer. The team was originally supplied with a 1 kg spool of SUNLU Brand PLA filament from Dr.
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Kannan for printing the sections. The first couple of prints with this filament failed due to clogged nozzles

at approximately 80%-90% completion. After consulting with Dr. Kannan, and Aaron Trexler on this issue,

we found that SUNLU brand had recently changed their manufacturing process for the filament resulting

in more particles being present in the roll of filament, which eventually led to nozzle clogs. Some of the

failed prints can be seen in figure 12 below. It can be seen towards the top of the print where the nozzle

became partially clogged.

Figure 12  Failed 3D prints using black SUNLU brand PLA material

These issues pushed the timeline back by approximately one week. A 1 kg roll of Hatchbox Brand PLA

filament was purchased from Amazon and used for the remainder of the manufacturing process. This

new roll of filament posed no issues and provided all successful prints. The Zips Aero Design Team was

kind enough to allow us to have 24/7 access to their CR10s Pro V2 3D printer by Creality, pictured below.
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Figure 13   Zips Aero Design Team CR10s Pro V2 Desktop 3D Printer

The printer has an enclosure with sliding doors to help keep the chamber warm to mitigate the effects of

print warpage. The printer is also hooked up to a Raspberry Pi running Octoprint. This system allows for

the printing process to be supervised from any laptop with an internet connection and the credentials to

login to the account. The system is also running an add-on called “The Spaghetti Detective” which is an

AI system that watches the prints and notifies the user if the print has failed. This is how we were able to

stop our first couple prints so as not to waste as much plastic or ruin the 3D printer’s hotend.

3.3 Assembly and Post Processing
The assembly of the wing was completed in several stages. After the parts were 3D printed, they

were sanded down to make them smooth, which would reduce surface drag in the wind tunnel and give

more accurate results. After each of the parts were sufficiently sanded down, they were prepared to be

put together. All of the pieces that were to be glued together first had toothpicks, or alignment pins,

protruding out of the sides of them, so as to aid in aligning the sections prior to glue up. These alignment

pins also helped to strengthen the parts from shear forces, since epoxy is much stronger in the normal

direction than what it is in shear, and would then fail in shear. In addition to toothpicks being used as

alignment pins, two 0.295 inch arrow shafts ran through most of the length of the wing. One was located

in the leading edge and the other was located inside of the trailing edge. An unsanded leading edge

piece as well as the rear pieces with toothpicks protruding out of them can be seen in figures 14 and 15,

respectively, below:
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Figure 14  Unsanded leading edge section

Figure 15   Rear sections with toothpicks protruding

After the parts were sanded and aligned, they were glued together using five minute epoxy glue.

In order to glue them, the mixed epoxy was applied to the surfaces that were to be glued together. The

pieces were clamped together to make sure that they stayed in place while the epoxy cured. It takes the

epoxy five minutes to harden, but a full hour to fully cure. The clamping process included the parts in

between two pieces of styrofoam in order to give the parts soft surfaces holding them together. This

eliminates the issue of possibly damaging the parts from being clamped to a hard surface for a long

period of time. The clamps were connected directly to two pieces of wood that bordered the styrofoam

pieces. The purpose of the wood was to take the concentrated force of the clamps and spread it out over

a larger area to make sure the pieces glued together evenly. The process of gluing the rear three pieces

together is shown below in figure 16:
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Figure 16  The rear sections being glued together with the clamp, wood, and styrofoam

After the epoxy was finished curing, the areas where the parts were glued together had to be sanded

down, since the epoxy dried around the sides. This would create more friction/drag, so it had to be

sanded more. In order to get the smoothest finish around the sections, they were sanded down with

sandpaper with increasing grit levels to reduce friction as much as possible. Initially they were sanded

using 180 grit sandpaper, then 220 grit, 400 grit, and then finally 800 grit. Paste wax was then applied to

the edges to be buffed out afterwards. Two ¼ inch wooden dowel pins would be placed inside of the

female linkages to keep them in place.

