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THE LATERAL-DIRECTIONAL CHARACTERISTICS OF A 74-DEGREE 

DELTA WING EMPLOYING GOTHIC PLANFORM VORTEX FLAPS 

Arthur C. Grantz 

(ABSTRACT) 

An investigation to determine the low-speed lateral-directional 

characteristics of a generic 74-degree delta wing-body configuration 

employing the latest generation, gothic planform vortex flaps has been 

conducted. In addition, the theoretical estimates from VORSTAB were 

compared against experimental data to aid in documenting this new 

method. VORSTAB is an extension of the Quasi-Vortex-Lattice Method of 

Lan which empirically accounts for vortex breakdown effects in the 

calculation of longitudinal and lateral-directional aerodynamic 

characteristics. 

The experimental results indicated that leading-edge deflections 

of 30 and 40 degrees significantly reduce the magnitude of the wing 

effective dihedral relative to the baseline for a specified angle of 

attack or lift coefficient. For angles of attack greater than 15 

degrees, these flap deflections reduce the configuration directional 

stability despite improved vertical tail effectiveness. Asymmetric 

leading edge deflections are shown to be inferior to conventional 

ailerons in generating rolling moments. Asymmetric leading-edge 

deflections are effective in producing side force at moderate to high 

angles of attack. 

VORSTAB lateral-directional calculations provide ballpark 

estimates at low to moderate angles of attack. The theory does not 



account for vortex flow induced, vertical tail effects at high angles 

of attack and should not be used for this angle of attack region. The 

empirical formulae for predicting vortex burst effects are not 

reliable in their present form. Although the basic trends are 

correct, the magnitude of the predicted vortex burst effect is 

typically over-estimated. 
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INTRODUCTION 

In recent years, considerable interest has been expressed in the 

tactical supercruiser.1 This next generation fighter is intended to 

cruise efficiently at supersonic speeds and yet maintain or better the 

transonic maneuver performance of today's lightweight fighters. 

Efficient cruise performance dictates a thin, highly swept, slender 

wing in order to minimize wave drag penalties. This can conflict with 

the maneuver requirement. The modern lightweight fighter illustrates 

the excellent transonic maneuverability of a moderately swept wing and 

leading edge vortex strakes. Consequently, designing a slender wing 

with the desired maneuver and supersonic characteristics presents a 

major challenge in the development of the tactical supercruiser. 

There are two approaches to designing a slender wing for this 

multiple role. The traditional method2-5 optimizes wing camber and 

twist for attached flow at the supersonic design point. The desired 

attached flow wing shape for maneuver is approximated through 

deployment of leading and trailing edge flaps. Unfortunately, it is 

very difficult to maintain attached flow along the highly swept 

leading edges. Flow separation generally reduces the available 

leading edge thrust and results in increased drag. The alternative 

method treats the maneuver point differently. It is well known that 

flow separation around a highly swept leading edge may take the form 

of a vortex. If the flow separation can be controlled such that the 

low surface pressures due to the vortex act upon a deflected leading 

edge flap, the resultant suction may cause an effective thrust to be 

1 
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recovered. Several studies have indicated that the proper choice of 

leading edge camber can provide a favorable balance between vortex 

lift and vortex induced thrust recovery.6 

Designing a slender wing for attached flow at moderate to high 

angles of attack leads to severe wing warp and complicated leading-

edge flap systems. The optimal camber and twist distribution 

typically is determined with inviscid flow models due to the 

difficulty associated with modeling the highly three-dimensional 

boundary layers characteristic of these wings. Unfortunately, this 

inviscid approximation is rarely satisfactory, and adverse flow 

separation occurs at this design condition. Wings optimized for 

vortex flow also require substantial wing warp. In contrast to the 

attached flow case however, vortex flow will respond to flat plate 

approximations of the optimum leading-edge shape with only minimal 

losses.7 Flow separation is exploited rather than suppressed. The 

appropriate leading edge profile for these leading edge vortex flaps 

(LEVF), however, has yet to be defined. 

As with any aerodynamic system, there are tradeoffs to be made. 

The ideal flap geometry8 would fix the separation point at the leading 

edge, trap the vortex on the flap for its entire length, promote flow 

reattachment along the flap hinge-line, and not adversely affect the 

stability characteristics of the wing (figure l). These requirements 

are not easily met. By restricting the flap to be planar (simple) and 

with a sharp leading edge (fixed separation line), the design 

parameter space can be reduced to two variables: leading edge profile 
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and flap deflection angle. The leading edge profile determines the 

flap area distribution. The profile is usually chosen to concentrate 

the vortex induced loads on the flap and manipulate the vortex 

strength distribution. Flap deflection influences the overall vortex 

strength by changing the flow incidence or upwash angle at the leading 

edge. For example, deflecting the leading edge downwards will reduce 

the vortex strength by reducing the upwash angle at the leading 

edge. Flap deflection allows a given flap geometry to be used for 

several different flow environments. 

Numerous configurations have been proposed with varying degrees 

of success (figure 2).9-11 A constant chord, full span LEVF is one of 

the simplest choices, shows significant improvements in L/0, but 

suffers pitchup at moderate to high angles of attack. An inversely 

tapered, full span LEVF alleviates the pitchup, but in turn sacrifices 

L/0. Part span and segmented LEVF can be tailored to maintain 

acceptable longitudinal characteristics, but have not shown the L/0 

potential of the constant chord, full span LEVF. As experience with 

the vortex flap was gained, a design optimization code was developed 

at the NASA Langley Research Center to specify a LEVF geometry. As a 

result, the latest generation of vortex flaps, constrained in the 

design procedure to provide flow reattachment along the flap hinge 

line, utilizes a "gothic" planform. 
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without incurring a pitching moment penalty. Theoretical methods have 

also focused on longitudinal problems, but from the analysis and 

design standpoint. Consequently, the experimental and analytical 

expertise concerning the lateral-directional characteristics of 

slender wings employing LEVF is extremely limited. 

With regard to lateral-directional characteristics, numerous 

slender wing/body configurations were investigated during the 

supersonic cruise transport studies of the 1970's.12-15 These designs 

promoted attached flow and typically inhibited leading edge vortex 

flows when possible. Concepts included delta, arrow, and cranked 

arrow wing planforms with wing leading edge sweep angles of between 65 

and 80 degrees. The wind tunnel models used were not of the generic 

type, but represented complete aircraft; they included horizontal and 

vertical tails, leading and trailing edge flaps, a high fineness rat1o 

fuselage, and engine nacelles. Several lateral-directional defi-

ciencies were noted in these tests which may impact the design of 

slender wings employing LEVF. Insufficient Cns• excessive c18, and 

limited roll power were frequently encountered. Directional instabi-

lities were usually due to long, slender fuselage noses extending far 

forward of the moment reference center. Wing alone, the slender 

planform typically realized increasingly stable values of Cn 8 with 

angle of attack. Attached flow leading edge flaps may produce either 

favorable or unfavorable increments in Cne depending on their 

geometry. Large negative values of the effective dihedral parameter 

are characteristic of slender wing configurations. Because of the low 
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moment of inertia about the roll axis relative to the pitch and yaw 

axes, excessive -C16 may aggravate a dutch roll tendency. Leading 

edge flap deflections and wing anhedral have been shown to be 

effective in reducing the magnitude of -C16• 

Slender wing aircraft often are unable to provide the roll power 

necessary to counter their high effective dihedral during crosswind 

landings. Small wing spans severely bound the aileron span, area, and 

moment arms and as a result limit the available roll power. Conse-

quently, high landing speeds at low lift coefficients are dictated. 

