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Abstract 

 

The use of delta wings in modern aviation presents engineers with a wide array of tools to 

modify an aircraft's performance and flight characteristics. Various control surfaces have been 

developed to modify and enhance a delta wing's aerodynamic characteristics, such as the 

articulating wingtip, elevon, and leading-edge vortex flap. The purpose of this research is to 

determine the individual and coupled effects associated with each control surface listed above. 

Understanding the performance characteristics associated with each control surface on a delta 

wing can lead to a net increase in the overall performance of an aircraft.  

To continue previous research done at The Ohio State University’s Aerospace Research 

Center, an existing standard 60O swept delta wing model with articulating wingtips was further 

modified with leading edge vortex flaps and elevons. Tests were conducted in a 3’x5’ open 

circuit subsonic wind tunnel at a Reynolds number of 5x105. A six-component internal force 

balance was used to obtain aerodynamic forces and moments acting on the model.  

The results of wind tunnel testing were compared with baseline data in order to 

effectively determine individual control surface performance. Relevant results include the 

elevons ability to linearly change the pitching moment while simultaneously increasing lift. 

Similarly, the leading-edge vortex flap showed an increase in maximum lift to drag as well as 

changing the pitching moment to a linear trend. One coupled test utilizing elevons and wingtips 

also demonstrated the capability to change the aircraft’s stability from unstable to neutrally 

stable. These findings further demonstrate the ability to enhance and control the aerodynamic 

performance of a delta winged aircraft in real time.  
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Chapter 1: Introduction 

1.1 Background 

Previous research conducted at The Ohio State University Aerospace Research Center 

(ARC) has focused on the design and testing of autonomous, unmanned aerial vehicles (UAV) 

[1]. Recent emphasis has been placed on the data acquisition and autonomous controls of highly 

maneuverable UAVs. To further this research, the Flight Vehicle Design and Testing Group at 

ARC set out to create a unique aircraft to advance the testing of flight and controls equipment 

and software. This unique aircraft was designed with four specific requirements: provide non-

linear flight characteristics, operate at high speeds, be highly maneuverable, and multi-

configurable. The final aircraft design implemented a single vertical tail and a simple delta wing. 

The delta wing used consisted of a 60O leading-edge sweep and high-speed symmetric airfoil 

with a rounded leading-edge. The use of this delta wing satisfied all major design requirements 

put forth. 

1.1.1 Delta Wings 

The aerodynamic performance of a delta wing varies greatly from that of a conventional 

aircraft wing. Most advantages associated with these types of wings are found in the supersonic 

regime, including decreased wave drag, increased longitudinal stability, and reduced structural 

weight [2]. Due to these advantages, delta wings are commonly utilized on military fighter jets 

capable of supersonic speeds. However, a primary constraint of supersonic flight is the necessity 

to also perform in the subsonic regime, namely during take-off and landing [3]. Understanding 

the aerodynamic characteristics associated at these subsonic speeds can lead to an overall 

increase in the performance and maneuverability of an aircraft.  
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The 60O swept simple delta wing at the center of this study is a broadly studied planform 

with a large amount of previous research and information available. The delta wing shape offers 

an inherently non-linear set of characteristics due to the leading-edge vortex (LEV) and 

subsequent vortex breakdown. Both phenomena affect the lifting characteristics have been 

thoroughly studied by the aerospace community.  

1.1.2 Leading Edge Vortex  

 The main contribution to lifting force on a delta wing at low-speeds and high angle of 

attack is due to the leading-edge vortex. This vortex allows delta wings to reach a much higher 

angle of attack before stall. Formation of the LEV is a result of boundary layer flow separation 

on the leading edge of the wing. This flow separation results in free shear layers that roll into a 

counter rotating vortex on the surface of the wing [4]. This high energy, high vorticity flow 

results in a low static pressure along the top of the wing’s surface, thus generating an additional 

suction and lift force, known as suction lift [5,3]. The primary vortex can either break down, or 

re-attach to the surface of the wing, depending on wing geometry and angle of attack. It can also 

result in additional secondary counter rotating vortices forming on the surface of the wing. 

Figure 1. shows a diagram of the formation of a leading-edge vortex. 
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Figure 1. Leading-Edge Vortex Formation [3] 

 

 This leading-edge suction is the primary factor behind the non-linear performance of 

delta wings. At low angles of attack the LEV is not formed and thus does not contribute to lift. 

The leading-edge suction analogy has been developed in order to predict the low-speed lift and 

drag characteristics for a delta wing [6]. This allows for accurate prediction of the contribution of 

potential and vortex lift for a thin wing with no camber, and sharp leading edge. 

