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FOREWORD

This report, “Analysis of Wind Thnnt~ Data Parta lning to High Angle-of-Attack
Aerodynamics” provides a technica l discussion and analysis of wind tunnel data
obtained from tests conducted on a family of Northrop fi ghter aircraft. These tests
were performed mainly In the Northrop Low Speed Wind Tunnel , and cover the time
period between 1966 and 1976. This report concentra tes on data in the stall/post-
stall region, and for convenience is provided In two sections. The first section,
provided in this volume presents the data analysis and from this analysis derives
some general guidelines to aid in the design of fu ture fighter aircraft operating in
this high angle-of-attack regime. The second volume, Volume fl “Data Base”, con-
tains summaries of the wind tunnel tests which were selected to provide data for the
analysis.
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SECTION I

INTRODUCTION

Northrop has dcsigv~cd and manufactured a family of fighter aircraft beginning in 1955
with the N156 and progressing through the T-38, F-5A, F-5B, F-5E , F-5F and finally
to the YF-17. This report will concentrate on the last three member s of this family ,
the F-5E, F-5F and YF-17, and their aerodynamic development. Of these three
aircraft , both the F-5E and the YF-17 began as advanced versions of the F-5A.
The F-5F is a two placed version of the F-5E.

The F-5E/F are closely related aerodynam ically to the original F-5A, but the YF-17
passed through several project stages, the N300, P530 , P600 and P610 before the
final configuration was defined .

The configu ration development of these var ious aircraft covered the time period between
1966 to 1976, when over 18, 000 hours of wind tunnel testing were completed both at
Northrop (high and low speed) and at var ious other facilities. These tests covered
configuration integration and refinement, control effectiveness, static stability,
and store carriage and separation. A wide variety of wings and leading edge
extensions, body shapes and empennage configurations were tested in order to achieve
the desired high lift stability and control requirements, though not necessarily in
parametric form .

A major consideration thring these development tests was placed on high maneuver-
ability at subsonic speeds over a greatly increased angle-of-attack range, and to
have adequate stability and control in the stall/post stall flight regimes. Thus, an
extensive body of test data over a large angle-of-attack range has been accumulated
by Northrop for a wide variety of wings, bodies and empennages. Part of this
information forms the data base for this report.

It is ixt the purpose of this report to cover the complete aerodynamic development
of these various aircraft. Attention will be focused only on certain component s,
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components which are of primary importance In the high angle -of-attack flight regime.
These components include the fort-body , the wing loading edge extensions, the vertical
tail , and strakes on the forebody . The wind tunnel test data for geometric variations
of these components are discussed and analysed. Based on the results of this analysts,
design guidelines are developed for forebody shaping, the use of nose strakes, and
wing leading edge extensions. These guidelines will thus be available for use In the
development of future fighter aircraft.

Before commencing the data analysis and design guidelines discussion, some clarifi-
cation of the various aircraft and project types briefly mentioned above, and used
extensively throughout the report, will be made. The followi ng paragraphs trace the
aerodynamic evolution of the F-SE/F and the YF-17 aircraft , and discuss the various
project definitions which make up the YF-l7 development background.

1. CONFIGURATION EVOLUTION, F-5E AND F-5F

By the early 1960’s, U. S. military planners began to establish requirements for an
advanced, higher perfo rm ance Military Assistance Program (MAP) defense fighter.
Anticipating the need for an upgraded version of the F-5A to fill this role, Northrop
investigated the adaptation of the new higher throat General Electric J85 -21 engine.

The resulting aircraft designated YF-5-21, was further enhanced with a larger wing
lead ing-edge extension (L EX) for better lift, a maneuvering flap system, and other
specialty features which had been individually tailored for countries operating the
eariller F-S’s. The test bed YF-5B-21 made its fl ight on March 28, 1969, at
Edwards Air Force Base.

In the tall of 1960, a decision was reached to competitively select the most
appropri ate airplane for the new International Fighter Aircraft (I I ,A) role. Proposals
were prepared and submitted by Lockheed, LTV , McDonnell Douglas, and Northrop.
The F-5-21 was selected to be the new IFA. Several aerodynamic features not found
on earlier F-5’s were Incorporated, such as stretching and widening of the fuselage
because of the larger engines and inlet ducts, increased wing area and an enlarged
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wing leading edge extension . In January 1971, the Air Force changed the model
designation of the F-5-21 to the F-5E. The first F-5E made It’s initial flight on
August 11, 1972 at Edwards AFB.

A Full-Scale Development program for a two-place version of the airplane was initiated
in April 1973, named the F-5F. The F-5F retained the combat capability and weapon
delivery acouracy of the single-place fighter but was also able to serve as an advanced
trainer. Major differences were the stretched fo rward fuselage to accomodate the
second crew member. The first F-5F flew at Edwards AFB on September 24, 1974.
Figure 1 illustrates the small differences between the F-5A, E and F. Figure 2
shows the F-5 In flight.

2. YF-17 SERIES EVOLUTIO N

a. N300/P530

In 1965 , operations analyses were conducted by Northrop to define the requiremen ts
for an advanced F—5 lightweight, rnultirole, tactical fighter , designated the N300.
The N300 possessed certain F-5 configuration chara cteristics: a wing of F-5
planform, a stretched F-5 fuselage, and a propulsion system of two General Electric
engines. Testing and analysis led to a high wing configu ratio n , which increas ed
the ordnance capability.

