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ABSTRACT 

Experimental Aerodynamic Analysis of A Wing-Flap System with Delta Vortex 

Generators 

By Charles McConnell Jr 

The principle idea upon which the use of vortex generators (VGs) is based has 

been to control flow separation. The characteristic ofVGs has been used to improve lift 

and alter the stall characteristics of aircraft and has been a relatively common practice for 

many years. Due to the seemingly limitless range ofVG geometries and arrangements, 

which are largely dependant upon the desired aerodynamic performance, there has been a 

broad investigation into VG application. 

The purpose of this experimental investigation has been to collect data to be used 

to establish the effects of various delta shaped vortex generators ( delta-VGs) geometries 

and locations for comparison with a baseline model. The data for this research were 

collected using the University of Tennessee subsonic wind tunnel and were used to 

produce aerodynamic information including coefficients for lift, drag and pitching 

moment. 

In this research program it was found that delta-VGs mounted along the flap­

hinge line produced little effect on lift. It was believed that flow separation was either 

induced by the delta-VGs or that separation simply occurred before the delta-VGs could 

aide in the flow characteristics on the model. Testing with the delta-VGs near the leading 

edge of the model produced significant aerodynamic benefit regardless of the delta-VG 

arrangement. Continued experiments on some of the more beneficial arrangements 
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identified that the length and the spacing between the delta-VGs produced results that 

could improve the maximum lift coefficient, the angle of attack at which it occurred and 

improved the lift to drag ratio. In the case of a¾" length delta-VG with a 2" spacing and 

a 60° sweep angle, improvements by as much as 57% from the baseline where observed 

in C1max· The separation region for this configuration was also delayed by 4 °. These 

experiments also revealed that decreasing the spacing between delta-VGs increased the 

magnitude of the lift to drag ratio and in some cases extended the angle at which the 

maximum lift to drag ratio occurred. 
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CHAPTER 1 :  INTRODUCTION 

Vortex generators (VGs) have long been-used as high-lift devices by developing 

improved lift or pressure distribution characteristics on an aircraft. The geometry of 

these devices has been quite diverse in their location, size, shape, and is largely 

dependent upon the desired aerodynamic performance. The principle idea, upon which 

the use ofVGs is motivated by, is the control of flow separation. VGs are used in the 

prevention or delay of flow separation by energizing the boundary layer, which is an 

important concern in aircraft design. It is possible for a vortical flow to greatly increase 

momentum transfer in the boundary layer, delaying flow separation. 

Thin delta shaped VGs (delta-VGs), oriented as typical delta-wing would be in 

normal flight, and was the focus of this experiment. This choice was motivated by the 

concept of vortex lift as generated by delta wings. The higher pressure on the lower 

surface of a delta-wing at a positive angle of attack will separate from the leading edge 

and tend to tum up into the low pressure upper. surface. This turning flow tends to curl 

up into a region of high vorticity giving rise to vortex lift. By introducing delta-VGs, 

oriented at various locations upstream into the flow, a study was performed on effect, if 

. any, these vortices had on the aerodynamic characteristics of an established model. 

The aerodynamic characteristics of a wing-flap airfoil served as a model for 

baseline comparison with various delta-VG geometries. These data were acquired 

through wind tunnel experimentation and used in determining coefficients for lift, drag 

and pitching moment. Utilizing various delta-VGs, an identical procedure was used to 
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obtain the same type of data. The data collected was used to establish the effects of 

various delta-VG geometries for comparison with the baseline model and to each other. 
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CHAPTER 2 :  LITERATURE REVIEW 

The process of imparting momentum into the boundary layer for the purpose of 

delaying flow separation can be achieved by ensuring transition of the flow from laminar 

to turbulent. According to Bertin [1] , the fact that a turbulent boundary layer can flow 

without separation into regions of much steeper adverse pressure gradients, than can a 

laminar boundary layer has been well established. This is due to the greater momentum 

transfer within the boundary layer caused by the turbulent mixing. 

The application of vortex generators (VGs) is motivated by their lack of 

complicated parts and low cost as a device for altering flow separation characteristics. 

The unifying theme amongst all VGs is that the generation of vortices can be used to 

enhance momentum transfer into the retarded flow of the near-the-wall regime. It is this 

desired effect that make VGs such a promising tool in aircraft design as a device for lift 

improvement at high angles of attack. As an aide to lift, the use of this device can result 

in the critical angle of attack occurring at significantly higher values, by delaying the stall 

condition. It can also serve to promote a prolonged stall region, rather than the traditional 

sharp decline in lift production which is traditionally subsequent to stall. Much of the 

research with VGs involves determining the effects that geometry, location, size and 

spacing have on the aerodynamic characteristics of flow over a body. 

The scope of high lift devices, however, is not limited to vortex generators and 

according to Lin, Robinson, McGhee, and Valarezo [2] "High-Lift systems have 

traditionally been mechanically complex, generally consisting of some combination of 

leading-edge slats and multiple trailing-edge flaps. As an attempted solution to alleviate 
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the complexity and cost of high lift devices conventional, vane-type, passive vortex 

generators (VGs) have long been used to increase near-wall momentum through the 

momentum transfer from the outer flow to the wall region." By using vortex generators 

consisting of the vane type, set at an angle of incidence to the local flow, the production 

of an array of streamwise trailing co-rotating and counter-rotating vortices were tested in 

their experiments Lin et al. [2]. According to Tai [3], "The principle of boundary layer 

control by VGs relies on the increased mixing between the external stream and the 

boundary layer due to longitudinal vortices produced by VGs. Fluid particles with high 

momentum in the streamwise direction mix with the retarded viscous flow inside the 

boundary layer; thereby the mean streamwise momentum of the fluid particles in the 

boundary layer is increased. This process provides a continuous source of reenergization 

to counter the natural boundary layer retardation and growth caused by viscous friction 

and adverse pressure gradients. " In experiments involving vane-type VGs both 

trapezoidal and delta geometries have been used Lin et al. [2] .  It is this delta type that is 

of interest due to their aerodynamic characteristics. 

The aerodynamic characteristics of delta wings have the effect of producing 

counter-rotating vortices inboard of the low pressure surface. While flying at low speeds 

delta wing aircraft must produce these vortices for adequate lift· production and by 

increasing the angle of attack it is possible to achieve the necessary lift due to the vortex 

lift component. According to Buchholz and Tso [ 4 ] , "the delta wing produces large 

vortex lift at high angles of attack, which allows for its flight at low speed conditions." 

These vortices are generated when the high-pressure air on the lifting surface spills over 

the edge and wraps up in to a rotational structure atop the low pressure surface. Based on 
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the aerodynamic characteristics .of the delta wing the use of delta wing vortex generators 

(delta-VGs) is thought to be a suitable choice for VG. 