Trailing edge flaps mixed with ailerons as elevons are generally used 

during low-speed flight in order to increase the lift coeficient for a 

given pitch angle. As a result, the deflection angle available for 

aileron use is significantly reduced. An alternative approach to 

providing roll control might depend on asyrrmetrical LEVF deflec-

tions. It has been postulated that by directing the flap produced 

forces in the proper direction, rolling and yawing moments and 

possibly side force may be generated. Whether the magnitudes of these 

forces and moments would be comparable to those produced by conven-

tional control surfaces has yet to be investigated. 

From a theoretical standpoint, there are relatively few methods 

available which predict separation induced vortex flow effects as 

compared to attached flow methodology, even fewer methods which 

predict lateral-directional as compared to longitudinal character-

istics, and fewer still which will predict both. For vortex flow, 

longitudinal force and moment properties are often estimated with 
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linear methods by coupling the suction analogy of Polhamusl6 to either 

a Vortex Lattice Method (Lamarll) or a Quasi-Vortex Lattice Method 

(Lanl8). For detailed surface pressure distributions, additional real 

flow effects, and as a consequence, increased accuracy, non-linear 

methods must be used. Examples of such methods include the Free 

Vortex Sheet Method (Johnson et a1.19), free vortex filament methods 

(Kandil et a1.20 or Mehrotra21), and the Euler methods (Jameson22). 

However, for lateral-directional properties, the available methods are 

limited to an extension of the Quasi-Vortex Lattice Method called 

VORSTAs23 and to the Free Vortex Sheet Method. 

Linear methods continue to be attractive for their relative 

simplicity and low computer cost. For vortex flow estimates, these 

intrinsic qualities are typified in Lamar's Vortex Lattice Method 

coupled with the Polhamus Suction Analogy (VLM-SA).17 Although it 

does not predict details of the surface load distributions, this 

method is extremely useful for estimating longitudinal forces and, to 

a lesser degree, moments. In addition, VLM-SA has been validated for 

a very wide variety of configurations. An alternative linear method 

was developed by Lan who coupled the suction analogy with his Quasi-

Vortex Lattice Method (QVLM). In its original form, this method was 

limited to longitudinal forces and moments. However, Lan and Hsu23 

recently developed VORSTAB, an extension of QVLM, to provide lateral-

directional results. This relatively new method has yet to be 

validated however, against a sufficiently broad range of experimental 

data. 
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The non-linear vortex flow methods are primarily used to obtain 

detailed three-dimensional surface pressures. In addition to the 

pressures themselves, they offer better estimates of pitching moments, 

root bend i ny moments, and distributed loads than do the linear 

methods. Much as would be expected though, the non-linear methods are 

more expensive in both human and computer resources than the linear 

methods. Possibly the cheif non-linear method in use to date is the 

Free Vortex Sheet Method (FVS). Based on higher order panel techno-

logy, the FVS method has been shown to provide good estimates of wing 

surface pressures, forces, and moments. Additionally, this method is 

not limited to longitudinal configurations. Although the FVS method 

is comparable to other 3-D non-linear methods in terms of resource 

expenditures, this method is too expensive to use for initial force 

and moment estimates during preliminary design. 

Early in the design process, simple, low cost, linear methods 

which can be quickly applied to a wide variety of configurations are 

typically favored. For longitudinal results, VLM-SA does very well. 

There is a need however, for a lateral-directional method. For the 

present investigation, it was decided to concentrate the theoretical 

studies on VORSTAB. This program is attractive for several reasons. 

It is a simple, inexpensive code to apply. VORSTAB is sufficiently 

general that it permits multiple lifting surfaces of arbitrary 

planform, leading and trailing edge flaps, vertical surfaces, and a 

body of revolution fuselage. Vortex breakdown effects are accounted 

for by utilizing a correlation parameter derived from the predicted 
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leading edge suction distribution for attached flow. Empirical 

formulae, derived from a least square analysis of the delta wing data 

of Wentz,24 are used to predict the angle for vortex breakdown at the 

trailing edge, the progression rate of vortex breakdown, and the 

vortex lift recovered in the breakdown region. The theoretical 

predictions provided by VORSTAB have yet to be evaluated against a 

sufficiently diverse range of experimental data. In particular, 

camber and vertical tail effects have yet to be documented. Some 

theory-experiment correlations have been made by Lan and Hsu,23 but 

these are limited to planar wings of delta, cropped delta, and cranked 

arrow planforms. In addition, Lan questions the validity of some of 

the wind tunnel data used in the comparisons. Until the theory's 

utility has been substantiated, the program's usefulness will be 

extremely limited. 

As the vortex flap concept for generating maneuver lift has 

matured, the lateral-directional properties of these slender wing-flap 

configurations have become increasingly important. Consequently, both 

the experimental data base and the analytical techniques for 

predicting these characteristics need improvement. As a result, the 

purpose of this investigation is to determine the low-speed lateral-

di rectional characteristics of a generic 74 degree delta wing-body 

configuration employing the latest generation, gothic planform, vortex 

flaps. In addition, the experimental data is to be compared against 

VORSTAB predictions to aid in documenting this new method. 
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LI ST OF SYMBOLS 

Wingspan 1.838 ft. 
Mean aerodynamic chord 
Drag coefficient 
Zero lift drag coefficient 
Rolling moment coefficient 
Rolling moment due to sideslip stability parameter 
Lift coefficient 
Lift curve slope 
Maximum lift coefficient 
Pitching moment coefficient 
Zero lift pitching moment coefficient 
Yawing moment coefficient 
Yawing moment due to sideslip stability parameter 
Side force coefficient 
Side force due to sideslip stability parameter 
Leading edge vortex flap 
Lift to drag ratio 
Maximum lift to drag ratio 
Wing area 3.81067 ft. 2 
Flap area (each) 0.4327 ft.2 

2 Vertical tail area 0.3125 ft. 
Angle of attack 
Angle of attack for zero lift 
Angle of sideslip 
Leading edge deflection angle 
Differential aileron deflection angle 
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DESCRIPTION OF EXPERIMENT 

The generic wind-tunnel model illustrated in figure 3 includes an 

uncambered wing with sharp edges, leading and trailing edge flaps, a 

body of revolution fuselage, and a centerline mounted vertical tail. 

The "canopy like" appendage to the fuselage was necessary to house 

pressure instrumentation and was faired into the fuselage for a 

minimum of flow interference. Leading-edge flap deflection angles of 

-30, 0, 30, 35, 40, and 45 degrees, measured normal to the flap 

hingeline, were obtained through the use of flush mounted brackets. 

Trailing edge flap deflections of 0, ±10, and ±20 degrees were set 

with adjustable pinch hinges. Gaps between the the leading or 

trailing edge flaps and the wing were sealed along the lower surface 

with thin mylar tape. 