1.1.3 Leading Edge Vortex Flap 

Various control surfaces have been developed to modify a delta wing's aerodynamic 

characteristics. The leading-edge vortex flap (LEVF) is a control surface that is traditionally used 

to increase the maximum lift to drag ratio. The LEVF works by deflecting the entire leading edge 

about the rest of the surface of the wing. This changes how the LEV forms and interacts with the 

rest of the flow around the wing. By repositioning and redirecting the low-pressure result of the 

LEV, the vortex can produce a forward thrust, as is shown in Figure 2. 
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Figure 2. Effect of Leading-Edge Vortex Flap [7] 

 

A considerable amount of research on delta wings conducted by Marchman focused on 

the use of LEVF to modify the performance of a delta wing [7,8,9]. Of relevant interest, 

Marchman found that by inverting the deflection of the flap, an entirely new set of aerodynamic 

characteristics can be obtained [8]. Addition of the inverted LEVF led to an increased lift curve 

slope and encouraged an earlier stall on a simple 60O swept flat plate delta wing. 

1.1.4 Elevon 

Elevons are another traditional control surface used on delta winged aircraft to control the 

pitch and roll of the aircraft. An elevon combines the function of an elevator (used to control 
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pitch) and aileron (used to control roll) into one control surface. It is common for delta winged 

aircraft and flying wings that do not have a horizontal stabilizer to primarily use elevons. 

1.1.5 Articulating Wingtip 

 The primary purpose of a deflected wingtip (also known as a winglet) at subsonic speeds 

on traditional wings is to reduce the impact of induced drag from wingtip vortices and increase 

the efficiency of an aircraft. The articulating wingtip is a relatively rare control surface on delta 

winged aircraft. Its most notable use was on the XB-70 Valkyrie. The XB-70 utilized the 

wingtips to provide a negative deflection at supersonic speeds to capture the aircraft’s bow 

shock, ultimately increasing lift. Additionally, the drooped wingtips increase the longitudinal 

stability of the aircraft at supersonic speeds.  

1.2 Motivation 

Alongside the 1/3rd scale flight test model, a 1/5th scale model was created to obtain 

aerodynamic characteristics directly from wind tunnel testing. Initially, the model was only 

tested with a standard 60O swept delta wing with no control surfaces. The addition of articulating 

wingtip at 2/3rd span was later introduced by Trussa [10]. These wingtips have the ability to 

articulate from +90O to -90O deflections on either wing as shown in Figure 3.  
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Figure 3. Articulating Wingtip Configurations [10] 

 

This configuration was assembled and tested at low speeds to obtain the new set of 

aerodynamic characteristics provided by articulating wingtips. The results of this research 

showed that through the use of articulating wingtips, the stability of the aircraft could be heavily 

influenced. With +90O deflections, the aircraft became unstable, as seen in Figure 4. 
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Figure 4. Articulating Wingtip Stability Results 

 

These findings motivated further research into the aerodynamics characteristics of other 

control surfaces and their coupled effects. A delta wing implementing articulating wingtip, 

elevons, and leading-edge vortex flaps would provide a unique set of aerodynamics 

characteristics. This platform would allow the individual characteristics of each control surface 

to be measured, as well as any desired coupling between multiple control surfaces.  
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1.3 Objectives 

 The primary objective of this research was to obtain the aerodynamic characteristics of a 

60O swept delta wing with articulating wingtips, elevons, and leading-edge vortex flaps. The 

wind tunnel model used in previous research was modified with the addition of elevons and 

LEVF. This model was then tested in the 3’ x 5’ low-speed, Eiffel-type open circuit subsonic 

facility located at ARC. Using a six-component internal force balance, the lift, drag, and side 

forces, as well as pitch, yaw and roll moments were measured. Analysis of wind tunnel results 

allowed conclusions to be drawn on the effectiveness of each individual control surface on the 

models lift, drag, and longitudinal stability. Additionally, the aerodynamic effect of coupled 

control surfaces was investigated.  
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Chapter 2: Design and Fabrication 

2.1 Fuselage 

 The existing fuselage was designed to accommodate multiple wing configuration designs, 

with the recent focus on varying highly swept delta wing type configurations. The two-spar 

layout, shown in Figure 5, allows for different sets of delta wings to be tested on the same 

fuselage. The only constraint being the NACA 64-006 root chord profile and length. Area ruling 

was conducted to decrease wave drag during high-speed flight.  