In an effort to overcome the adverse pressure gradient causing flow separation 

experiments have been conducted to determine the benefits of varying physical 

placement ofVGs. The effectiveness of a flap, for example, as it deflects fluid flow 

would be greatly benefited by delay or prevention of flow separation. It is thought that 

by placing VGs along the leading edge of the flap, as done by Storms and Ross [ 5] and 

Lin et al. [2] in their experiments, the boundary layer would be strengthened by 

enhancement of streamwise momentum. Storms et al. [ 5] noted that wishbone type VGs 

added to the flap reduced flow separation at high flap deflections. Results for Storms et 

al. [ 5] experiment included an increase in CLmax of 17% with the use of cove tabs and 

vortex generators when compared to the baseline data from their experiment. It has also 

been reported that vane type trapezoidal and delta VGs were effective in certain 

configurations Lin et al. [2]. Placement ofVGs has also been evaluated towards the 

leading edge of the main airfoil chord. Barrett and Farokhi [6], experiments determined 

that a ramp type VG had an optimal location of 5 - 15% behind the leading edge and were 

effective in preventing the stall condition. The experiments by Barrett et al [6] showed 

an increase in CLmax of 13.5% and a delay in the stall condition of approximately 2 

degrees. 

There have been many experiments done on VGs, most of which address not only 

the location but involve analysis as to an appropriate size or aspect ratio to be used. 

According to Nowak and Solies [7], a typical sizing for delta-flap VGs ranges from an 

AR of 1 - 2 with a chord of ¼ - ½ of the main wing chord. However, it was also stated 
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that "the delta flap must be positioned such that it protrudes outside the boundary layer or 

any area of flow separation into the healthy, high energy, airflow surrounding the aircraft 

wing Nowak et al. [7] ." While this theory is most likely the safest approach to VG 

sizing, research has suggested that VGs that are a fraction of the boundary layer thickness 

can still provide momentum transfer over a region several times their own height and in 

experiments it is determined that VGs as small as 0. 1 8% of the total chord were effective 

in specific locations Lin et al [2] .  

The spacing between VGs is also a concern in much of the experiments on VGs. 

One reason for this is that there is typically a drag penalty associated with their use. 

Some experiments have obtained results where it was discovered that with an increase in 

the number ofVGs there was an incremental increase in drag as well as an increase in lift 

coefficient Nowak et al. [7] . This finding clearly demonstrates the importance of the 

effect of VG spacing. However, experiments also show that, while there is a lift 

coefficient benefit, the difference between VG aspect ratio and spacing lack a significant 

sensitivity to these parameters Nowak et al. [7] . In their experiments [7] a radical 

improvement in the stall condition was found and after CLmax was reached, lift 

coefficients near this value were maintained for a wide range of angles of attack. 

The use ofVG devices in aviation is an established practice with proven benefits. 

However, the review of the referenced work suggests that further investigation in VG 

configurations could be beneficial based on the potential rewards of such endeavors. 

This is no small part due to the almost limitless range of devices based on the multitude 

of possible configurations. 
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CHAPTER 3:  EXPERIMENTAL APPARATUS 

3.1 UTK Subsonic Wind Tunnel 

The facilities at UTK included an open return subsonic wind tunnel with an open 

test section, a sketch of which can be found in the Appendix Figure 3.1.1. Note that all 

figures can be found in the appendix. The test section was 24" in width, 24" height and a 

40.5" length with a free jet design. A flat sheet of acrylic was installed at the bottom of 

the test section at a location of ½ "  above the lower test section limit with a width of 24" 

and a length of 27".  The sheet served to shield the balance mechanism from the flow 

field. The wall effect this arrangement had on the experimental data was ignored, since 

the difference between various model configurations were of primary interest. Velocities 

as high as 10" of H20 were obtained in the wind tunnel giving a maximum dynamic 

pressure (qmax) of52 lb/ft2 or, based on standard atmospheric conditions at 803.8 ft, Vmax 

= 211 ft/s for typical flow conditions. 

3.2 Wind Tunnel Instrumentation and Equipment 

The large subsonic wind tunnel at UTK was equipped with an inclined manometer 

for determination of the dynamic pressure. During tunnel operation the static pressure 

was measured upstream of the converging section. The measured static pressure was 

assumed to be equivalent to the total pressure, Equation 3.2.1, because oflow tunnel 

velocity upstream of the convergent section. 

(3.2.1) 
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The test section static pressure (Pi), represented in Equation 3.2.2, and was measured as 

the pressure in the room containing the test section. 

(3 .2.2) 

From this information, the dynamic pressure was determined by the difference between 

these two pressures. As a result, the dynamic pressure was calculated by Equation 3.2.3. 

1 2 q = -p V � P - P = ghpH O  oo 
2 

oo oo ' e 2 
(3 .2.3 ) 

An IF A 300 constant temperature anemometer (CT A) and ThermalPro v4 .5 

software for the IF A 300 were used to measure mean and fluctuating velocity 

components, turbulence and temperature. The IFA 300 system was expandable to 16 

channels, which provided up to 300 kHz frequency response, depending upon the sensor 

used. A hot film probe was used for calibration in this research in conjunction with the 

CT A. Each module was designed with a built in thermocouple circuit for measuring fluid 

temperature and for making temperature corrections. All operations, including setup, 

calibration and data acquisition are software controlled via an RS-232 interface. 

An Aerolab Pyramidal Strain Gauge Balance was used to resolve resultant 

aerodynamic force into individual components of lift, drag and pitching moment through 

independent load cells. The loads sensed by the force balance were translated into data 

with the use of a strain gauge model 2150 from Vishay Instrument Division. InstaCal 

software from Measurement Computing and hardware for converting voltage to AID 

counts, card number PCIM-DAS1602/16, allowed for computer control of the strain 

gauge. DAS wizard allowed the data to be directly integrated into an Excel spreadsheet. 
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3.3 Calibration of Test Equipment 

The use of the IF A 300 constant temperature anemometer first required 

calibration of the sensor-probe at known atmospheric conditions. The calibration was 

done with Thermal Systems Inc model 1 1 25 velocity calibrator, where the sensor was 

placed in an air stream of known atmospheric pressure, temperature and total pressure. 

After the atmospheric conditions were established, tests were run to determine dynamic 

pressure. This process was repeated over a range of velocities for a complete data set, 

which completed the data collection required for calibration of the hot film probe. With 

software control of the IFA 300, via ThermalPro, this data was incorporated into the 

program calibration section allowing for a survey of the test section flow characteristics. 

Before experiments were run using the model, it was desired to quantify the flow 

characteristics in the empty test section. The experiments began with a velocity 

measurement at the midpoint of the test section entrance, or the exit of the convergent 

section, for a period of two minutes. The results of this test demonstrated a fluctuation in 

the velocity profile as shown in Figure 3 .3 . 1 .  Through the use of this information, an 

experimental test time of twenty seconds was determined to be satisfactory in capturing 

the cycle of fluctuations in the flow characteristics. A series of experiments were also 

conducted at the test section entrance to determine the horizontal and vertical centerline 

velocity distributions as well as the turbulence intensity distribution. The centerline 

velocity distributions were collected at a velocity of approximately 100 ft/s or 2. 7" H20, 

based on standard atmosphere. With the use of a constant temperature anemometer 

(CTA) the test section inlet was traversed in one inch increments. The velocity profiles 

obtained from these tests can be found in Figures 3.3.2 - 3.3 .3. There was a temperature 
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gradient in the wind tunnel test section from the top of the nozzle exit to the bottom. This 

characteristic was a result of both outside temperature air and cooler air near the floor 

available at the inlet. This temperature gradient may also explain the decreasing slope of 

the vertical temperature distribution, Figure 3 .3 .3 .  These tests also obtained information 

to be used in calculating the average turbulence intensity, Figures 3 .3 .4 - 3.3 .5. A 

turbulence intensity percent was obtained for both the horizontal and vertical tests ; the 

worst of these had a value of 0.889 %. Through the use of this value and Figure 3 .3 .6, a 

corresponding wind tunnel turbulence factor of 1. 7 was obtained. 