The NASA Langley Research Center 7- by 10-Foot High-Speed Wind 

Tunnel was utilized for this experiment. Force and moment measure-

ments were made with two six-component strain-gauge balances. The 

forward balance measured loads on the ogive nose only with a metric 

break just forward of the canopy while the main balance measured loads 

for the entire model. Wing surface pressures were not recorded during 

this particular test. Figure 4 shows the model on the high angle of 

attack stability rig and the HS-15 sting. Sideslip and angle of 

attack were obtained through a combination of pitch and roll. Angle 

of attack was varied between 0 and 40 degrees with sideslip angles 

ranging between -16 and +16 degrees. A detailed run schedule is 

10 
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presented in Table 1. The test Mach number was 0.20 for a Reynolds 

number of 7.05 million based on the mean aerodynamic chord. 

The wind-tunnel data have been corrected for blockage and jet 

boundary effects as per references 26 and 27 respectively. Balance 

chamber pressures were .measured and the axial force measurements were 

adjusted to correspond to free-stream static pressure acting in the 

model chamber. Sting and balance bending were accounted for in the 

determination of sideslip and angle of attack. Boundary layer 

transition was fixed by the method of references 28 and 29; 0.10 inch 

wide transition strips of No. 90 carborundum grains were placed 1.0 

inch streamwise from the flap and vertical tail leading edges. A 

similar 0.10 inch wide ring of No. 80 carborundum grains was placed 

1.5 inches aft of the nose. 

The longitudinal data are presented in the stability system of 

axes and the lateral-directional data are given in the body system of 

axes as shown in figure 5. The reference wing area is based on the 

planform area of the 74 degree delta wing extended into the centerline 

plus the area of the undeflected LEVF. The reference mean aerodynamic 

chord is assumed to be that of the reference wing exclusive of the 

LEVF. The lateral-directional stability derivatives were determined 

for 8 = 0 by differencing data obtained at 8 = ± 4 degrees. In 

assembling the test matrix and in analyzing the data, the following 

perspective was maintained. The 0 degree deflection was considered to 

be the baseline case. This planar configuration retains full vortex 

flow effects and permits the comparison of one vortex flow to 
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another. Force and moment increments due to vortex flap deflection 

would compare very differently to an attached flow wing, however. The 

40 degree deflection was designed for 14 degrees angle of attack where 

it was to generate a vortex that remained on the flap for the length 

of the flap and promote flow reattachment along the flap hinge line. 

The 30 degree deflection was representative of an off-design condition 

which was to illustrate the vortex flow sensitivity or insensitivity 

to flap deflection angle. The -30 degree deflection was to simulate a 

landing configuration where the maximum lift coefficient for a given 

angle of attack is desired. 



EXPERIMENTAL RESULTS AND DISCUSSION 

Longitudinal Aerodynamic Characteristics 

Although this investigation is primarily concerned with the 

lateral directional characteristics of vortex flaps, an understanding 

of their longitudinal characteristics will prove helpful. Figure 6a 

illustrates lift as a function of angle of attack. As is typical of 

planar, slender wings employing vortex flow, the curves can be split 

into three regions. At very low angles of attack, the vortex lift 

effects are small. The lift curve is locally characterized by a 

nearly linear region with a relatively shallow slope. This is the low 

angle of attack region. Increasing the angle of attack leads to the 

formation of leading-edge vortices and vortex lift. The lift curve 

transitions to and maintains a steeper slope for the angle-of-attack 

range in which the vortex lift dominates. This is the vortex flow 

region. Eventually, the angle of attack is increased to the point 

where the vortex becomes unstable and bursts. Coincident with this 

deterioration of the vortex is a gradual loss of vortex lift. 

Consequently, the lift curve slope tapers off until CL is 
max 

attained. This is the vortex burst region. It should be emphasized 

that vortex burst may occur at a much lower angle of attack than the 

angle for Cl • These same trends are seen when the LEVF are 
max 

deflected. As would be expected, positive, downward deflections show 

an extended linear range. They also show the normal shift with the 

increased wing camber. As the angle of attack is increased, a vortex 

eventually forms on the deflected flap. Since the local angle of 

13 
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attack at the leading edge has been reduced through flap deflection, 

the vortex that forms is substantially weaker than that for the 

baseline case at the same wing angle of attack. In addition, the 

deflected flap trades a portion of the vortex lift for thrust. 

Consequently, for angles of attack below 40 degrees, there is a 

significant reduction in lift as a result of postive flap 

deflection. Reducing the local angle of attack however, allows the 

deflected flap cases to carry the vortex to higher angles of attack 

before bursting occurs. Notice that there is a significant change in 

CL at 25 degrees angle of attack for the baseline case while a 

CL for the 30 and 40 degree cases does not decay until 36 degrees. a 

The inverted -30 degree deflection is a special case. 

Specifically considered for landing configurations, it is intended to 

produce high lift at low angles of attack. The upward deflection 

initiates the vortex lift increment at slightly negative angles of 

attack and for angles below 15 degrees, it yields a roughly constant 

increase in CL of 0.04 over the undeflected case. This represents a 6 

to 9 percent improvement between 10 and 15 degrees over baseline 

performance. As the angle of attack is increased above 20 degrees, 

there is no lift advantage to the inverted flap. 

The configuration pitching moment characteristics are shown in 

figure 6b as a function of angle of attack and lift coefficient. For 

the 0 and -30 degree cases, Cm varies almost linearly with angle of 

attack for angles below vortex breakdown. Note the slight pitchup for 

the 0 degree case beginning at 25 degrees angle of attack. For the 
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-30 degree case, pitchup occurs at 28 degrees and is more pro-

nounced. For the 0 and -30 degree cases the vortex forms at a very 

low angle of attack and does not change significantly until bursting 

occurs. For the 30 and 40 degree deflections however, the vortex 

forms later and grows in stages. The very slight nonlinearities in 

the pitching moment curve indicate when the vortex begins to take 

effect, when it begins to spill off the flap, and when it begins to 

burst. Both the 30 and 40 degree cases indicate pitchup beginning at 

36 degrees angle of attack. Note that the angles mentioned in 

reference to pitchup and vortex burst correspond to the angles 

mentioned earlier while discussing the lift curve slopes of the 

various flap cases. 

Figure 6c and 6d illustrate the fundamental effects of vortex 

flaps: reducing drag and improving L/D. For lift coefficients below 

0.8, deflecting the LEVF downward significantly improves the 

configuration L/D. The maximum L/D is improved by 18 and 22 percent 

over the baseline by deflecting the 30 and 40 degree flaps. L/Dmax 

for the 40 degree case also occurs at an 85 percent higher lift 

coefficient than the baseline. At the design angle of attack of 14 

degrees, the 40 degree flaµs yield a lift coefficient of 0.42. 

Pressure data and limited oil flow photographs (figure 6e) from a 

concurrent test indicated that the 40 degree flap was operating as 

designed: the vortex was contained on the flap for the majority of 

its length with only a slight amount of spillage near the wing 

trailing edge. Flow reattachment occurred on or very near the flap 
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hinge line. Although the 30 degree case represents an off-design 

case, note the good L/D performance relative to the design and 

baseline cases. The 30 degree case represents a 10 degree pertur-

bation in flow incidence at the leading edge with only minimal 

losses. As would be expected, the -30 degree flaps incur a sub-

stantial penalty in L/D. However, during an approach and landing, 

reduced L/D implies improved glideslope control. The increased drag 

eliminates the need for other forms of speed brakes and allows for 

higher power settings on landing which minimizes engine spool-up time 

during go-around attempts. 