In order to put the wing together, the servos, the carbon fiber rod, the vortex generators, and

the rest of the avionics were placed inside of the rear section of the wing with the vortex generators

placed in the slots. The leading edge section would be attached to the rear section using two 3D printed

female to female linkages at either side of the wing. When the wing was about to be assembled, it was

discovered that it was impossible to assemble the system. Due to the geometry of the vortex generators

alternating their directions to the left and right, simply attaching the leading edge to them was

impossible. This was solved by using a small hand saw and cutting a straight line from the ends of the

slots in the leading edge to the back of the leading edge. This allowed the vortex generators to be placed

in the rear slots and still be able to attach the leading edge to the trailing edge sections. In order to

eliminate the extra drag from the holes in the wing next to the vortex generators, tape was placed along

them to eliminate as much extra drag as possible. A picture of the modified slots, as well as the vortex

generators sitting in their slots, is shown below in figure 17.
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Figure 17   The cut in the leading edge that allowed it to fit around the vortex generators

In order for the wing to be able to be tested in the wind tunnel, it needed to be able to fit onto

the sting inside of the wind tunnel. The sting would be inserted into the hole in the rear of the wing. In

order to do this, another smaller hole was drilled into the center of the underside of the wing where the

sting would be in. This hole would accommodate a 4-40 set screw that could be tightened into the wing

and would hold the sting against the screw and the top of the hole. During testing, however, as the 4-40

screw was being tightened against the sting, the threaded hole became stripped. Another hole was

drilled in the same place, but it was a larger hole that could accommodate a 10-32 bolt. Since this bolt

had a larger diameter, more material was being used to hold the weight of the wing in place, so it did not

become stripped like the smaller diameter screw did.
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4. Design Verification
Design verification was completed in three phases. First, data was gathered from wind tunnel

testing of various angles of attack at various levels of vortex generator deployment. That data was then

compiled into an equation to optimize the most efficient deployment level at a given angle of attack.

Finally, that equation was programmed into the system and tested to produce the final results.

4.1  Testing
Below in section 3.1.1 is the methodology used to attain preliminary data which was then used

to test the final prototype of the system by the methods explained in section 4.1.2.

4.1.1 Preliminary Data Gathering
The first step in testing the system was to run a wind tunnel analysis on the wing from angles of

attack (AOA) of -12° to 20°  with the deployment system off. When the system is off or outside of the

operational AOA, the vortex generators will revert to the minimum deployment level which allows them

to effectively mimic the natural curve of the airfoil. This in turn means that when the system was off, the

assembly mimicked the base airfoil and gave data to test against. The team then performed the same

analysis with the vortex generators at different levels of deployment (in steps of 10%) and entered all of

these performance results into an excel spreadsheet. After outliers were removed, the lift to drag ratio

was calculated for each set of data and plotted versus AOA. At each AOA, the deployment level with the

highest lift to drag ratio was selected. Then, a curve fit was produced of percent deployment versus AOA,

and the equation of this fit was used to control the final system. Based on the results of this preliminary

testing, the system only had a major effect between AOAs of -6 and 6 degrees, so the system was set to

lower the vortex generators outside these bounds. Within these bounds, the generators followed the

curve fit equation

4.1.2 Final System Testing
Once the optimal deployment level at each AOA was determined, an equation was developed

that changed the deployment level of the vortex generators dynamically as the accelerometer detected

the airfoil's current AOA, as well as setting the deployment level to 0% when turned off or outside of the

operational AOA. A source code was found and modified to suit this application, see code in Appendix D

[9]. The airfoil was run through the wind tunnel analysis for all AOA with the new system turned off three

times, then run three more times with the system on. All six sets of data were sent to Excel where an

outlier analysis was performed by removing extreme data points, and both sets of data (system off and

on) were averaged. A curve fit was then applied to both sets of averaged performance data and they

were plotted against each other. The results of this comparison with and without outliers included can

be seen below in section 4.2.