Determination of a practical tunnel test velocity was achieved, with the model in 

the test section at a = 0 and 8 = 0, by accelerating the tunnel velocity to about 0.9 Vmax· 

The model was turned through a high a and 8, and a decrease in flow velocity to 5.0" of 

H20 was observed. As a result, a test velocity of 4.5" was implemented during 

experimentation. This ensured a safe margin so that all test could be performed at the 

same dynamic pressure. Based on the prescribed test conditions, a maximum Reynolds 

number of Re = 6.5 x 105 was obtained and was calculated using the standard atmosphere 

at 803.8 ft. When including the turbulence factor, this yielded an effective Re of 1 .0 x 

106 . 

The use of the strain gauge balance with separate channels corresponding to lift, 

drag and pitching moment also required calibration to obtain accurate corresponding 

values for applied force. The balance sent a voltage signal to the software controlled 

strain gauge set at 10 volts digital counts . This allowed for separate load cell conversion 

of volts to pounds force or in pounds moment. A sample rate of2000 at 100 hertz at a 

setting of ±5 volts allowed for a testing duration of 20 seconds . By attaching a known 

10 



mass to the balance, a test was performed to determine the repeatability of data 

acquisition with the strain gauge balance. By repeatedly taking data of a loaded and 

unloaded balance, illustrated in Figures 3 .3 .7 - 3.3. 10, the drift between separate tests 

was determined to be minimal. A hysteresis test was performed, shown in Figure 3.3. 1 1  

that illustrated a bilinear characteristic of negative loading of the strain gauge balance. 

These studies also illustrated that there was not any hysteresis in the system. In order to 

load the balance in a positive direction, a pulley system was used to pull upwards on the 

balance for further calibration testing. This process also made it possible to isolate each 

load cell for calibration into number of analog/digital (AID) counts per pound. The 

results of this study, shown in Figures 3 .3 . 12  - 3 .3. 14, also illustrated that positive 

loading of the balance was linear as opposed to being bilinear when negatively loaded. 

The results of this investigation gave corresponding values of AID counts to pounds of 

lift, drag and pitching moment. With the model attached to the force balance and before 

any aerodynamic loading, data was acquired with the strain gauge balance to separate the 

model weight from aerodynamic force measurements. This process was performed prior 

to each startup of the wind tunnel. 

3.4 Two Dimensional Wind Tunnel Model 

A flat plate wing-flap model with chord ( c) = 9 ;,{6 inches, span (b) = 1 7  ¾ inches, 

maximum thickness ( tmax) = ½ inches and a leading edge radius ( rLe) = ¼ inches was 

fabricated from polyethylene. These dimensions resulted in S = 1 . 18 ft2 and an aspect 

ratio (AR) = 1 .86. The bottom aft portion of the flap was milled so as to taper the trailing 

edge of the model. A schematic of the model is available in Figure 3 .4. 1 .  The wing-flap 
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system was joined with a flush mounted piano hinge and flush mounted screws. The 

centerline of the hinge was located at 0.52c. A pair of endplates, used to reduce wing-tip 

effects, was fabricated from 0.125" aluminum sheets and attached with flush mounted 

screws to the wing. By cutting a constant radius slot into the aluminum, the hinged flap 

could be turned through a range of angles. A desired flap angle was set into position with 

a screw on each side of the model that put the flap in a bind with the endplate. The 

leading edges of the endplates were also given a radius allowing for less disturbance of 

the air stream. A series of delta shaped vortex generators ( delta-VGs) where cut from 

0.02" thick aluminum sheet. Three of the geometries had a sweep angle of 60° and 

lengths of¾", ½"and ¼" while a sweep angle of 30° was also manufactured from the ½" 

length for further testing. The ¼" length 60° sweep delta-VGs bent upwards at angles of 

45° were also developed for testing. An illustration of delta-VG configurations can be 

found in Figure 3.4.2. 
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CHAPTER 4:  EXPERIMENTAL PROCEDURE 

4.1 Experimental Test Procedure 

The process of making a comparison of the effects the delta shaped vortex 

generators (delta-VGs) had on lift, drag and pitching moment coefficients began with 

testing the model in a baseline configuration without the use of the VGs. Through 

preliminary testing of this baseline of the model, data was obtained for developing lift, 

drag and pitching moment coefficients. The objective of this experiment, being to 

compare various vortex generator configurations with the baseline data, led to choosing 

specific values for angle of attack ( a) and flap deflection (3) based on the critical value 

for the a-dependant lift coefficients. This served as a reference for developing the test 

matrix shown in Table 4.1.1. Through the use of the test matrix, data for the lift, drag 

and pitching moment coefficients as a function of both a and 3 were obtained. Testing of 

the baseline model also established a reference for future comparisons. By choosing a 

test value near the critical value of a-dependant lift data, a comparative analysis was 

more insightful as to the effects of various VG configurations in the regime near flow 

separation. 

By conducting multiple tests with the baseline model it was also possible to verify 

the repeatability of the data acquisition system. Having established a baseline for the 

aerodynamic characteristics of the model, the Test Matrix for developing lift, drag and 

pitching moment coefficients was repeated for the various delta-VG configurations. 
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4.2 Experimental Data Acquisition Procedure 

The procedure for utilization of the data acquisition system was initiated by 

warming-up the Strain Gauge apparatus for a period of approximately 24 hours. This 

greatly exceeded the manufacturer's recommendation of 1 hour and ensured maximum 

electric stability. A mercury barometer was also used before each test to determine the 

atmospheric pressure for future Re calculations. 

With the model oriented at a = 0° and 8 = 0°, the data acquisition system was 

used to record reference values for each load cell. This was done before the model 

underwent any aerodynamic loading and allowed the weight of the model to be factored 

out of component force data collected during aerodynamic testing. At this point the wind 

tunnel was started and the test section dynamic pressure increased to 4.5" ofH20 

measured by a manometer. Once this condition was reached the experimental Test 

Matrix procedure, Table 4. 1. 1 , was initiated. 

Once the model was aerodynamically loaded, the angle of attack ( a) was verified 

with a small laser light that contained a beam splitter. The laser was attached to the 

model and pointed onto a set of fixed alignment points corresponding to the desired a. 