 

 

Figure 5. Wind Tunnel Model Fuselage 

 

 The fuselage is made up of two fiberglass halves. Foam blocks were milled by a CNC 

router to create two symmetrical female molds. Using fiberglass sheets and epoxy resin, the 

molds were layered and vacuum bagged for curing. Ribs and spars were laser cut from balsa 

wood to form the wing mounting apparatus. For mounting to the balance, the fuselage contains 

an internal aluminum collar that is placed so that the forces and moments measured by the 

balance coincide with the model’s center of gravity. This collar is molded within the fuselage 

and held firmly in place along the fuselage centerline. The aluminum collar and wooden spars 

were set into place and the halves glued together using high strength adhesive. To obtain a final 
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finish, body filler and automotive primer were applied and wet sanded. Finally, a top and clear 

coat was applied to protect the finish and provide a smooth surface. 

 

2.2 Wing 

The base wing chosen for this analysis was a 60O swept delta with a NACA 64-006 

profile. The NACA 64-006 offers high speed capabilities and a rounded leading edge. The 

rounded leading edge of this airfoil is an important factor that directly impacts the formation of 

the leading-edge vortex and its subsequent effects. A 60O leading edge sweep was chosen due to 

the extensive amount of previous research. This previous research serves to provide a baseline 

for testing validation and performance impacts encountered when incorporating wing 

aerodynamic and control enhancements. The overall dimensions of the delta wing are 

constrained by both the fuselage model, and the wind tunnel size. The model was sized in order 

to maintain appropriate wind tunnel model sizing methods laid out by Barlow et al. [11]. To 

ensure minimal adverse wind tunnel effects, the delta wing root chord design was 18.5” long and 

each wing had a width of 9.7” for an overall wingspan of 25” including the fuselage. This sizing 

ensured that the model fit in the tunnel and the data collected was not affected by interference 

from the walls. These dimensions also kept the overall wind tunnel blockage at high angles of 

attack within recommended limits. 

 The construction process for the wing followed the same basic fiberglass layup as the 

fuselage. Two wing halves (top and bottom surfaces) were created from symmetric female molds 

and joined together with glue. Due to the use of a symmetric airfoil, the same molds were used 

for both wings. A spar-like channel structure was designed to mount the wings onto the spars 

protruding from the fuselage. The spar structure and ribs were laser cut and glued into the hollow 
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wing surface body. The resulting wings were sanded and painted to the same smooth finish. To 

construct the full model, wing halves slid onto the protruding spars of the fuselage. Metal tape 

was implemented along the fuselage-wing junction to eliminate any small gaps. An example of a 

set of constructed wings, the ogival delta wings, can be seen in Figure 6.  

 

 

Figure 6. Ogival Delta Wings 

 

The ogive type delta wing pictured was constructed and tested alongside the primary set 

of wings. This wing was created to determine and compare the aerodynamic characteristics of an 

ogive type delta with other planform delta shapes. 

2.3 Control Surfaces 

 The design and fabrication methods outlined as follows describe the process used to 

modify the fiberglass wing with various control surfaces. Each control surface can be set 

individually at multiple deflection angles, this allowed for control surfaces to be tested 
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individually, as well as coupled. The final wing configuration can be seen in Figure 7. A 

dimensioned drawing of the wing can be found in Figure 20 of Appendix B.  

 

 

Figure 7. Test Model with All Control Surfaces 

 

2.3.1 Articulating Wingtip 

 The delta wings used in this study are the same set used in Trussa’s “Low-Speed 

Aerodynamic Characteristics of a Delta Wing with Articulated Wing Tip” [10]. Thus, this set 

still contains the wingtip mechanism designed for this particular research project. The wingtip 

mechanism consists of a 4-part hinge at 2/3rds wingspan, running parallel to the chord. This 

insert allows for the wingtip to deflect a total of 180O, 90O up (positive deflection) and 90O down 

(negative deflection) about the wing. The hinge mechanism was designed to fit uniformly along 
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the wing surface so as to not affect the flow. As on the fuselage-wing junction, metal tape was 

used to cover any gaps. The computer aided design (CAD) model and final wingtip mechanism 

can be seen in Figure 8. Additionally, a dimensioned drawing of the mechanism can be seen in 

Figure 24 of Appendix B.  

 

 

Figure 8. Wingtip Mechanism 

 

 To create this hinge mechanism, the wingtips of the delta wing model were cut off at 

2/3rd wingspan. The hinge mechanism parts were printed with the use of a 3D printer. Once the 

mechanism was fully constructed, the wingtip and remaining wing were retrofitted with the 3D 

printed hinge and held in place with high strength glue. Two cap screws in each hinge allow for 

the wingtips to be set at any prescribed angle.  
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2.3.2 Elevon 