Lateral-Directional Aerodynamic Characteristics 

Effect of LEVF Deflection.- The basic lateral-directional 

stability derivatives Cya• Cna• and c1 of the complete wing-body-
a 

vertical-tail configuration are shown in figure 7a and 7b as functions 

of angle of attack and lift coefficient. For the remaining figures, 

if the vertical tail is not specifically mentioned, assume a tail-on 

configuration. Consider the O degree baseline case. It shows a 

relatively constant level of directional stability up to 25 degrees 

angle of attack with a rapid deterioration for higher angles. Cy 8 and 

c18 also show deterioration for angles above 25 degrees. The -30 

degree case follows similar trends. Note that Cy 8 and c18 are 

considerabley increased in magnitude by deflecting the flap upwards. 

The 30 and 40 degree deflections have destabilizing tendencies. 

Increasing flap deflection yields magnitude reductions in both Cye 

and c18 and reduced values of Cne at moderate to high angles of 
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attack. Note however that the unstable crossing for Cns is much more 

gradual for the downward flap deflections. The unstable breaks in 

Cy 8 and Cis have also been softened. As discussed earlier, a reduced 

level of effective dihedral may be desirable. Comparable trends are 

also shown for these stability parameters against lift coefficient. 

Effect of vertical tail and forebody.- The vertical tail and 

forebody effects on the lateral directional stability parameters are 

presented in figures 8a and 8b for the 0 and 40 degree flap cases. 

The wing-body-vertical tail case represents the complete configu-

ration, the wing-body case excludes the effects of the tail, and the 

forebody case includes only forebody effects. Note that, for this 

particular configuration, the forebody has only a small effect on the 

high angle of attack characteristics. For the 0 degree case, tail 

effectiveness deteriorates above 25 degrees. Note the adverse effect 

on Cy 8 and Cis for these angles. In comparison, the tail remains 

effective for the 40 degree case for the entire angle attack range 

tested. However, the 40 degree wing-body configuration has reduced 

levels of Cn 8 at moderate to high angles of attack relative to the 0 

degree case. 

A flow model which might produce these characteristics is illus-

trated in figure 9. For a wing designed for attached flow, the 

vertical tail often is blanketed in separated, turbulent flow at 

moderate to high angles of attack. In the case of vortex flow, the 

circulation induced flow reattachment along the flap hingeline helps 

to keep the vertical tail effective up to moderate angles of attack. 
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At high angles of attack however, the windward vortex has the tendency 

to spill off the flap and migrate in towards the tail. As the low 

pressure vortex core moves inboard, it may reverse the direction of 

the vertical tail sidewash field and induce adverse yawing and rolling 

moments. In addition, the stronger windward vortex is forced down 

onto the wing surface and slightly inboard while the weaker leeward 

vortex tends to lift off and drift outboard. Consequently, this 

asyrrmetric vortex structure has the potential to produce undesirable 

forces and moments. 

Compare the characteristics of the 0 degree baseline and the 40 

degree flaps. Ignoring fuselage area, the 0 degree case does not have 

any significant lateral area other than the vertical tail. In 

contrast, the 40 degree case has 64 percent of its lateral area in the 

LEVF. For the 0 degree case, the vortex maintains the tail effective-

ness through freestream flow entrainment up to 25 degrees angle of 

attack. Above 25 degrees, the windward vortex moves inboard and 

begins to more directly affect the tail. As the low pressure core of 

the windward vortex nears the tail, adverse yawing and rolling moments 

are generated in addition to adverse side force. In contrast, the 40 

degree flap case will support a much weaker vortex system for a given 

angle of attack. In addition, the windward vortex will tend to stay 

trapped on the windward flap and resist migration inboard. Note that 

for the entire angle of attack range tested, the 40 degree case tail 

remains effective and and there is no indication of the vortex 

migrating inward. The decaying directional stability at moderate 
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angles of attack is a wing-body vortex flap phenomena and does not 

imply a loss of vertical tail effectiveness. 

The basic lateral-directional forces and moments are illustrated 

in the following group of figures as a function of sideslip for 

specific angles of attack. Figures 10 through 12 provide a component 

buildup for the 0 degree baseline while figures 13 through 15 

correspond to a similar buildup for the 40 degree design case. Figure 

16 through 18 compare the characteristics of the complete configu-

ration for each flap deflection. These figures provide more infor-

mation than the standard stability derivative comparisons and will be 

used to improve the current flow model. 

Figure 10 illustrates the yawing moment characteristics of the 

undeflected baseline configuration. For the entire sideslip range 

tested, it is readily apparent that the vertical tail is the only 

source of directional stabilty for angles of attack up to 25 

degrees. It is interesting to note that the nose accounts for the 

majority of the wing-body yawing moment for this angle of attack 

range. Also note the reduced tail effectiveness for small sideslip 

angles at 5 and 15 degrees angle of attack. At 25 degrees, the 

windward vortex begins to reduce the vertical tail effectiveness at 

large sideslip angles. By 35 degrees angle of attack, the tail has 

begun to produce adverse yawing moments. Note that the nose no longer 

dominates the wing-body yawing moments. 

The rolling moments for the O degree case as a function of 

sideslip and angle of attack are shown in figure 11. For angles of 
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attack of up to 25 degrees, the rolling moments generated are produced 

by the wing-body with only slight vertical tail effects. As the 

windward vortex approaches the tail, the low pressure core induces a 

destabilizing rolling moment which opposes the stable wing-body 

properties. As would be expected, the nose has virtually no effect on 

the configuration rolling moment characteristics. 

The side force characteristics are presented in figure 12. As 

was shown for the yawing moment characteristics at low to moderate 

angles of attack, the vertical tail shows reduced effectiveness for 

small sideslip angles. At 30 degrees, the vertical tail looses its 

effectiveness entirely, while at 35 degrees, the tail produces 

undesirable increments in side force. 

Figures 13 through 15 illustrate the characteristics of the 40 

degree case. Although the trends are basically similar to the 

baseline case just discussed, there is an additional point to be 

made. For the baseline case, the lateral area resides in the fuselage 

and in the vertical tail. The 40 degree case however, has 

considerable lateral area in the LEVF. Consequently, it would not be 

surprising to see the wing-body characteristics dominating the 

configuration yawing moment properties. Figure 13c and 13d in 

particular emphasize this point. Despite acceptable tail effective-

ness, the unstable nature of the wing-body is sufficient to drive the 

configuration directionally unstable for small sideslip angles. 

The yawing moment characteristics of the various flap deflections 

are compared in figure l~. The trends are similar for 5 and 15 
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degrees angle of attack. At 25 degrees, the 30 and 40 degree flap 

deflections eliminate the unstable break at large sideslip angles. 

This is due to the downward deflected flap's ability to hold the 

windward vortex away from the vertical tail. Controlling the windward 

vortex also helps to extend the usable sideslip range at high angles 

of attack. Figures 17 and 18 illustrate this tendency relative to the 

configuration rolling moment and side force properties. 