This method became necessary since the counter for the control of a located on the 

pyramidal balance proved to be unreliable. The determination of 8 was made possible by 

a series of reference lines drawn on the inside surface of the endplates. These reference 

lines corresponded to known values of flap deflection, and were aligned with the upper 

surface of the flap. Following data acquisition at the desired angles, these angles were 

rechecked to verify accuracy. 
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4.3 Experimental Determination.of Aerodynamic Coefficients 

The computer driven data acquisition software was used to measure the strain 

gauge conditioner voltages and co Hect the AID counts for each component of lift, drag, 

and pitching moment. The determination of aerodynamic forces was obtained by 

subtracting reference values for the weight of the model from the data acquired for the 

lift, drag and pitching moment forces and applying the established conversions of force or 

moment to these values. The resulting values of force for lift, drag and pitching moment 

were used along with established values for area (S) and test dynamic pressure to 

determine the coefficients for lift, drag and pitching moment. 

4.4 Experimental Placement of Vortex Generators 

In this phase of experimentation the vortex generators were arranged so that the 

delta tips were extended in the direction of flow from their base at the 0.54c flap hinge 

line and at 0.0 1 3c position measured from the model leading edge. At this point, the test 

matrix was implemented and the experimental data acquisition procedure was followed to 

obtain the experimental values of the force coefficients. 

Various vortex generator sizes and geometries were tested to determine the effect 

they had on lift, drag and pitching moment coefficients. These included delta-VGs with 

sweep angles of 60° and lengths of¾", ½" and ¼", a 60° sweep angle and a ¼" length 

bent 45° upwards and a ½" length with a 30° sweep angle. The testing of the delta-VGs 

at both the 0.54c and the 0.0 13c position involved varying space between each VG. This 

space was measured from the centerline of the model to the centerline of each delta-VG 

with the initial delta-VG aligned with the model centerline. The process of varying the 
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location, length and spacing allowed for aerodynamic analysis on the effect of these 

vortex generators. 

4.5 Error Estimation for Experimental Data 

The utility of the collected experimental data was quantified by an assessment of 

the accuracy of the equipment and procedure. The object of the experimental analysis 

was to determine changes in aerodynamic coefficients caused by the geometry changes. 

Because the focus of the experiment was on changes in values and not the actual values, 

interference that would cause the values to differ from free flight CL, Co and CM were 

assumed to be present for both baseline and modified tests and could thus be neglected. 

These errors included effects induced by the acrylic sheet located towards the floor of the 

test section. This sheet would have a wall effect influence on the model. It was assumed 

that during testing that these would be identical in effect for the base and modified model 

geometries. It was also assumed that dimensional inconsistencies in delta-VG placement 

are small and thus irrelevant in the analysis of error. 

The bulk of the systematic errors involved in experimentation leading to the 

calculation of force coefficients involve a, 8, qco, and the fluctuation in ND counts. The 

fluctuation in AID counts accounts for minor changes in voltage reading for a constant 

load or balance condition. Each of these parameters has a unique effect depending upon 

the component of force being analyzed. The approach used to combine or total these 

errors involved the use of Equation 4.5.1 for each coefficient. 

(4 .5.1 ) 
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The term OJR refers to the error in R, where R referred to the quantity being analyzed. 

The term aR refers to the change in the quantity being analyzed with respect to some 
axn 

independent parameter which was multiplied by the error in the independent 

parameter mn 

The error analysis involving data collected from the baseline model was used to make the 

calculations for the entire experiment. It was assumed that specific errors for various 

geometries involving the delta-VGs were of the same order magnitude. 

The use of Equation 4.5.1 applied to CL is shown in Equation 4.5 .2. 

The differential term acr , corresponded to the a-dependent lift curve slope of the 
aa 

straight line segment from 0° to 9° obtained from Figure 5.1.1. For the purpose of error 

calculation, the lift curve slope was approximated as being linear. The coa term was an 

estimation of the accuracy in obtaining the angle of attack. This value was estimated to 

be ±0.25 ° . 

The analysis of the differential term ac r involved taking the slope of the straight 
a<5 

line segment for the 8-dependant CL, Figure 5.1.8, test for a = 0° . The ffi8 term was an 

estimation of the accuracy of obtaining a specific value for 8. This value was estimated 

to be ±0.25°. 
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The dynamic pressure ( q) in this experiment included errors from two sources. 

The first of these was in the density of water, since it is slightly temperature dependent. 

This gave an error in density of ±0.004 due to the temperature dependence ofH20. The 

other was that there was a slight fluctuation in tunnel dynamic pressure. The error in the 

height ofH20 taken from the manometer was taken to be ±0.03"  during data acquisition, 

which was the maximum fluctuation allowed. From this information, the error in CL with 

respect to qoo is formulated in Equation 4.5.3 

acr acr acr ( - ]2 ( J2 2 
-- m  = --m + --m 

Oq_ q. OpH,O Pn,o ( 
Oh h )  

(4.5.3) 

In analyzing the error term a�, , it was necessary to convert established values 
a A D 

for AID counts per pound to CL per AID counts. From Equation 4.5.4 it was possible to 

obtain a value for CL counts per pound with qoo and S being predetermined values . 

(4.5.4) 

The experimentally determined value for AID counts per pound lift, obtained in the 

calibration procedure, being A/D = 809 (1/lb) and the calculated value from Equation 
. lb 

4.5.4 of Cr 
= 0.0364 ( I /lb), it was possible to obtain a value or acr 

= 
0·0364 

= 4.0 x 
lb aAID 809 

10-5 . In determining a value for the term ro ND an approach was used that required taking 

the standard deviation of all the baseline model tests and choosing the largest value of 

these for lift. Once the largest standard deviation value was determined it was desired to 
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factor in the number of data points that were taken for each test. By taking a 95% 

confidence interval of the standard deviation the ffiNo was determined to be ±125 counts . 

. A similar procedure was implemented for the error analysis in Co and CM. For 

the calculation of
ac 

D and acM required a slightly different approach Since the data WaS 
aa aa 

non-linear. As a suitable approximation, a tangent line was drawn at a = 10° and the 

slope of these lines were used as a measure of the error. Although this process could 

have been done at each angle to obtain the associated error at each point, it was assumed 

that choosing data that would yield the largest error would be a reasonable estimate of a 

maximum error and is an overestimate of the error at most angles. For ac D and ac M 

ag ag 

a linear trend line was imposed on the data to obtain a representative value for the error. 

The process of producing the error values is shown in Tables 4.5 . 1 - 4.5 .6 and the final 

results are in Tables 4.5.7 - 4.5.8 
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CHAPTER 5: RESULTS AND DISCUSSION 

5.1 Baseline Model Data 

The analysis of the base model revealed the aerodynamic characteristics that 

served as a reference for comparison to modified configurations. The data for the 

baseline model can be found in Figures 5.1.1 - 5.1.13 . All plots containing baseline data 

contain error bars to help visualize the magnitude of the changes from baseline data. For 

the baseline data a maximum lift coefficient of, CLmax = 0.39 as indicated in Figure 5.1.1, 

was found to occur at 11 ° angle of attack with no flap deflection. This value was 

obtained by averaging the CLmax values from two independent tests. A distinct 

characteristic of the model was the negative camber effect, evident by the negative lift 

coefficient at zero angle of attack. Also from Figure 5 .1.1, it can be seen that the point of 

zero lift occurs at 1. 5 ° angle of attack. Assuming that the lower portion of the lift curve 

slope is linear, the average lift curve slope was calculated from the average experimental 

data to be 0.04. However, the lift curve slope of the model tended to be slightly non­

linear and in fact had a slightly concave up appearance. According to Barlow, Rae and 

Pope [8] this is a typical phenomenon encountered with low aspect ratio airfoils. 