 Elevons were incorporated to provide longitudinal and directional control. The elevon 

length was set at 15% of the mean aerodynamic chord (MAC). Since the existing wingtip 

mechanism spanned 1/3rd of the trailing edge, the elevon spanned the remaining 2/3rds of the 

trailing edge not already in use by the articulating wingtip. Once sized, a control mechanism was 

needed to hold the elevons securely in place at multiple deflection angles. Previous designs 

tested at the ARC used a remote-controlled aircraft type servo and control horn to set and hold 

elevator deflection. This setup was not ideal due to the flow perturbation caused by the extruding 

mechanism, and difficulty in adjusting and holding a deflection angle. To solve this issue, a 

lower profile mechanism was designed to reduce interference on the flow. The resulting design 

consisted of two hinges used to hold each elevon in place. Multiple sets of hinges were created to 

test at multiple deflection angles. The hinges were solid plastic and measured an inch wide and 

0.6” long. Figure 9 shows the CAD model and the final elevon configuration. A dimensioned 

drawing of the elevon insert can be found in Figure 21 of Appendix B. 
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Figure 9. Elevon Mechanism 

 

To construct the elevons, trailing edges of the delta wing models were cut off at 1.81” (15% 

MAC). The elevon hinges were 3D printed using polyethylene terephthalate glycol (PETG) 

plastic due to its high strength qualities. Each deflection angle required a new custom set of 

elevon hinges to be printed. The hinges were design fit to hold the elevon snug in place on the 

wing's trailing edge. Metal tape was used to cover the gap between wing and elevon. 

2.3.3 Leading Edge Vortex Flap 

 The leading-edge vortex flap was incorporated to provide aerodynamic enhancements 

and to determine potential aircraft stability and control impacts in conjunction with the elevon 

and articulating wingtips. The resulting design is 10% of the MAC length and spans the entire 

leading edge of the model (with exception of the articulating wingtip ~1/3rd span). The LEVF 

had multiple constraints that affected its shape and interface with the rest of the wing. In order 

for the flap to have no geometric interferences with the rest of the wing as it articulated, the 

inboard edge had to remain parallel to the root chord and the outboard edge had to be 
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perpendicular to the leading edge. This allowed the flap to have a full range of motion with no 

interference with the rest of the wing. It was chosen to articulate the LEVF about the bottom 

edge of the wing based on similar flap designs on production aircraft, as well as on a flight test 

model constructed at ARC. Articulating about the bottom edge also allowed for the mechanism 

to simplify construction methods and provide efficient operation. In order to preserve the 

leading-edge vortex, the mechanism was designed to minimize features that would potentially 

interrupt or affect the flow in an unintended manner. The final design shown in Figure 10 used a 

wedge-like hinge that was inserted to set the LEVF deflection at multiple angles. This wedge sat 

flush with the flap and along the wing’s top surface. Dimensioned drawings of the wedges can be 

found in Figure 22 and 23 of Appendix B. 

 

 

Figure 10. Leading Edge Vortex Flap Mechanism 

 

 The entire leading edge was cut out of the delta wing model, with the exception of a 

portion on the root chord, which was left for mounting the wing to fuselage, and at the wingtip, 
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prior to the mechanism for the articulating wingtip. The resulting leading edge was then taped 

back where it was cut out on the bottom edge of the wing. The LEVF wedges were 3D printed 

and inserted to set deflection angles. Multiple wedge inserts were printed (one for each 

deflection angle, per wing). Once in place, the entire leading edge was taped with metal tape to 

hold the wedge in place and cover any gaps in the flap-wing junction.  
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Chapter 3: Methodology 

3.1 Experimental Facilities and Equipment 

 This section describes the experimental setup and the methods used to obtain data. All 

necessary correction factors and uncertainty considerations are included. 

3.1.1 Wind Tunnel 

Wind tunnel experiments were conducted in a 3’x5’ low-speed Eiffel type open circuit 

subsonic wind tunnel facility located at ARC. The wind tunnel has a maximum airspeed of 180 

ft/s and a test section area of 39” x 59” x 96”. The tunnel was controlled using a LabView 

program that monitors airspeed in real time. Airspeed was determined using static and total 

pressure measurements. Static pressure ports are located at the end of the converging section just 

prior to the test section. Total pressure within the tunnel was measured using rings of surface 

pressure ports located at the exit of the settling chamber. 

3.1.2 Force Balance 

Aerodynamic forces and moments acting on the wind tunnel model were measured using 

an HH-388 six-component internal force balance. This balance uses a total of 24 separate strain 

gauges to measure loads. Calibration, maximum load, and instrument accuracy information is 

listed in Table 1. 
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Table 1. Calibration Information [12] 

 
 

For this application, the balance was calibrated on the lower end of the maximum design 

load. This system still holds a high level of accuracy due to the balance design, high gain, and a 

low noise signal conditioning and acquisition system.  