Effect of Asyrrmetrical LEVF Deflection.- The objective of this 

portion of the experimental program was to determine if asynvnetrical 

LEVF deflections could produce rolling moments comparable to those of 

conventional ailerons. The baseline case in this instance is repre-

sented by the syrrmetric 30 degree LEVF deflection. The differential 

aileron deflections of ±10 and ±20 degrees are superimposed onto this 

syrrmetric 30 degree case for comparison purposes. All cases include a 

vertical tail. As presented in figure 19, the asyrrmetric LEVF deflec-

tions are not suitable for producing rolling moments. The rolling 

moment increments that can be produced in this fashion vary 

considerably in magnitude with angle of attack, are accompanied by 

adverse yawing moments, and are small relative to those generated 

through aileron deflections. Note that the conventional differential 

ailerons produce relatively constant rolling moment increments which 

are accompanied by favorable yawing moments. Figure 20 illustrates 

that the asynmmetric LEVF are capable of producing large side forces 

at moderate to high angles of attack. The small rolling and yawing 

moments can most probably be trimmed out leaving a net side force. 
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Direct side force control might be useful in maneuvering and crosswind 

landing situations. 

Extending the flow model to describe these characteristics is 

straight forward. Consider the 0:45 case. This configuration has the 

left leading edge at 0 degrees and the right leading edge at 45 

degrees. At low to moderate angles of attack, there is a relatively 

strong vortex on the left-hand side and a relatively weak vortex on 

the right-hand side. Stronger vortex lift on the left-hand side is 

enough to account for the postive rolling moments. As in the case of 

the 40 degree symmetric LEVF, the weaker vortex on the 45 degree flap 

has enough strength and area to generate adverse yawing moments and 

large side forces. The yawing moments and side forces are generated 

because the left-hand flap does not have any lateral area with which 

to oppose them. Note that the trends are similar for the 35:45 degree 

case, but they are smaller in magnitude: there is less of an imbalance 

in lateral area. As the angle of attack is increased above 20 

degrees, the O degree vortex has moved inboard while the 45 degree 

vortex has spilled off the flap but remains near the flap hingeline. 

The 0 degree vortex begins to influence the tail producing rolling and 

yawing moments which counter and eventually overpower the moments 

generated by the wing. Above 28 degrees, the O degree vortex has 

probably begun to burst while the 45 degree vortex has moved inboard 

into the vicinity of the vertical tail. As a result, there is an 

increasingly positive rolling moment and negative yawing moment. At 
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this stage, the flap and vertical tail are both producing positive 

side force. 

The stability derivatives for the asyrrmetric cases are presented 

in figure 21. The characteristics for the 30 degree baseline have 

been presented previously in figure 7. By differentially deflecting 

the leading edges ±5 degrees to 35:45, there is a substantial increase 

in both Cy 8 and Cns between 15 and 30 degrees angle of attack . The 

0:45 deflection shows little change in Cy 8 , but does present a slight 

reduction in Cn 8 at 25 degrees angle of attack. The 0:45 deflections 

also reduce c18 slightly relative to the symmetric 30 degree case. 

Figures 22 through 24 present the yawing moment, rolling moment, 

and s i de-force characteristics of the asymmetric LEVF as functions of 

sideslip. These figures are included because it is important to note 

that the lateral-directional characteristics of the 0: 45 and 35:45 

LEVF deflections do not differ s i gnificantly from the characteristics 

of the symmetric 30 degree case. The asymmetric LEVF do not show any 

unusual characteristics other than an expected offset in yawing 

moment, rolling moment, and side force at zero sideslip. 



THEORETICAL ANALYSIS 

Longitudinal Estimates 

Although this study is primarily concerned with lateral-

directional characteristics, VORSTAB has longitudinal features of 

interest not available in other linear methods to empirically account 

for vortex breakdown effects. The longitudinal predictions from 

VORSTAB, with and without vortex burst effects, are compared in 

figures 25 through 28 against experimental data. Additionally, 

theoretical predictions from the widely used VLM-SA of Lamar, which 

does not account for vortex breakdown effects, are also presented. 

The longitudinal predictions for the 0 degree baseline are 

presented in figures 25a and 25b. Relative to VLM-SA, the lift and 

drag estimates from VORSTAB are surprisingly poor. Relative to the 

experimental data, the VORSTAB burst-off case (vortex burst features 

disabled) shows the proper trends, but the lift, drag, and pitching 

moment estimates are too low, too high, and too high, respectively. 

With the vortex burst-on case (vortex burst features enabled), the 

lift and drag estimates worsen, while the pitching moment estimates 

improve. The combination of low lift and reasonable pitching moment 

characteristics imply that the VORSTAB burst-on longitudinal load 

centroid was calculated to be too far aft. Although the impact of the 

vortex burst-on features on the longitudinal characteristics was too 

severe, the angle of attack for which the vortex lift effects begin to 

deteriorate was correctly predicted. These vortex burst features 

began to influence VORSTAB's estimates at 25 degrees angle of attack, 
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the angle which was identified earlier during the analysis of the 

experimental data. 

Figure 26 illustrates the performance of VORSTAB and VLM-SA 

relative to the 40 degree case. For this cambered configuration, the 

VLM-SA and VORSTAB lift estimates are very good. While VLM-SA 

slightly under predicts the high angle-of-attack lift characteristics, 

VORSTAB is slightly low for the low to moderate angle of attack 

range. Also, in contrast to the baseline case, the VORSTAB burst-on 

calculations correctly predict the break in the lift curve. Although 

the drag estimates are slightly high, the vortex burst effects are 

correctly accounted for. As for the baseline case, the pitching 

moments are over-estimated in magnitude. Since the longitudinal loads 

are correctly predicted for the 40 degree case, yet the pitching 

moments remain over-estimated, this is further evidence of a load 

centroid located too far aft. 

The VORSTAB estimates for the 30 and -30 degree cases, figure 27 

and 28 respectively, are similar to the estimates calculated for the 

40 and 0 degree cases, respectively. Although the vortex burst 

effects are not correctly predicted for the 30 degree case, the basic 

lift and drag comparisons are good. The pitching moments are over 

predicted. The VORSTAB -30 degree estimates of the lift and drag 

characteristics are poor relative to those available from VLM-SA. The 

pitching moment estimates for the burst-on case are fortuitous. Note 

that the vortex burst effects are predicted by VORSTAB to occur at 25 

and 20 degrees angle of attack for the 30 and -30 degree flap 
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deflections, respectively. However, the longitudinal analysis of the 

experimental data indicated that these angles were 36 and 28 degrees 

respectively. 

It is not surprising that the method used in VORSTAB to account 

for vortex burst effects does not accurately estimate the data. The 

angle of attack for vortex breakdown at the wing trailing edge, the 

upstream progression of the breakdown point, and the amount of vortex 

lift remaining in the breakdown region are each empirically determined 

from least square approximations of data assembled by Wentz. The 

Wentz study presents wind and water tunnel data for several planar, 

sharp edged delta wings of varying leading edge sweep angles. It does 

not include data which can be used to determine how the vortex 

breakdown effects of a planar delta wing compare with those of a 

cambered delta wing or with other than straight leading edges. The 

angle of attack corresponding to vortex breakdown was well predicted 

for the O degree case. The amount of vortex lift remaining in the 

breakdown region however, was significantly under-estimated. 

Considering that the baseline case is the only configuration without 

wing camber, one would have expected the theory to experiment 

correlation to be relatively good. Although the effects of vortex 

burst on the longitudinal characteristics of the 40 degree case were 

well predicted, these would seem to be chance results. Remember that 

the burst-on estimates for the 30 degree case, a 10 degree difference 

in flap deflection, were relatively poor. 