4.2 Data Analysis
Analysis of the final set of data gathered by the feed-forward system consisted of comparing

results from the fully implemented system with the system with 0% vortex generator deployment. As

stated, the system's initial testing at 0% vortex generator deployment was compared with respect to the
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published results of the standard USA 35B airfoil [1]. Results from this comparison were favorable and

allowed for analysis of the system itself to proceed with confidence, See figure 18 below.

Figure 18   Graph Displaying Cl/Cd vs. Alpha for 0% Deployment

4.2.1 Verification
A Requirements and Verification Table can be found as Table 2 in Appendix A detailing how each

requirement was verified.

4.3 Standards Utilized
The standard most utilized during this project was ISO/ASTM 52910-18 for additive

manufacturing methods. The standard lays out requirements, guidelines, and recommendations for

additive manufacturing and specifics as to its appropriate use. Section 6 of this document was applied

during the initial design and CAD steps of design, in particular section 6.9.2 which discusses design

intent, practicality and purpose of additive manufacturing over other manufacturing methods [4]. Special

consideration was also given to section 7, which deals with the layer lines left behind as a result of the

process. Debate and study was involved as to how large of an impact that they would have on the

results. The layer lines ran parallel to the streamline path which indicated that they should have a

negligible effect, however, the wing was sanded smooth as a precaution.

Questions were raised early on in the design process about the structural integrity of the system

under the loads of the wind tunnel and every effort was made to mitigate the risk of a catastrophic break

up during testing. If the system were to fail during testing, the resulting debris of the system would most

certainly damage the fan blades of the wind tunnel and render it inoperable. To ensure that every effort

was made to prevent this, all hardware used in the system was required to have a DFARS 252.225-7009

compliance [3]. This includes the most critical component, the set screw, which is the only thing besides

friction holding the system to the sting of the wind tunnel.

4.4 Results
Results from testing were inconclusive. The system did have a definite positive effect on the

performance of the airfoil at some angles of attack, but is not consistent with the expected results with

25



static vortex generators, so it is difficult to draw a conclusion. Based on the results shown in figure 19,

the system had anywhere from a 60% improvement to a 20% detrimental effect on the lift to drag ratio.

It is suspected that the deviations and anomalies present in the results are due to three main causes:

errors brought about from the wind tunnel itself, mechanical tolerance issues discussed in section 4.4.3,

and variations in atmospheric conditions during each of the different days of testing. Extreme outliers

were removed from the data to confirm that the error was in the data gathering methods and not the

analysis itself. Doing so provided a graph with incongruous results which confirmed that physical factors

produced the results, see figure 20.

Figure 19  Graph comparing Cl/Cd vs Alpha between the system implement and not implemented
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Figure 20  Graph comparing Cl/Cd vs Alpha between the system implement and not implemented using outlier analysis
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5. Costs
According to Glassdoor, as of the 10th of April, 2021, the average Aerospace Engineer makes

$93,392 per year. If one were to break that salary down to 50 weeks of working (excluding two weeks for

vacation) and 40 hours per week, that averages out to $46.70 per hour of working. If all five members

work a combined average of 10 hours per week, and the duration of the project is 34 weeks, then the

total cost in labor totals to about $15,878 over the course of the project. In addition to this cost, there

are many other costs associated with this project, which can be seen in Table 1. After considering these

costs, the total cost of the project in labor and materials, is $16,658. Since this was a student project,

there was no cost in labor. Many of the electronics were already owned by the students, such as the

Teensy 3.2, breadboard, and wiring that was used. The Zips Aero Design Team generously donated many

materials to the project as well, such as the 3D Printer, the servos, the wooden dowel rods, and the

carbon fiber rod. After considering all these costs, the total actual cost to the team was $27.98.