This balance allows for all relevant aerodynamic forces to be measured. Lift and pitching 

moments are measured using a combination of two normal force components. Side and yawing 

moments are measured using two side force components. Drag and rolling moments are 

measured using their own respective components. An image of the balance is shown in Figure 

11. 

 

 

Figure 11. Six-component Internal Force Balance [10] 
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3.1.3 Sting Support System 

The wind tunnel mounting apparatus includes an aluminum sting located in the center of 

the test section. This sting holds the balance and model on one end and is firmly attached to a 

steel vibration damping system on the other. This system is designed to dampen any vibration 

caused by unsteady aerodynamic flow and prevent any interference with the force balance 

measurement system. The model's angle of attack was set using a translating jackscrew located 

on the steel mounting system. This jackscrew pivots the entire sting about the balance’s moment 

center, and keeps the model centered in the wind tunnel test section. A counterbalance is used to 

assist the jackscrew motor when changing angle of attack. The model’s exact angle of attack is 

determined using a calibration curve and a reading from the steel mounting system. The sting 

and mounting system can be seen in Figure 12. 

 

 

Figure 12. Sting Support System 
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3.1.4 Data Acquisition and Reduction 

Data from the force balance was acquired using a National Instruments CompactDAQ 

9174. This unit has a 32-bit resolution and sampled data at 2000 Hz over a 5 second period for 

each data point. The manual user inputs include airspeed (from the wind tunnel’s LabView) and 

model angle of attack (read from the calibration curve) for each data point. An example of the 

data acquisition interface is shown in Figure 13. 

 

 

Figure 13. Data Acquisition Interface 

 

3.1.5 Corrections and Uncertainty 

 The first correction made was due to wind tunnel model blockage. The model and sting 

system take up room in the tunnel, effectively lowering the test section area. This decrease in 

area results in an increase in airspeed according to Bernoulli's equation and continuity. To 

correct for this increase in velocity, equation 1 was used to determine airspeed [11]. In equations 
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X, 𝑢1 is average change in tunnel velocity, 𝑣 represents the tunnel’s unchanged airspeed, 𝑣𝑜𝑙 

represents volume of the test section (0.7*model thickness*wingspan*root chord), ℎ is the length 

of the test section wall perpendicular to wingspan, and 𝑏 is the length of the wall parallel to the 

wingspan. 

 

𝑢1

𝑣
= 0.62 ∗

𝑣𝑜𝑙

ℎ
2𝑏

  [1] 

 

The next corrections were made to account for the change in measurements due to effects 

from the walls of the test section. Due to the close proximity of the test section walls to the 

model, the induced flow produced by the model’s lift is altered and decreased. As a result, the 

amount of induced drag is also decreased. Another result of the proximity of wind tunnel walls is 

an increase in local angle of attack along the span of the wing. Equations 2 and 3 are used to 

account for the loss of induced drag and change in effective angle of attack. In equation 2 and 3, 

δ represents the boundary correction factor defined by Barlow et al. [11], S is the wing area, and 

C is the tunnel jet cross-section area. 

 

𝛥𝐶𝐷 = 𝛿
𝑆

𝐶
𝐶𝐿  [2] 

𝛥𝛼 = 𝛿
𝑆

𝐶
𝐶𝐿 [3] 

 

 The final correction accounted for the increased drag due to the sting mount located 

behind the model. Equation 4 [13] is used to account for the change in axial body force, which 

affects both lift and drag measurements. In equation 4,  𝐷𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒  and 𝐷𝑠𝑡𝑖𝑛𝑔  are diameters of the 

fuselage and sting mount respectively, and 𝑞∞ represents the dynamic pressure. 
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𝐶𝐷𝐵𝑎𝑠𝑒 =
𝑞∞

𝑆
𝜋(

𝐷𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒−𝐷𝑠𝑡𝑖𝑛𝑔

2
)2 [4] 

 

3.2 Experimental Procedure 

 The following section describes the testing procedure used to ensure accurate, precise, 

and replicable data. 

3.2.1 Balance Procedure 

The wind tunnel model was mounted to the six-component internal force balance at its 

center of gravity. The model was mounted upside down to avoid crossing over the balance’s zero 

once enough lift was produced to counter gravity. Crossing the balance’s zero can result in 

unreliable and inaccurate data.  

The balance was then tared for the range of angle of attacks with no external loads (wind 

tunnel turned off and doors shut). The balance was tared at each angle because as the model 

moves, the strain gauges within the balance are loaded at a different rate. This tare was then used 

to account for the model’s weight for each test conducted. 