The drag of the baseline model, presented in Figure 5 .1.2, identifies a Comin = 

0.066, at 2°, which was quite near the angle of attack for zero lift. Utilizing the averaged 

data from the two tests for lift and drag, the lift to drag ratio was calculated and is shown 

in Figure 5. 1 .3 .  Based on these data, (LID)max = 3 .01 and occurs at approximately 9.5° . 

All pitching moment data was taken about the ¼ chord and initially the model has 

a positive pitching moment, shown in Figure 5.1.4. As the angle of attack was increased 
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the moment quickly transitioned to negative. Data for the CM shows an inflection point 

near the stall condition in the range near a = 1 1  °. 

Having established the baseline data for the lift, drag and pitching moment an 

investigation of the effect of flap deflection was performed. The first set of plots were 

obtained with 1 0° of flap deflection. For these plots, data was taken at a = 2° increments 

and increased to 1 ° in the areas where instability was eminent. Future comparisons 

would yield more insight into the effect various delta VGs had on the aerodynamic 

characteristics in this high CLmax range. These data can be found in Figures 5. 1 .5 - 5.1 .7, 

and as expected a positive CL occurs throughout the tests and there are increases in the 

magnitudes for CLmax, Comin and CM. An interesting revelation in the Co was that it 

increased nearly linearly as a was increased. When compared to data for the flap angle 

(8) = 0°, the CLmax for 8 = 1 0° was approximately 59% higher with a reduction of2° in a, 

while Comin increased by only 7%. 

Experimentation through a range of flap settings was done to establish a baseline 

for comparison. Two separate tests were done, one of which with a = 0° and the other 

with a = 1 0° and with the flap angle (8) being deflected through a range of angles, from 

0° to 30°. The results for this data can be found in Figures 5. 1 . 8  - 5. 1 . 1 0  and Figures 

5. 1 . 1 1 - 5. 1 . 13 respectively. Of interest from these data is that for a = 0°, Figure 5. 1 . 8, 

the flap could be turned through a high degree of angles before the wing began to stall 

and that there was a near linear increase in lift with a. 
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5.2 Length Comparison of Vortex Generators at Flap-Hinge Line 

The initial delta-VG experiments where run with the VGs at the flap-hinge line to 

quantify the effect of different delta-VGs on the aerodynamic characteristics of the wing­

flap system. Delta-VGs with a sixty degree sweep angle and lengths of¾", ½" and ¼" 

were tested with a spacing of 2.5" .  This spacing was measured from the centerline of 

each VG, with the initial VG being lined up with the centerline of the model. The final 

results can be found in Figures 5 .2.1 - 5.2.14 along with a comparison to the baseline 

model. As shown in these figures, there was no measurable difference in lift or drag. 

While there was a measurable improvement in the pitching moment, this data was not the 

primary focus of the research. With no improvement in lift or drag any change in the 

pitching moment was of little importance and in such cases will not be addressed further. 

In the case of Figure 5 .2.9, for the ¾"and ½" cases where a = 0° and 8 was varied, there 

was a slightly measurable decrease in the lift coefficient as a gets larger. 

5.3 Spacing Comparison of Vortex Generators at Flap-Hinge Line 

Although there was no improvement in the aerodynamic characteristics of the 

model a further study was conducted into the effect of spacing, to see if more VGs would 

improve performance. The results of this test can be seen in Figures 5 .3.1 - 5.3 .14. 

Again, there appears to be no measurable benefit from doubling the number ofVGs, with 

a change in spacing to 1.25" from 2.5" .  Due to these results, no further experiments on 

spacing were conducted. 
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5.4 Additional Geometries of Vortex Generators at Flap Hinge Line 

Testing was also done with additional geometries to develop a beneficial flap­

hinge line configuration. Delta-VGs with a 30° sweep angle and a length of½" and a 60° 

sweep angle VG with a ¼" length was bent upwards at an angle of 45° to increase the 

angle of attack. Both of these geometries were tested at a spacing of2.5". The results of 

these tests are shown in Figures 5.4.1 - 5.4.14. In the cases of the a-dependent tests, 

Figures 5.4.1 - 5.4.8, there was not a significant lift effect but in regions of higher angles 

of attack there was a slight decrease in Co. The CM data demonstrates an overall increase 

in magnitude; however, this data was secondary to the effects of lift and drag and 

therefore will not be investigated further. In the cases for the 8-dependent tests, Figures 

5.4.9 - 5.4.14, some locations had noticeable decreases in lift and drag. However, these 

aerodynamic changes were extremely limited and based on this information no further 

investigation was done. It was believed that the reason for the failure of the delta-VGs to 

have a beneficial effect on lift or drag was because the placement of the VGs at the 0.54c 

position was after the flow had separated. 

5.5 Surface Comparison of Leading Edge Vortex Generators 

In testing delta-VGS at the leading edge, where the base of the VGs where located 

at the 0.013c position of the model, an approach similar to the 0.054c tests was taken. 

Initially, however, tests were run to determine the aerodynamic differences between 

putting the delta-VGs on the top and bottom surface of the model. Using the ½" length 

VGs with a 60° sweep angle, tests for the a-dependent and the 8-dependent arrangements 

were conducted, the results of which can be found in Figures 5.5.1 - 5.5.14. In the case 
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of Figure 5 .5 . 1 ,  the a-dependent CL plot illustrated a significant benefit leading edge VGs 

can have. The use of these VGs on the lower surface, showed the largest improvement, 

and increased CLmax by as much as 43% when compared to the base model. Both surface 

arrangements delayed the stall condition, with the lower surface mounted VGs occurring 

at a slightly higher a than the upper surface arrangement. Further tests of a-dependent 

configurations were done with 8 = 10° , Figure 5 .5 .6, and illustrated the significance 

induced vortices had on improving lift characteristics. By allowing for higher angles of 

attack and increased lifting force these VGs produce a desirable effect in landing 

situations where flaps are employed. An unexpected result was that the onset of the stall 

condition was followed by a more gradual loss in lift. There was not a significant drag 

penalty in any of the tests for these arrangements. The drag polar, Figure 5 .5 . 3 ,  identified 

that there was not an increase in the magnitude of the lift to drag ratio. However, for both 

surface cases there was an increase in (L/D)max and in the case of the lower surface 