5.1 Parts

Table 1:   Parts Costs

Part Manufacturer Retail Cost ($) Actual Cost ($)

CR-10s Pro V2 3D Printer Creality 700.00 0.00

Gray PLA Hatchbox 25.99 25.99

Teensy 3.2 PJRC 19.80 0.00

Breadboard Microcenter 3.99 0.00

Wiring Amazon 6.99 0.00

Servos EMAX 8.20 0.00

Accelerometer Amazon 1.99 1.99

Wooden Dowel Rods Home Depot 5.29 0.00

Carbon Fiber  Rod Dragon Plate 8.11 0.00

Total N/A 780.36 27.98

5.2 Labor
The labor was split into many different sections headed by different members of the project

group. All members participated in planning, designing, and scheduling the project. The preliminary

design was primarily done by Kirklin Anderson. The CAD Modeling was completed by everyone in the

group, but primarily by Chris Chapanar. The 3D printing and manufacturing was completed by Solomon

Whitmire, with the help of Dr. Manigandan Kannan and Aaron Trexler in the university’s 3D printing lab.

The programming of the Teensy was primarily done by Dan Chech. The manufacturing and assembly was
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completed by Solomon Whitmire, Kirklin Anderson, and Nick Amon. All members of the group helped

with testing the system in the wind tunnel. Data analysis was completed primarily by Nick Amon. The

collective time dedicated to this project weekly was about 10 hours per week, on average. The total time

from start to finish of the project was 34 weeks.
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6. Conclusion

6.1 Accomplishments
The system was initially designed to be able to deploy the VGs to an optimum height in order to

energize the boundary layer, keeping it attached to the surface of the wing, only when required. Upon

testing the final system it was found that the VGs had more of an effect on the characteristics of the wing

section at much lower angles of attack than what was expected. With this data a feed-forward control

system was designed to deploy the VGs to the most efficient height at specified angles of attack. With a

verification test prior to the wind tunnel testing, the team was able to prove that the goal of designing a

feed-forward control system for deploying VGs dependent on angle of attack was successful. The second

part of the project was to prove or disprove that the system positively affected the characteristics of

wing section by increasing the stall angle or increasing the Cl to Cd ratio. The results from this

experiment were inconclusive. This was determined by the fact that a baseline test with no VGs

deployed was run prior to any testing during the data collection and final testing phases, and the results

were inconsistent.

6.2 Uncertainties
The results from testing could have been inconsistent for a number of reasons. The uncertainties

that could have played a significant role in the final results from testing could have been caused by the

inaccuracy from the wind tunnel measurements, surface trueness and roughness, VG and VG slot fitting

and tolerances, tolerances of the servo deployment mechanism, vibrations and values read by the

accelerometer, and/or the wired connections.

The most notable uncertainty was the inaccuracy of the wind tunnel. Upon consulting with one

of our former professors, Garrett McHugh, he notified us that the wind tunnel is not the most accurate

as the sting has been overloaded before. If the sting had been overloaded before, this could have

permanently damaged the force readout sensors for the wind tunnel. The surface trueness of the wing

section could have been scanned using a laser scanner had we initially thought about this and had access

to this sort of technology. If the surface of the airfoil manufactured did not match that of what was

originally used to create the CAD model, this could have also varied our final results. Once the system

was assembled the critical surfaces were sanded and waxed as described in section 3.0 Manufacturing

above. It was hypothesised that this would provide a surface roughness that would be acceptable for the

purposes of this project. It could have been possible to use a profilometer to find the exact average

roughness value; this could then have been compared to the standards for wind tunnel testing. A feature

that could have led to a large amount of uncertainty was the deployment of the VGs. During testing the

loose fitting of the VGs in the VG slots allowed them to vibrate which could have led to incorrect results.

The servos could have also been jittering while under load which would have induced more vibrations

into the VGs themselves. The angular readings from the accelerometer could have varied, as well, if the

wing section vibrated enough on the sting. This was mitigated by mounting the accelerometer as close to

the sting tip as possible. Had the accelerometer been mounted at the wing tips it would have been

displaced even more causing larger changes in the angular readings. The final uncertainty that was

considered was the wiring. This could have posed a problem because of the use of a breadboard. If the
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wires were moving around the connections could have become temporarily loose during operation. This

could have been mitigated by using a custom PCB with soldered connections. This option was under

consideration for the majority of the project, but seeing as no one on the team had previous experience

with this it would have taken a significant amount of time to do this, and so it was decided against.