3.2.2 Wind Tunnel Procedure 

First, the wind tunnel’s pressure transducers were zeroed for ambient conditions (pressure 

and temperature) with the doors closed. Doors were then opened, and the desired wind tunnel 

model configuration was set up within the tunnel. Tests were run with 2 personnel, one to 

monitor airspeed, angle of attack, and the wind tunnel model, and the other to operate the data 

acquisition software. The fan was started and brought up to the desired speed which was held 
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constant throughout the entire test within 2 ft/s accuracy. The model was then run through its 

sweep of angle of attack. 

3.2.3 Range of Testing 

The tests conducted were done to obtain the aerodynamic characteristics of each control 

surface individually, and in coupled configurations. Each test was run through an angle of attack 

sweep ranging from 0-36O with data points collected every 2O.  

Elevon deflections were limited to ±10O and +20O deflections. LEVF deflections were 

limited to +10O, +20O, and ±30O deflections. The only wingtip deflection tested was a +90 O 

deflection. An example of all three control surface deflections can be seen in Figure 14 which 

shows +90O wingtip, +20O elevon, and -30O LEVF. 

 

 
Figure 14. Control Surface Deflections 
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Prior testing on this model determined minimal differences between low-speed Reynolds 

numbers (3.5x105 and 5x105) [10]. Therefore, all tests were conducted at a Reynolds number of 

5x105 based on the wing’s mean aerodynamic chord. The data examined was collected over a 

total of 13 tests, shown in Table 2. 

 

Table 2. Testing Matrix 

  Test # 
Reynolds 

Number x1000 Control Surface Deflection (deg) Notes 

  1 500 None - Baseline 

  2 500 Elevon +10   

  3 500 Elevon +20   

  4 500 Elevon -10   

Angle of  5 500 LEVF +10   

Attack Sweep 6 500 LEVF +20   

0-36O 7 500 LEVF +30   

  8 500 LEVF -30   

  9 500 Wingtip +90 Baseline 

  10 500 Wingtip ; Elevon +90 ; -10   

  11 500 Wingtip ; Elevon +90 ; +10   

  12 500 Wingtip ; Elevon +90 ; +20   

  13 500 Wingtip ; Elevon ; LEVF +90 ; +20 ; -30   
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Chapter 4: Results and Discussion 

4.1 Overview 

 The following section contains the results and discussion of the wind tunnel testing 

conducted in the 3’x5’ low-speed wind tunnel. The results will be presented in order of elevon, 

LEVF positive deflections, LEVF negative deflections, and a coupled +90O wingtip deflection 

with elevons. Four plots for each batch of testing will be provided; lift curve, pitching moment, 

drag polar, and aerodynamic efficiency. 

 

4.2 Elevon 

 The lift curve shown in Figure 15 a) shows an increase in lift as the elevon is deflected in 

the positive direction, and a decrease in lift with negative deflections. This is to be expected due 

to the elevon effectively adding camber to the airfoil shape, thus increasing lift. Stall can also be 

seen occurring earlier with the positive deflections. This trend in the lift curve is similar to 

experimental testing done on a 60O swept flat plate delta with similar trailing edge flaps [7]. 

Tabulated values relating to lift can be found in Table 3. 

 The results of the pitching moment experienced by the model can be seen in Figure 15 b). 

This data shows a linear trend between the pitching moment and elevon deflection. The average 

elevon deflection pitching moment 𝐶𝑀𝛿𝐸
 is -0.0352. Table 3 shows the average 𝐶𝑀𝛿𝐸

 for each 

elevator deflection, as well as 𝐶𝑀0
.  

 The pitching moment results also show that at low angles of attack (0-10O), elevon 

deflection has little effect on the stability of the aircraft, which remained stable. However, at high 

angles of attack for the positive elevon deflection, the pitching moments shallowed out and 
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became more neutrally stable. This result also reflects that of the flat plate tests referenced 

previously [7]. 

 Figure 15 c) shows the drag polar. Similar to the lift curve, there is an increase in CL with 

the increase in elevator deflection. The aerodynamic efficiency shown in Figure 15 d) also shows 

an increase in the lift to drag ratio up to a point. As expected, the +10O elevon deflection 

increases the lift to drag ratio, however this increase only occurs up to a point where the elevon’s 

exposed profile starts to generate additional drag, reducing the ratio of lift-to-drag at lower 

angles of attack, which can be seen with the decrease in lift to drag at +20O elevon deflection.  
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Table 3. Elevon Aerodynamic Values 

  0O 
-10O +10O +20O 

𝑪𝑴𝒐
 -0.0033  0.2902  -0.2996  -0.6590 

𝑪𝑴𝜹𝑬
 - -0.02968 -0.03344 -0.03512 

𝑪𝑳𝜹𝑬  - 0.007772 0.007041 0.008241 

𝑪𝑳𝑴𝑨𝑿
 1.385 1.181 1.430 1.501 

 

 

 

 
Figure 15. Elevon Performance 
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4.3 Leading Edge Vortex Flap 

 To understand the full effect of the leading-edge vortex flap the model was tested at both 

positive and negative LEVF deflections. Both deflections produced a unique set of aerodynamic 

characteristics as shown below.  