Lateral-Directional Estimates 

VORTSTAB stability derivative estimates for the O degree 

baseline, in tail-off and tail-on configurations, are compared to 

experimental results in figures 29a and 29b. For the tail-off case, 

all three stability derivatives are over-estimated for angles of 

attack above 5 degrees. At 5 degrees however, the theoretical 

estimates correspond very well to experiment. Since the wing does not 

contribute any lateral area from a theoretical standpoint, the over-

estimated values for Cy6 and Cns must be due to fuselage effects. 

Ci 6 is greatly over-estimated. For the tail-on configuration, it is 

surprising to see under predicted values for Cy 6 and Cns at 5 and 15 

degrees. This indicates that the theoretical increments associated 

with adding the vertical tail are too small. It is interesting to 

note that the Cy6 curves for the tail-off and tail-on case are 

identical except for an offset and a slope change. This implies that 

the effect of the vertical tail on Cy6 is accounted for by an 

increment in Cy6 at zero angle of attack which deteriorates with angle 

of attack to simulate tail blanketing. Although the trends are 

correct, the vortex burst features are insufficient to describe the 

rapid deterioration of Cy 6 and Cns at angles of attack above 25 

degrees. For these angles of attack, the windward vortex has migrated 

into the vicinity of the tail and produces adverse rolling and yawing 

moments. This characteristic of the flow is not accounted for by 

VORSTAB. 
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Figures 30a and 30b present the VORSTAB estimates for the 40 

degree LEVF deflection. For the tail-off configuration, note that 

despite under-estimated Cy8 values, the Cn8 estimates tend to be 

accurate or high. This indicates a lateral load centroid which is 

located too far forward. Note that the theory does not predict the 

gradual deterioration of Cn8 with angle of attack. Ct~ remains over-

estimated. For the tail-on configuration, the vertical tail effects 

on Cy 8 and Cn8 are under-estimated as for the 0 degree case. Note 

that Cy 8 is too low for the entire angle-of-attack range. 

Figure 31 illustrates the theory to experiment comparisons for 

the 30 degree LEVF deflection. As before, the Cy8 and Cn 8 estimates 

are too low and indicate that the vertical tail effects have not been 

properly accounted for. Ci 8 compares more favorably to experiment for 

this flap deflection as opposed to the 0 and 40 degree cases. Figure 

32 presents the VORSTAB lateral-directional estimates for the -30 

degree flap deflection. As with the tail-off configurations for the 0 

and 40 degree LEVF, the stability derivatives are correctly estimated 

at 5 degrees angle of attack. In contrast to the previous cases, 

VORSTAB Cy8 estimates are too large. Consequently, the Cn 8 estimates 

are also high. The break in the Cy8 and Cn8 curves is due to the 

windward vortex affecting the vertical tail, a characteristic of the 

vortex flow not accounted for by VORSTAB. 



CONCLUSIONS 

An investigation to determine the low-speed lateral-directional 

characteristics of a generic 74 degree delta wing-body configuration 

employing the latest generation, gothic planform vortex flaps has been 

conducted. In addition, the theoretical estimates from VORSTAB were 

compared against the experimental data to aid in documenting this new 

method. The results may be summarized as follows: 

1. LEVF deflections of 30 and 40 degrees significantly reduce 

the magnitude of c16 relative to the baseline for a 

specified angle of attack or lift coefficient. 

2. For angles of attack above 15 degrees, the downward LEVF 

deflections significantly reduce the configuration 

directional stability despite improved vertical tail 

effectiveness. 

3. The inverted -30 degree deflection substantially increased 

the configuration -C16• Considering that this flap 

deflection is intended for approach and landing, there may 

be insufficient roll power to balance the large 

-C16 values during a crosswind landing. 

4. The inverted -30 degree deflection slightly improved the 

configuration directional stability. 

5. Asynmetric LEVF deflections are not suitable for producing 

rolling moments. 

6. Asynmetric LEVF deflections can produce significant side 

forces at moderate to high angles of attack. Accompanying 
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rolling and yawing moments are small and could easily be 

trilTITied out using conventional control surfaces. Direct 

side force control might be useful during maneuver or 

crosswind landing situations. 

7. From a longitudinal standpoint, VORSTAB load estimates 

vary from very good for the 30 and 40 degree def 1 ect ions 

to poor for the 0 and -30 degree deflections. The 

longitudinal load centroid is calculated too far aft 

resulting in pitching moments which were consistently 

over-estimated. 

8. VORSTAB lateral-directional calculations provide ballpark 

estimates at low to moderate angles of attack. VORSTAB 

does not account for vortex interactions with the vertical 

tail. 

9. VORSTAB consistently over-estimates wing effective 

dihedral. 

10. VORSTA8 tends to over-estimate wing-body Cy 6 and Cna· 

The theory also under-estimates vertical tail 

contributions to Cy 6 and Cn6• 

11. The empirical formulae for predicting vortex burst effects 

are not reliable in their present form. With the vortex 

burst features active, the predicted trends are generally 

correct. However, the magnitude of the vortex burst 

effect is typically over-estimated. 



REFERENCES 

1. "Design Conference Proceedings: Technology for Supersonic Cruise 
Military Aircraft," Vol. I, AFFDL/FX, U.S. Air Force, 1976. 

2. Child, R. D., "Design and Analysis of a Supersonic Penetration 
Maneuvering Fighter," Rockwell International, NASA CR-132633, 
April, 1975. 

3. Meyer, R. C., and Fields, W. D., "Configuration Development of a 
Supersonic Cruise Strike-fighter," AIAA Paper 78-148, Jan. 1978. 

4. Miller, D.S., Schemensky, R. T., "Design Study Results of a 
Supersonic Cruise Fighter Wing," AIAA Paper 79-062, Jan. 1979. 

5. Foss, W. E. Jr., and Sorrells, R. B. III, "Trade Studies 
Resulting to a Long Range Mach 2.6 Supercruiser," NASA TM-78811, 
Dec. 1978. 

6. Campbell, J. F., "Vortex-Flow Aerodynamics - An Emerging Design 
Capability," Astronautics and Aeronautics, p55-57, AIAA, May 
1981. 

7. Lamar, J. E., Schemensky, R. T., and Reddy, C. S., "Development 
of a Vortex Lift Design Procedure and Application to a Slender 
Maneuver Wing Configuration," Journal of Aircraft, Vol. 18, No. 
4, pp. 259-266, April 1981. 

8. Rao, D. M., "Leading Edge •vortex Flaps• for Enhanced Subsonic 
Aerodynamics of Slender Wings," ICAS Paper 80-13.5, Oct. 1980. 

9. Rao, D. M., "Leading Edge Vortex-Flap Experiments on a 74 Degree 
Delta Wing," NASA CR-159161, Nov. 1979. 

10. Marchman, J. F., III, "Effectiveness of Leading Edge Vortex Flaps 
on 60 and 75 Degree Delta wings," Journal of Aircraft, Vol. 18, 
No. 4, pp. 280-286, April 1981. 

11. Rao, D. M., "Segmented Vortex Flaps," AIAA Paper 83-0424, January 
1983. 

12. Lockwood, V. E., "Effect of Leading Edge Contour and Vertical 
Tail Configuration on the Low Speed Stability Characteristics of 
a Supersonic Transport Model Having a Highly Swept Arrow Wing," 
NASA TM-78683, LaRC, March 1978. 