(L/D)max = 3 . 1 8 , which occurred near a = 1 1  ° where the base model (L/D)max occurred 

near 10° . When evaluating lift at angles near a = 0° there was little to no measurable 

effect the VGs had compared to the baseline model and this was confirmed by the data, 

observable in Figures 5 . 5 .9 and 5 .5 . 1 0  where 8 was varied and a = 0° . This was an 

expected result since delta-wings require high angles of attack to generate vortices of 

enough strength for low speed flight. Tests done where 8 was varied and a = 1 0°, also 

served to further illustrate the influence delta-VG induced vortices had on controlling 

separation. In Figure 5 .5 . 1 2  this effect was made clear by the significant increase in flap 

deflection before the onset of the stall condition. This figure also identifies that the stall 

condition was approached more gradually than the base line data. The moment data for 
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the a-dependent tests, Figures 5.5.4, 5.5.5 and 5.5.8, illustrated smaller values for the 

slope than that of the baseline model and an extension of the angles where there was 

positive pitch before transition to negative. The 8-dependent tests, Figures 5.5.11 and 

5.5.14, not only decreased the slope of the moment data but change in data was nearly 

linear. All moment data for the surface tests identified an increased pitching moment 

when compared to the baseline. Based on the results of the surface experiments, all 

future tests were done with the delta-VGs on the lower surface. It was believed that 

placing the VGs on the lower surface allowed for greater penetration into the free stream 

and resulted in better vortex interaction with the model. 

5.6 Length Comparison of Leading Edge Vortex Generators 

The next phase of experiments focused on the effect various lengths had on the 

aerodynamic properties of the model. By using delta-VGs with 60° sweep angles and 

lengths of ¾", ½" , ¼"and by using a 30° sweep angle with a length of ½", the data for 

varying the length was collected and can be seen in Figures 5.6.1 - 5.6.16. When 

compared to the base-line model all VG lengths used showed improvement. When 

compared to each other the various delta-VG tests suggest, with the exception of the ¾" 

VG, only a marginal difference in the effect length has on lift, drag and pitching moment. 

The data for the ¾" delta-VG indicated an improved lift to drag ratio, which can be 

attributed to the reduced drag illustrated in Figure 5.6.2. Based on the data presented in 

Figure 5.6. 1 5, it was clear that CLmax for the various VGs were comparable in magnitude, 

but in the case of the ¾" length VG it occurs later in terms of angle of attack. Figure 

5.6. 1 6  illustrates the LID ratio as a function of a and for the ¾" VG it occurs at a 
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comparatively lower a. However, it was significantly larger in magnitude than other 

length VGs. Although there seems to be a slight advantage in using the ¾" length VG, it 

was decided that the ½" length VG with a 60° sweep angle would be used for further 

investigation into the effect of delta-VG spacing on the model aerodynamic properties. 

5. 7 Spacing Comparison of Leading Edge Vortex Generators 

The effect spacing had on the aerodynamic properties was compared using 

spacing of 4.5", 2.5" , 2.0" and 1.5", the data for which can be found in Figures 5.7.1 -

5.7.16. Evaluating the a-dependent data where 8 = 0° and 8 = 10°, the case of a 1.5'' 

space between VG centerlines, Figure 5.7.3, yielded the greatest improvement_ in (L/D)max 

and the LID ratio. It also had the most effect on the moment data by decreasing the 

severity of the transition from positive to negative. The least beneficial arrangement was 

the 4.5" spacing, most likely due to a reduced number of induced vortices. In terms of 

lift, spacing of 2.5" and 2.0" were virtually identical to the 1.5" arrangement. However, 

the drag polar data in Figure 5.7.3 clearly indicated that the 1.5'' arrangement was optimal 

by comparison. Similar to previous results there was virtually no change in results where 

a was small, which was demonstrated best by Figures 5.7.9 - 5.7.11. The data in Figure 

5. 7 .15 suggests that as the space between the V Gs was decreased, the measured effect 

was within the limits of error ofC1max· However, the values of a where C1max occurred 

tended to decrease as the spacing was increased. Further analysis of the data, Figure 

5.7.16, illustrated the lift to drag ratio and the approximate angles at which (LID)max 

occur. It seems that in the 1.5" spacing arrangement there was a significant lift benefit 

compared to the drag penalty. However, the value where (L/D)max occurred was slightly 
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lower at a � I 0° than in other cases where 1 1  ° � a � 1 2° . By conducting tests at various 

spacing of delta-VGs, the number of vortices produced seemed to be an important 

consideration. In the case of the 1 . 5" spacing arrangement, the highest lift to drag ratio 

was produced as well as the highest value for CLmax· In the case of the 4.5" spacing, the 

reduced number of vortices showed a reduction in the lift to drag ratio but allowed for the 

onset of the stall condition to be delayed to larger angles of attack. A comparison of 

CLmax, Comin and (LID)max for all leading edge cases is available in Table 5.7. 1 -5.7.4 
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CHAPTER 6: CONCLUSIONS 

This research was primarily concerned with establishing the differences in 

aerodynamic properties of a base-line model configuration with various delta-VG 

geometries. This was achieved through wind tunnel experimental data to compare results 

in lift, drag and pitching moment. Conclusions drawn from this research were: 

I )  Flap mounting of the delta-VGs showed little effect in lift characteristics on the 

various lengths and spacing used in vortex generator analysis. It was believed 

that separation occurred before this location and could therefore not improve the 

lift. There was a measurable impact on the moment data; however, without 

improvements in lift or drag the moment data was of little interest. However, the 

moment data suggests that there was likely some level of vortex generation. 

2) All arrangements of leading edge delta shaped vortex generators had a greater 

production of total lift that did the base-line model. This can be directly attributed 

to the effect of inducing vortices prior to separation and resulting in attachment to 

the model surface. 

3) In testing the leading edge for determination of upper or lower surface mounting 

of delta-VGs, the lower surface proved to be better. It was believed that this was 

due to the fact that as the angles of attack were increased the lower surface 
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arrangement allowed for earlier and greater interaction into the free stream than 

did the upper surface. 

4) While testing various length delta-VGs at the leading edge of the model it was 

determined that, in comparison to the base-line data, the delta-VGs increased the 

total lift produced. In comparing the different length V Gs to each other there 

were only small differences on the magnitude of lift produced but that stall was 

both delayed to higher angles of attack and prolonged in terms of a subsequent 

loss in lift. There were also varying improvements in the critical angle. 

5) In making a comparison to the baseline data, further investigation of the space 

between delta-VGs of the same length revealed that more VGs improved the 

magnitude of CLmax and delayed the stall condition to higher angles of attack. 

This test also revealed that as the number ofVGs were reduced, there was a 

reduction in the magnitude (LID)max accompanied with an increase in the angle 

where (L/D)max occurred. This characteristic also reached a limit and as the 

distance between VGs was increased further the magnitude of (LID) max increased 

and the angles at which it occurred decreased. 