4.3.1 Positive Deflection 

 As shown in the lift curve in Figure 16 a), the LEVF had  minimal effect on the lift 

produced. There was a slight decrease in lift at higher angles of attack. The drag polar shown in 

Figure 16 c) also shows a very minimal change compared to the baseline. The aerodynamic 

efficiency in Figure 16 d) however shows a notable change in the maximum lift to drag ratio. 

The values in Table 4 show that each deflection angle produced a similar maximum lift to drag 

ratio. These results are all as expected based on similar tests done on a 60O swept flat plate delta 

with LEVFs [9]. The results also reflect the theory behind a LEVF in which the LEV forms on 

the deflected flap instead of the wing and the angled vortex induced suction force produces a 

forward thrust component along with lift (shown in Figure 2). This would also explain the slight 

decrease in lift curve due to a portion of the lifting component being redirected into forward 

thrust. The pitching moment shown in Figure 16 b) indicates that the LEVF produced a slight 

increase on the stability of the aircraft. The slopes of the pitching moments and 𝐶𝑀𝑜
 are shown in 

Table 4. 
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Table 4. Positive LEVF Aerodynamic Values 

  0O +10O +20O +30O 

𝑳

𝑫𝒎𝒂𝒙
 11.6732 13.4036 13.5418 12.7308 

𝒅𝑪𝒎
𝒅 ∝

 -0.0282 -0.0326 -0.0314 -0.0327 

𝑪𝑴𝒐
 -0.0033 -0.042 -0.029 -0.055 

 

 

 

 
Figure 16. Positive Leading Edge Vortex Flap Performance 
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4.3.2 Negative Deflection 

 The partial results from the negative LEVF deflection showed a very different data set 

from the positive deflection. Starting with the lift curve in Figure 17 a), the -30O deflection 

followed the baseline almost exactly. The stall shown for the deflection was also much shallower 

than the baseline, which is more in line with a softer trailing edge stall. The drag polar shown in 

Figure 17 c) indicates that there is almost no change in the drag produced by the model, despite 

the increased cross-sectional area due to the deflected flap. Interestingly, the results for this 

experiment did not match the results of a similar 60O swept flat plate delta with inverted LEVF, 

which showed an increase in lift and earlier onset of stall (with similar leading edge stall 

characteristics as the baseline) [8]. 

 The pitching moment in Figure 17 b) shows a notable change in the stability 

characteristics of the aircraft model. The baseline data shows the characteristic delta wing shift in 

the pithing moment between 10O and 12O, indicating the formation of the leading-edge vortex 

and addition of suction lift. This produces a nonlinear pitching moment. The LEVF pitching 

moment is seen to be linear until stall starts, around 25O. The most likely explanation for this 

change is due to the inverted LEVF instantly beginning to produce a leading-edge vortex (and 

thus suction lift) even at a 0O angle of attack. Although at a 0O angle of attack, the flow is 

interacting with the leading edge as if it were at a 30O angle of attack due to the LEVF 

deflection. This means that the suction component is always present, resulting in more linear 

characteristics. Despite this early onset of vortex suction lift, the lift curve shows almost no 

change in lift produced. 

 The aerodynamic efficiency shown in Figure 17 d) shows a small decrease for the 

deflection compared to the baseline. This could be explained similarly to the positive deflection, 
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the LEV acting on the LEVF is now pointed slightly backwards, thus adding an additional drag 

component in addition to lift.  

 

 

 
Figure 17. Negative Leading Edge Vortex Flap Performance 
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4.4 Coupled Control Surfaces 

 Once the individual characteristics of each control surface had been characterized, the 

effect of different couplings could be tested. The results for a wingtip and elevon coupling study 

can be seen below. In addition to this series of testing, the results of a coupling between all three 

control surfaces can be found in Figure 22 of Appendix A. 

4.4.1 Articulating Wingtips and Elevons  

 The first coupling investigated was the same elevon sweep (±10O, +20O) with the 

addition of +90O wingtips. This case was chosen due to the wingtips proven ability to change the 

aircrafts stability from stable to unstable at a +90O deflection [10]. The new baseline, referred to 

in Figure 18, represents the model with +90O wingtip and 0O elevon deflections.  