31 



32 

13. Mclemore and Parlett, "Low Speed Wind Tunnel Tests of a l/10 
Scale Model of a Blended Arrow Supersonic Cruise Aircraft," NASA 
TN-D-8410, LaRC, June 1977. 

14. Coe and Weston, "Effects of Wing Leading Edge Deflection on the 
Low Speed Characteristics of a Low Aspect Ratio Highly Swept 
Arrow Winy Configuration," NASA TP-1434, LaRC, June 1979. 

15. Coe, Smith, and Parlett, "Low Speed Wind Tunnel Investigation of 
an Advanced Supersonic Cruise Arrow Wing Configuration," NASA TM-
74043, LaRC, July 1977. 

16. Polhamus, Edward C., "Application of the Leading-Edge-Suction 
Analogy of Vortex Lift to the Drag due to Lift of Sharp-edge 
Delta Wings," NASA TN D-4739, August, 1968. 

17. Lamar, John E., and Gloss, Blair B., "Subsonic Aerodynamic 
Characteristics of Interacting Lifting Surfaces with Separated 
Fl ow around Sharp Edges Predicted by a Vortex-Lattice Method," 
NASA TN D-7921, Sept., 1975. 

18. Lan, Edward C., "A Quasi-Vortex-Lattice Method in Thin Wing 
Theory," Journal of Aircraft, Vol. 11, No. 9, Sept., 1974. 

19. Johnson, F. T., Lu, P., Tinoco, E. N., and Epton, M. A., "An 
Improved Panel Method for the Solution of Three-Dimensional 
Leading-Edge Vortex Flows: Volume I - Theory Document," NASA CR-
3278, July, 1980. 

20. Kandi l, O. A., Mook, D. T., and Nayfeh, A. H., "A Numerical 
Technique for Computing Subsonic Flow Past Three-Dimensional 
Canard Wing Configurations with Edge Separation," AIAA Paper 77-
1, Jan., 1977. 

21. Mehrotra, S. C. and Lan, C. E., "A Theoretical Investigation of 
the Aerodynamics of Low Aspect Ratio Wings with Partial Leading 
Edge Separation," NASA CR-145304, 1978. 

22. Jameson, A., Schmidt, W., and Turkel E., "Numerical Solutions of 
the Euler Equations by Finite Volume Methods Using Runge-Kutta 
Time-Stepping Schemes," AIAA-81-1259, June, 1981. 

23. Lan, C. E. and Hsu, C. H., "Effects of Vortex Breakdown on 
Longitudinal and Lateral-Directional Aerodynamics of Slender 
Wings by the Suction Analogy," AIAA-82-1385, August, 1982. 

24. Wentz, W. H., "Wind Tunnel Investigation of Vortex Breakdown on 
Slender Sharp-Edged Wings," NASA CR-98737, 1969. 



33 

25. Fox, Charles H., and Huffman, Jarrett K., "Calibration and Test 
Capabilities of the Langley 7- by 10-foot High Speed Tunnel," 
NASA TN-74027, 1977. 

26. "Application of Grit Type Boundary Layer Transition Trips to Wind 
Tunnel Models," Memorandum to Full Scale Research Division, NASA 
Langley Research Center, Nov. 5, 1965. 

27. "Memorandum for 16-Foot Transonic Section Files," NASA Langley 
Research Center, Sept. 6, 1961. 

28. Herriot, J. G., "Blockage Corrections for Three Dimensional Flow 
Closed Throat Wind Tunnels, With Consideration of the Effect of 
Compressibility," NACA Report 995, 1950. 

29. Gillis, Polhamus, and Gray, "Charts for Determining Jet Boundary 
Corrections for Complete Models in 7- by 10- Foot Closed 
Rectangular Wind Tunnels," NACA Report LSG31, Sept. 1945. 



APPENDIX 

VLM-SA Input - 0 Degree LEVF Deflect i on 

Tll9 74 DEG GOTHIC VF DESIGN - DEL(LE/TE)=0/0 OEGS 
1. 1. 25 .639 548.736 -28.358 
10. 
0.000 o. 
-3.075 -0.75 
-6.150 -1.5 
-14.360 -1. 500 
-17.50 -3.200 
-20.15 -4.420 
-24.00 -5.900 
-34 .oo -9.400 
-42.50 -12.16 
- 47.587 -13.657 
-47.587 0.0 
Tll9 DELF= 0/0 M= .2 20. 10. .2 101. 
3. 1. 
-1.5 -13.657 
o. o. 
o.o 2. 21. 
1. 
-14.360 -1.5 -47.587 -11.0280 -47.587 -13.657 -17.50 
-3.200 
1. 1. 0.00001 
/EOF 
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VLM-SA Input - 40 Degree LEVF Deflection 

Tll9 74 DEG GOTHIC VF DESIGN - OEL(LE/TE}=40/0 DEGS 
1. 1. 25.639 548.736 -28.358 
10. 
0.000 0. 
-3.075 -0.75 
-6.150 -1.5 
-14.360 -1.500 
-17.50 -2.980 
-20.15 -4.070 
-24.00 -5.480 
-34.00 -8.870 
-42.50 -11.55 
-47.587 -13.120 
-47.587 o.o 
T119 DELF=40/0 M=.2 20. 10 •• 2 101. 
3. 1. 
-1.5 -13.120 
o. o. 
0.0 2. 21. 
1. 
-14.360 -1.5 -47.587 -11.0280 -47.587 -13.120 -17.50 
-2.980 
1. 1. 40.0 
/EOF 
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VORSTAB Input - 0 Degree LEVF, Tail Off, Vortex Burst On 

A74 DEGREE DELTA WI NG WITH FUSELAGE AND 0 LEVF NO TAIL WITH VORTEX 
BURST 

1 0 0 1 
1 0 0 1 
1 15 0 1 0 0 
1 1 0 0 

0.000 
8 0 3 1 

1.5 13.68 
14.360 1.5 o.o 14.36 1.5 o.o 
47.587 13.68 0.0 47.587 11.028 o.o 

1 
14.36 47.587 1.5 47.587 47.587 13.680 o.o 
o.o 

7 2 1 0 
0.0 3.64 8.64 14.64 20.64 27.64 33.227 
0.0 1.95 4.00 6.18 8.21 10.48 12.18 
0.0 0.0 
0.0 12 .18 
0.2 274.3682 25.639 28.358 o.o 
10.0 0.0 0.0 o.o 
40.0 37.0 35.0 32.0 30.0 25.0 20.0 
15.0 
10.0 5.0 
o.o 
o.o 
0.0 
o.o 

1 3 6 6 1 6 
0.0 47.587 1.0 7.0 1.0 
0.0 2.0 3.5 5.5 7.0 9.0 47.587 
o.o 0.61 0. 78 1.25 1.43 1.5 1.5 
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VORSTAB Input - 40 Degree LEVF, Tail Off, Vortex Burst On 

A74 DEGREE DELTA WI NG WITH FUSELAGE, 40 LEVF, BURST ON 
1 0 0 1 
1 0 0 1 
1 15 0 1 0 0 
1 1 0 0 

0.000 
8 0 3 1 

1.5 13.12 
14.360 1.5 0.0 14.36 1.5 0.0 
47.587 13.12 -1.6388 47.587 11.028 o.o 

1 
14.36 47.587 1.5 47.587 47.587 13.120 0.0 
o.o 

7 2 1 0 
0.0 3.64 8.64 14.64 20.64 27.64 33.227 
0.0 1.70 3.13 5.70 7.69 9.910 11.62 
0.0 o.o 
0.0 11.62 
0.4 274.3682 25.639 28.358 o.o 
10.0 o.o o.o 0.0 
50.0 45.0 40.0 35.0 30.0 25.0 20.0 
15.0 
10.0 5.0 
0.0 
o.o 
o.o 
o.o 