6) The pitching moment data for all leading edge VG data denoted that there was an 

increase in the pitching moment. In the a-dependent cases there was a pitch-up 

condition that extended to higher angles of attack than the baseline data. The 8-

dependent data illustrated a nearly linear change in moment with flap deflection. 
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7) Experiments ran with the 3/4" delta-VGs on the lower surface for the a-dependent 

tests and with 8 = 0° showed an increase from baseline data in CLmax of 45% and a 

delay in the stall condition by 8° was observed. Results from Storms et al. [5] and 

Barrett et al. [6] showed an increase of 13 .5% and 17% in CLmax, with a delay in 

the stall condition of2-3 degrees. There were obvious differences in the 

improvements found by other researchers which could be attributed to the 

different aerodynamic systems used in experimentation. The research by Nowak 

et al. [7] and the data found in this research both noted a gradual decrease in lift 

after the maximum lift values were obtained. 
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APPENDIX 

Table 4.1.1: E rimental Test Matrix 
Parameter 

Angle of Attack, a 
F]a _ bngle� 8 

Angle of Attack, a 
la An le. 8 

Table 4.5 .1 :  Calculation of Error in Lift 
8 = 0° 8 = 10° 

a Lift a Lift 
0 -0.0499 0 0.2860 

9 0.33853 8 0.60905 

dCr)da 0.04317 dCr)da 0.04038 

T bl 4 5 2 C 1 1 1 ·  f E  
. 

D a e . .  a cu a 10n o rror m rag 
8 = 0° 8 = 10° 

a Drag a Drag 
0 0.06962 0 0.07050 

9 0.11317 8 0.15340 

dCo/da 0.00484 dCo/da 0.01036 

34 

8 
0 

21 

0 :S a  :S 20 
8 =  10 
a = O  

0 :S 8 :S 30 
a =  10 

0 :S 8 �  35 

a =0° 

Lift 
-0.05432 

0.63579 

dCr)do 0.03286 

a = 10° 

8 Drag 
0 0.07489 

21 0.12221 

dCo/do 0.00225 

a = 10° 

8 Lift 
0 0.38245 

8 0.57189 

ctcL1do 0.02368 

a = 10° 

8 Drag 
0 0.13028 

8 0.16721 

dCo/do 0.00462 



T bl 4 5 3 C 1 1 . fE . p ·  lh . M a e . . .  a cu at10n o rror m · 1tcl . m� oment 
8 = 0° 8 = 10° a = 10° 

a Moment : a Moment 8 
0 0. 0072 0 -0 .03702 0 

: I 
9 -0.01 6 8 -0.04923 21 

I 
dCM/da 0.0025 dCM/da 0.00 1 53 dCM/d 

0 

T bl 4 5 4 E . D . p a e . .  rror m 1ynam1c ressure, Effi t L"ft ec on 1 

Lift @ 
p H2O g s qoo 10 

(slug/ft3
) (ft/s2

) h (ft) (ft2 ) (lb/ft2) (deg) 
1.932 32.17 0.3775 1.179 27.662 10.518 
1.932 32.17. 0.3725 1.179 27.295 10.518 
1.935 · 32.17 0.375 1.179 27.521 10.518 
1.928 32.17 0.375 1.179 27.422 10.518 

Moment 
0.002559 

-0.07575 

0.00373 

CL 
0.380 
0.385 
0.382 
0.383 

T bl 4 5 5 E . D . p a e . .  rror m 1ynam1c ressure, Effi t D ec on rag 
Drag @ 

p H2O g s qoo 10 
( slug/ft3

) (ft/s2) h (ft) (ft2) (lb/ft2) (deg) Co 
1.932 32.17 0.3775 1.179 27.662 3.4941 0.126 
1.932 32.17 0.3725 , 1.179 : 27.295 3.49415 0.128 
- 1 .935 32. 1 7  0.375 1 .179 27.521 3.49415 0.127 
1.928 32.17 0.375 1.179 27.422 , 3.49415 0.127 

35 

a = 10° 

8 Moment 
0 -0 .03926 

8 -0 .0671 7 

dCM/do 0.00349 

dCddp dCddh ! 
0.19823 1.020797 I 

dCo/dp dCo/dh 
0.06585 0.3391 



T bl 4 5 6 E 
. 

D . p a e . . .  rror m iynam1c ressure, Effi ect on p · h' M 1tc mg oment 
PM@ 

I 

p H20 g s qoo 1 0  
(slug/ft3

) (ft/s2) h (ft) (ft
2 ) ( lb/ft

2
) (deg) Co dCM/dp 

- - 0.0006 

1 .932 32. 1 7  0.3775 1 . 1 79 27.662 0.0332 0.4508 
- -

1 .932 32. 1 7  0.3725 1 . 1 79 27 .296 0.0332 0.4569 
- -

1 . 935 32. 1 7  0.3750 1 . 1 79 27.52 1 8  0.0332 0.453 1 
- -

1 .928 32 . 1 7  0.3750 1 . 1 79 27 .4223 0.0332 0.4548 
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Table 4.5.7: Tabulated Error Values 
Parameter Calculated Value Parameter Estimated Va]ue 

acL 0.043166 ffia ±0.25 (deg) 

aa 
acL 0.040381 roo ±0.25 (deg) 

at5 
acL 0.1982304 {JJ ±0.004 (slug/fe) 

PH20 

apH20 

acL 1.02079 {JJ hH20 
±0.0025 (ft) 

ahH20 

acL 0.00004 ffiND ±125 (AID counts) 

a A/D 

acD 0.010363 ffia ±0.25 (deg) 

aa 
acD 0.004616 roo ±0.25 (deg) 

at5 
acv 0.06585 {JJ ±0.004 (slug/ftj) 

PH20 

apH20 

acD 0.33909 {JJ hH20 
±0.0025 (ft) 

ahHp 

acv 0.000033 ffiND ±89 (AID counts) 

a A/D 

acM 0.00258 ffia ±0.25 (deg) 

aa 
acM 0.00373 roo ±0.25 (deg) 

at5 
acM 0.0006 OJ ±0.004 (slug/ftj) 

PH20 

apHiO 

acM 0.0032 {JJ hH20 
±0.0025 (ft) 

ahH
20 

acM 0.000041 ffiND ± 190 ( AID counts) 

a A/D 
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Table 4. 5 .8 :  Total Error 

OJ
CL O)C D O)C M 

±0.0 1 6  ±0.004 ±0.008 
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T bl 5 7 1 D t C a e . . a a  

Critical 
Angle 
(CLmax) 

Baseline 1 1  
Upper 
Surface 
1 /2" VG 1 6  2" 
Spacing 
1 /4" VG 

2" 16  
Spacing 
1 /2" VG 

4.5" 18  
Spacing 

1 /2" VG 
2.5" 18 

Spacing 
1 /2" VG 

2.0" 17  
Spacing 

30° 

Sweep 19 1 /2" VG 
2.0" 

Spacing 
1 /2" VG 

1 .5" 17 
Spacing 
3/4" VG 

2" 19 
Spacing 

fi d d D 8 0° ompanson or a- epen ent ata, = 
a-de Jendent tests, 8 = 0° 

Increase 
1ll Increase 

Critical in CLmax 
(LID) Angle from 

CLmax from Baseline max 
Baseline (%) 