 The lift curve shown in Figure 18 a) indicates an increase in lift with positive elevon 

deflection, similar to the results of the individual elevon study. Additionally, the aerodynamic 

efficiency shown in Figure 18 d) also follows the same trend as the individual elevon results. The 

lift to drag ratio increases at a +10O deflection, and then decreases at +20O. The 
𝐿

𝐷𝑚𝑎𝑥
however 

was 17.7 for the wingtip-elevon coupling, which was greater than the individual elevon  
𝐿

𝐷𝑚𝑎𝑥
 for 

the same 10O elevon deflection, which was 14.5. The drag polar can be seen in Figure 18 c) 

which indicates a minimal change in the drag produced despite the increase in lift to drag ratio. 

 The pitching moment shown in Figure 18 b) indicates that the coupled control surfaces 

had a large impact on the stability of the aircraft. The baseline +90O wingtip configuration was 

unstable as expected. The addition of a -10O elevon increased the pitching moment while still 

maintaining the same stability characteristics. Positive elevon deflections had a large impact on 

the stability of the aircraft. Both +10O and +20O deflections made the aircraft neutrally stable. 
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This is a large difference from the linear relationship found in the individual elevon results which 

had no effect on the stability. Important values taken from the data can be seen in Table 5. 

 

Table 5. Coupled Wingtip-Elevon Aerodynamic Values 

  0O 
-10O +10O +20O 

𝑪𝑴𝒐
 -0.0341 0.2019 -0.3116 -0.4690 

𝒅𝑪𝒎
𝒅 ∝

 0.0110 0.0119 0.0048 0.0054 

𝑪𝑴𝜹𝑬
 -  -0.02361 -0.03346 -0.02468 

𝑳

𝑫𝒎𝒂𝒙
 12.93 7.46 17.68 9.99 

* 
𝒅𝑪𝒎

𝒅∝
 and 𝑪𝑴𝜹𝑬

 calculated for 𝛼=0O-14O 

 

 

 
Figure 18. Articulating Wingtips +90O and Elevons Performance 
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Chapter 5: Conclusion 

  

5.1 Summary  

 The goal of this research was to experimentally determine the aerodynamic performance 

of a delta wing outfitted with articulating wingtips, elevons, and leading-edge vortex flaps. This 

research was motivated by the non-linear and unique characteristics of a delta wing due to the 

leading-edge vortex. Additionally, this research was done to supplement current research at The 

Ohio State University on developing UAV technology.  

 An existing fiberglass wind tunnel model of a simple 60O swept delta wing was outfitted 

with the various control surfaces. Using custom designed 3D printed hinges and inserts, the 

deflection angle of each control surface could be set and tested. The resulting wind tunnel model 

was tested at a Reynolds number of 5x105 in a 3’x5’ subsonic wind tunnel. A six-component 

internal force balance was used to obtain force (lift, drag, side) and moment (yaw, pitch, roll) 

data for the wind tunnel model. 

 Through the analysis of wind tunnel results and comparison to baseline data, significant 

trends in the performance of each individual control surface could be identified. As expected, the 

effect of the elevons was to linearly increase the pitching moment, while also creating additional 

lift. Similarly, the positive LEVF results showed an increase in the maximum lift to drag ratio 

and increase in stability. The inverted LEVF had a unique result in which the pitching moment 

for the aircraft became linear. 

 Additionally, one study on the coupled effect of a +90O wingtip and elevon sweep was 

conducted. The result of this showed that the elevon deflection had a large impact on the stability 

of the aircraft, changing the stability from unstable to neutrally stable. These findings further 
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suggest the ability to enhance the flight performance, control, and stability/maneuverability of a 

delta winged aircraft in real time. 

5.2 Future Work 

 Using the data characterizing the individual effectiveness of each control surface that is 

now available, the couplings between two or more surfaces can be investigated further. 

Similarly, hinges and inserts allowing for larger deflections can be printed and tested. The further 

characterization of a delta wing with these control surfaces would lead to an increased 

understanding for the manipulation of a delta wings aerodynamic performance for both wind 

tunnel and flight testing. 

 Additionally, the creation of a similar flat plate delta with the various control surfaces 

could provide insight into the fundamentals behind each control surface coupling. Similarly, 

computational fluid dynamic investigation could also provide insight into the physical flow 

characteristics associated with each control surface and coupling.  
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Appendix A. Additional Test Data 

 
Figure 19. Wingtip, Elevon, and LEVF Deflection Performance 

 

  



39 

 

Appendix B. Computer Aided Design Part Drawings 

 
Figure 20. Wind Tunnel Model Drawing 
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Figure 21. Elevon Hinge 10-Degree Insert Drawing 
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Figure 22. LEVF Root Wedge 10-Degree Drawing 
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Figure 23. LEVF Tip Wedge 10-Degree Drawing 



43 

 

 

Figure 24. Articulating Wingtip Assembly Drawing 