6.3 Ethical considerations
When working on any form of aerospace system, safety is always the number one ethical

concern. Because this system is meant to reduce likelihood of wing stall, and wing stall can cause an

airplane to crash, the system has the potential to improve the safety of an airplane. However, as with any

added electronic system, a failure of the system has the potential to be catastrophic. If, for example, this

system was implemented on an airplane, and the pilot were to believe that the airplane was safe for a

specific range of angles of attack, but the system was to fail, it could cause wing stall, with the potential

of endangering lives. Because of this, if any version of this system were to be implemented on an

airplane, it would require extensive testing to establish safe ranges of use, as well as redundancies in

sensors to ensure the system is operational and to notify the pilot if it fails.

Another ethical consideration for this system is the carbon emission of airplanes. Reduction of

emissions has become an important ethical concern in modern society, and because this system has the

potential to reduce drag on an aircraft, it has the potential to reduce the amount of fuel expended. This

reduction would come from a reduced need for thrust output to overcome the drag of the aircraft.

6.4 Future work
Although the results of this study are inconclusive, they do show potential that could justify

further investigation. There are a few key aspects to the development of this system that could be

improved in order to yield more reproducible results. First, a higher Reynolds number should be used for

the next prototype, since it is commonly known that higher Reynold’s numbers tend to create smoother

performance curves for an airfoil. This added “smoothness,” or predictability, could potentially yield a

much more accurate curve fit function for the controller. A prototype with a higher Reynold’s number

would require a bigger wing section, which would therefore require a larger wind tunnel. Additionally,

the Reynold’s number can be increased by performing the tests at a higher wind speed. The wind speed

used for testing was limited by the wind tunnel as well, due to the limit on the amount of force that the

wind tunnel can safely handle on the test section, which is a maximum normal force, axial force, and

moment of 25lbs, 10lbs, and 50inch-lbs, respectively.

Another method that could be used to improve upon this study in future work would be to

gather more data in the development phase of testing. Rather than testing each angle of attack with

each level of deployment one time, the same test could be done multiple times and on multiple different

days to account for changes in atmospheric pressure. Then, the data could be averaged before

determining the optimal percent deployment for each angle of attack. This could potentially create a

more optimal curve fit for the percent deployment versus angle of attack.
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Appendix A  Requirement and Verification Table

Table 2 - System Requirements and Verifications

Requirement Verification Verificatio
n status
(Y or N)

1. System can withstand wind
tunnel forces

a. Airfoil shell remains fully
together/intact

b. Deployment mechanism
can deploy in direct wind

1. Visual Inspection
a. Visual Inspection

Shell was inspected after test runs
to ensure no cracks had formed
and minor bend test was
performed to ensure strength

b. Visual Inspection
Vortex generators were deployed
and stowed during wind tunnel
test multiple times to ensure
consistent deployment

Y
Y

Y

2. System is entirely feed-forward
control and needs no outside
connection to function (during
tests)

a. Accelerometer is able to
accurately measure angle
of attack

b. System is able to deploy
vortex generators as
desired based on angle of
attack

c. System lowers vortex
generators outside of
operational angles of
attack

2. Experimentation
a. Experimentation/Data

Analysis
While mounted on wind tunnel
sting system was connected to
laptop with its arduino code to
check that the accelerometer’s
angle output matched what was
displayed by the wind tunnel

b. Experimentation/Visual
Inspection

While previous verification was
taking place, deployment value
output and vortex generators were
examined to ensure proper
deployment values at each AOA

c. Experimentation
Once previous verifications were
complete, system was angled out
of operational range to ensure that
vortex generators returned to zero
deployment

Y
Y

Y

Y

3. Systems battery cell is able to
sufficiently power hardware
throughout experiments

1. Experimentation
System was left on without charging
through multiple rounds of preliminary
and verification testing and lasted roughly
an hour and a half or longer (depending
on battery cell) before cell change was
required

Y
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Appendix B  Vortex Generator Sizing MATLAB Code
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Appendix C  Data Collection Teensy Program
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Appendix D  Final System Teensy Program
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