(deg) 
0.392 3 .0 10  

0.509 3 .025 5 29.604 

0.53 1 3 .003 5 35 . 182 

. 0.53 1 3 . 189 7 35.374 

0.550 3 .057 7 40. 18 1  

0.556 3 . 1 83 6 4 1 .632 

0.563 3 . 1 12 8 43 .5 10  

0.564 3 .646 1 6 43 .819 

0.569 3 .575 8 44.994 

In order from Lowest to Highest Lift Coefficient 

39 

Increase 
1ll 

(L/D)max 
From 

Baseline 
(%) 

0.485 

-0.234 

5.928 

1 .553 

I 

5 .728 

3.389 

2 1 . 1 10 

18.758 



T bl 5 7 2 D C a e . .  ata d d D 8 10° ompanson or a- epen ent ata, = 

a-dependent tests, 8 = 1 0° 

Increase 
Increase 

Critical Critical in CLmax 
Angle 

(LID) Angle from 
(CLmax) CLmax from Baseline max 

Baseline (%) 
(deg) 

Baseline 9 0.623 4.53 8 

Upper 
Surface 

0.659 
1/2" VG 

12 4.554 
3 5 .777 

2" 
Spacing 
1/4" VG 

2" 12  0.689 
3 10 .653 

Spacing 4.289 
1/2" VG 

4.5" 12 
Spacing 0.683 4.684 3 9.686 

1/2" VG 
2.5" 14  0.705 4.489 5 13 .237 

Spacing 
1/2" VG I 

2.0" 14 0 .7 1 5  4.620 5 14.776 
Spacing 

30° 

Sweep 
14  

1/2"  VG 0.72 1 4.496 5 1 5 .746 
2.0" 

Spacing 
1/2" VG 

1 .5"  14 0.7 1 1 4.875 5 14 . 1 59 
Spacing 
3/4" VG 

2" 14 
0.728 5 .480 5 1 6.90 1 Spacing 
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Increase 
1ll 

(L/D)max ' 
From 

Baseline 

(%) 

0.346 

-5 .484 

3 .220 

- 1 .079 

1 .799 

-0.922 

7.4 1 7  

20.768 



Table 5.7.3 : Data Comparison for 8-dependent Data, a = 10° 

8-dependent tests, a = 10° 

I 
Increase Increase 

1Il Increase 
Critical Critical in CLma?( 

1Il 

Angle (LID) Angle from (L/D)max 
(CLmax) CLmax from Baseline From 

I max 
I Baseline (%) 

Baseline 
(deg) (%) 

Baseline 9 0.59 1 I 3 .483 

Upper 
Surface 
1 /2" VG 32 0.768 3.477 2 1  30.032 -0. 1 66 

2" 
Spacing 
1 /4" VG 

2" 1 2  43.729 7. 10 1  Spacing 23 . 0.849 3.73 1 
1/2" VG 

4.5" 
Spacing 24 0.823 3.725 1 3  39. 198 6.942 

1 /2" VG 
2.5" 3 1  0.883 3.8 10  20 49.348 9.382 

Spacing 
1 /2" VG 

2.0" 27 0.879 3.855 1 6  48.780 10.687 
Spac ing 

30° 

Sweep 
1 /2" VG 32 0.904 3.907 2 1  52.967 1 2. 1 62 

2.0" 
Spacing I 

1/2" VG 
1 .5" 3 1 0.886 4. 1 30 20 49.977 18.558 

Spacing 
3/4" VG 

2" 29 0.896 4. 144 1 8  5 1 .554 18.967 Spacing 

4 1  
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Figure 3 . 1 . 1 :  Schematic of UTK Subsonic Wind Tunnel 
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43 



1 1 0  

1 00 

90 

80 

70 

� 60 

·g 50 

40 

30 

20 

Bottom Center Top 

1 0  
Looking Upstream 

0 
-1 5  -1 0 -5 0 5 1 0  1 5  

Position From Center1ine (inches) 
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Figure 3 .4. 1 :  Schematic of Model Components 
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Figure 3 .4.2: Leading Edge Angled View of Wing-Flap System with Delta-VGs 
Looking Downstream 
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Figure 5 . 1 . 1 2 :  Baseline Model 8 dependent Drag Coefficient, a = 1 0° 
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Figure 5 .7 .8 :  Lower Surface, Leading Edge, ½" VG Space Comparison, 
a-dependent Moment Coefficient, 8 = 1 0° 
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Figure 5 .7 .9 : Lower Surface, Leading Edge, ½" VG Space Comparison, 
cS-dependent Lift Coefficient, a = 0° 

0.2 

0. 1 8  

0 . 1 6  

0 . 14  

0. 1 2  
0 

0 . 1  (.) 

0.08 

0.06 

0.04 

0.02 

0 

L......_ :·.•,. ·  .. ·.•.·.:., ... �,,.l,•·cc: 

0 2 4 

. L.....lir"'�: : . · · · ... · -� _ _  .,, .. ,�···" ' 

1 

-o- 4.5" Spacing 
---&-- 2 .0" Spacing 

2 .5" Spacing 
-%- 1 .5''Spacing 

� Baseline 

' ' I 

6 8 1 0  1 2  1 4  1 6  1 8  20 22 24 26 28 30 32 

Flap Angle (Deg) 

Figure 5.7. 10: Lower Surface, Leading Edge, ½" VG Space Comparison, 
cS-dependent Drag Coefficient, a = 0° 
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<>-dependent Moment Coefficient, a = 0° 
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Figure 5.7. 12 :  Lower Surface, Leading Edge, ½" VG Space Comparison, 
<>-dependent Lift Coefficient, a = 1 0° 
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Figure 5.7.13 :  Lower Surface, Leading Edge, ½" VG Space Comparison, 
8-dependent Drag Coefficient, a = 10° 
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Figure 5.7 .14 : Lower Surface, Leading Edge, ½" VG Space Comparison, 
8-dependent Moment Coefficient, a = 10° 
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1 05 

C 4.5" Spacing 

Cl 1 .5"Spacing 

CJ 2.5" Spacing 

CJ 2.0" Spacing 

m Baseline 



4 

3.8 

3.6 

3.4 

3.2 

3 

2.8 

2.6 

2.4 

2.2 

2 

1 . 8  

1 .6 

C 1 .4 ::J 

1 .2 

0.8 

0.6 

0.4 

0.2 

0 

-0.2 

-0.4 

-0.6 

-0.8 

-1 

-1 .2 
-2 -1 

-- 1 .5"Spacing 

-e- Baseline 

ll -tr- 4.5" S pacing 

1/2" VG 

J -t--+--t---+--t--+--+---+--t---+--+--+--+--t--·4_�r=-
2.

_�r
s-pa_

c

�

in
_

g

--j 

.. · 
?I 

0 2 3 4 5 6 7 8 9 10 1 1  1 2  13 14 15 16 17 1 8  1 9  20 
Angle of Attack (deg) 

Figure 5 .7. 16: Lower Surface, Leading Edge, ½" VG Space Comparison, 
a-dependent Lift to Drag Ratio, 8 = 0° 
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