1 3 6 6 1 6 
0.0 47.587 1.0 7.0 1.0 
0.0 2.0 3.5 5.5 7.0 9.0 47.587 
0.0 0.61 0. 78 1.25 1.43 1.5 1.5 
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VORSTAB Input - 0 Degree LEVF, Tail On, Vortex Burst On 

A74 DEGREE DEL TA WING WITH FUSELAGE, 0 LEVF, VERTICAL TAIL, AND VORTEX 
BURST 

1 0 0 2 
1 0 0 1 
1 15 0 1 0 0 
1 1 0 0 

0.000 
8 0 3 1 

1.5 13.68 
14.360 1.5 o.o 14.36 1.5 o.o 
47.587 13.68 o.o 47.587 11.028 0.0 

1 
14.36 47.587 1.5 47.587 47.587 13.680 0.0 
0.0 

7 2 1 0 
o.o 3.64 8.64 14.64 20.64 27.64 33.227 
0.0 1.95 4.00 6.18 8.21 10.48 12.18 
0.0 o.o 
0.0 12.18 

1 4 0 1 
1 1 0 0 0 1 

0.0 
5 0 0 
0 

37.587 47.587 1.5 47.979 52.979 7.5 1.5 
90.0 
0.2 274.3682 25.639 28.358 0.0 
10.0 0.0 o.o o.o 
40.0 37.0 35.0 32.0 30.0 25.0 20.0 
15.0 
10.0 5.0 
0.0 
o.o 
0.0 
0.0 
o.o 0.0000 o.o 

1 3 6 6 1 6 
0.0 47.587 1.0 7.0 1.0 
0.0 2.0 3.5 5.5 7.0 9.0 47.587 
o.o 0.61 0.78 1.25 1.43 1.5 1.5 



39 

VORSTAB Input - 40 Degree LEVF, Tail On, Vortex Burst On 

A74 DEGREE DELTA WING WITH FUSELAGE, 40 LEVF, VERTICAL TAIL, AND 
VORTEX BURST 

1 0 0 2 
1 0 0 1 
1 15 0 1 0 0 
1 1 0 0 

0.000 
8 0 3 1 

1.5 13 .12 
14.360 1.5 0.0 14. 36 1.5 0.0 
47.587 13 .12 -1.6388 47.587 11.028 o.o 

1 
14.36 47.587 1.5 47.587 47.587 13.120 o.o 
0.0 

7 2 1 0 
0.0 3.64 8.64 14.64 20.64 27.64 33.227 
0.0 1. 70 3.13 5.70 7.69 9.910 11.62 
o.o 0.0 
o.o 11.62 

1 4 0 1 
1 1 0 0 0 1 

0.0 
5 0 0 
0 

37.587 47.587 1.5 47.979 52.979 7.5 1. 5 
90.0 
0.2 274.3682 25.639 28.358 0.0 
10.0 o.o 0.0 o.o 
40.0 37.0 35.0 32.0 30.0 25.0 20.0 
15.0 
10.0 5.0 
o.o 
o.o 
o.o 
0.0 
0.0 

1 3 6 6 1 6 
o.o 47.587 1.0 7.0 1.0 
o.o 2.0 3.5 5.5 7 .o 9.0 47.587 
o.o 0.61 o. 78 1.25 1.43 1.5 1.5 
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VORSTAB Input - 40 Degree LEVF, Tail On, Vortex Burst Off 

A 74 DEGREE OELTA WING WITH FUSELAGE, 40 LEVF, VERTICAL TAIL, NO 
VORTEX BURST 

1 0 0 2 
1 0 0 0 
1 15 0 1 0 0 
1 1 0 0 

0.000 
8 0 3 1 

1.5 13 .12 
14.360 1.5 o.o 14.36 1.5 o.o 
47.587 13.12 -1.6388 47.587 11.028 o.o 
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TABLE 1.- WIND-TUNNEL RUN SCHEDULE 

a e OLE <SA 
Run Date (deg) (deg) (deg) (deg) Tail 

5 1/12/84 0-40 0 0 0 ON 
6 1/12/84 5 * 0 0 ON 
7 1/12/84 15 * 0 0 ON 
8 1/ 12/84 25 * 0 0 ON 
9 1/12/84 30 * 0 0 ON 

10 1/12/84 35 * 0 0 ON 

11 1/13/84 5 * 0 0 OFF 
12 1/ 13/84 15 * 0 0 OFF 
13 1/ 13/84 25 * 0 0 OFF 
14 1/ 13/84 30 * 0 0 OFF 
15 1/13/84 35 * 0 0 OFF 

16 1/ 16/84 0-40 0 40 0 ON 
17 1/16/84 5 * 40 0 ON 
18 1/ 16/84 15 * 40 0 ON 
19 1/16/84 25 * 40 0 ON 
20 1/ 16/84 30 * 40 0 ON 
21 1/16/84 35 * 40 0 ON 

22 1/17/84 5 * 40 0 OFF 
23 1/17/84 15 * 40 0 OFF 
24 1/17 /84 25 * 40 0 OFF 
25 1/17/84 30 * 40 0 OFF 
26 1/17/84 35 * 40 0 OFF 

* e = o, 2, 4, 6, 8, 12, 16, -2, -4, -6, -8, -12, -16 
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TABLE 1.- CONCLUDED 

<l a 0LE oA 
Run Date (deg) (deg) (deg) (deg) Tail 

27 1/18/84 0-40 0 0:45 0 ON 
28 1/ 18/84 5 * 0:45 0 ON 
29 1/ 18/84 15 * 0:45 0 ON 
30 1/ 18/84 25 * 0:45 0 ON 
31 1/18/84 30 * 0:45 0 ON 
32 1/18/84 35 * 0:45 0 ON 

33 1/20/84 0-40 0 35:45 0 ON 
34 1/ 20/84 5 * 35:45 0 ON 
35 1/20/84 15 * 35:45 0 ON 
36 1/20/84 25 * 35:45 0 ON 
37 1/20/84 30 * 35:45 0 ON 
38 1/ 20/84 35 * 35:45 0 ON 
39 1/20/84 0-40 0 30 0 ON 

40 1/ 23/84 5 * 30 0 ON 
41 1/23/84 15 * 30 0 ON 
42 1/23/84 25 * 30 0 ON 
43 1/23/84 30 * 30 0 ON 
44 1/23/84 35 * 30 0 ON 
46 1/23/84 0-40 0 30 ±10 ON 
47 1/23/84 0-40 0 30 ±20 ON 

48 1/24/84 0-40 0 -30 0 ON 
49 1/24/84 5 * -30 0 ON 
50 1/24/84 15 * -30 0 ON 
51 1/ 24/84 25 * -30 0 ON 
52 1/24/84 30 * -30 0 ON 
53 1/ 24/84 35 * -30 0 ON 

* a = o, 2, 4, 6, a, 12, 16, -2, -4, -6, -8, -12, -16 
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Figure 6.- Concluded. 

(e) Oil flow photograph: OLE = 40, a= 140. 
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