However , the major impact of relocati ng the wing was to per mit the LEX to extend
forward. With the low wing configuration the leading edge of the LEX was fixed by
the engine inlet location. By “uncoupling ” the wing and the engine Inta ke duct s, the
leading edge extension could be greatly increased in area from It’ s previou s size
(5% of the basic wing area) , to si zes ~tround 15% wing area . This was then the
beginning in the development of the Y1’-17 hybrid wing configu ration , and the use of
vortex lift for high angle—of-attac k man euverabili ty . In 1967, the designat ion was
changed to the P530. The aerodynamically cu rved , wing leading-edge extensions
and their longitudinal slots were Increased in size for greater lift and airflow control .
Canted twin vertical tails replaced the single vertical to prov ide the desired lateral
directional stability at high angles of attack. Development continued through 1969 ,
where a more refined LEX shape was defined to increase l ift and impr ove the vortex
bursting char acte r , thereby enhancing the stability and control characterist ics at
high angles of attack. The cockpit was moved forwar d for better pilot v . sibllity and —

for improved avionics and gun system installations.
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In 1970, the P530 was in its fourth design iteration. The fixed cone inlet was
replaced with a two-dimensional fixed ramp inlet.

b. P600/610/YF—17

Among the first projects to be selected by the U. S. Air Force for prototype developme nt

was the ~~ecialized lightweight fighter (LWF). A Request for Proposal (RF P) was
issued by the Air }orce in the fall of 1971. It called for an aircraft highly specialized
in the visual, clear weather , day-f ighter role for air superiority over the battlefield,
with particular emphasis on light weight and low cost. The new fighter would have to
sustain high tore rates and increased supersonic maneuvering capabilities, while
retaining the ability to accelerate rapidly.

It was readily seen that all of the P53 0 development work was applicable to the LWF,
and following a refinement of the design to comply with the detailed 1W P requIrements,
the company submitted Its proposal to the Air Force in January 1972. The new design
was designated “P600. ” (The P600 was twin engined, but a single engined version,
the P610, was also proposed as an alternate solution). At the conclusion of industry
competition and proposal evaluation in April 1972 , the Air Force announced Northrop
and General Dynamics as winners, each to produce two fly ing prototypes. The
Air Force designated the North rop entry as the YF-17, and the General Dynamic
aircraft as the YF-16.

The YF- 17 is a single-place , twin-engine fighter In the 20, 000 pound weight class ,
featuring high thrust-to-weight ratio and low wing loading for maximu m maneuverabil ity .
Adva nced aerod ynamic fcatu res incorporated In this aircraft arc the hybrid win g with
root leading-edge extension (LEX) , differential urea ruling, underwing inlet with wing
slot for boundary layer bleed, and active control features such as automaticall y

controlled wing leading-edge and trailing-edge variable camber.

Figure 3 provides a summary of the evolution of the YF-17, and Figure 4 shows the

aircraft in flight, highlighting the LEX wing, and tail planforni details. A fuller

description of the development of both the F-5 and YF-17 series aircraft can be found

In Reference 1.

I. Anderson, F. • “Northrop - An Aeronautical History,” Northrop Corporation,
Jul y 1976.
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This report covers the aerodynamic develop ment of this hybrid wing , and othe r
features which have significance in the high angle-of-attack rngion.

3. REPORT PRESEN TATION

For convenience the report is presented in two volumes . Volume II contains the data
base , and details of wind tunnel test conditi ons, model configurations and appropriate
hIgh angle-of-attack data selected from the availab le wind tunnel tests.

In this volume, Volu m e  I , an analysis of the test data is presented , together with
design guidelines based on empirical relationships developed from this analysis ,
whenever appropriate.

The following sections of this report will discuss three major ai rcraft component
effects in detail, these being;

1) The nose and forebody
2) The wing leading edge extension
3) The vertical tail

Several oth er configuration effects (e. g. leading edge discontinulties, using fences,
flaps, etc. ) arc then ,Iiseussud in lesser detail . I” urther mino r icatu res whi(~h wore
investigated very briefly in the wind tun nel tests, and are therefore not amenable to
general izat ion , are presented only In Volume II. As the great majorit ) of the wind

• tunnel tests were run only at low speeds, the analytic effort concentrates on the subsonic
high angle-of-attack region . Wherever possible , Mach N umber effect s are presented .

One of the main items of concern is that the result s obtained are configu r ation
sensitive, and therefo re that the design guidelines derived may have limited general
applicability . In an effect to Increas e the genera lity of the design guidel ines, data
from othe r sources have been combined with the Northrop da ta wher ever possible ,
and these dat a are clearly labeled as such when used. Finally , to sumrm r ize the
main sources of the test resu lts , Table 1 has been prepar ed. This table indicates
from which aircraft series the main body of th e data was obtained.

- - - - .—

-
- —

- •~
;i- • - •- 

~~~~~ -
- — . 

.

, 

—

4 - -
.• 
. - - --~1. ~~~~~~~~ •d:~

•” 
.‘ 

-
.-,_~ . 

-

4. ..~ ~ — .~~ ~~~~~~ I

- ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~•



_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - -
~~~~

---
~
.-—.-

~
------- 

_ _ _ _ _ _

TABLE 1. DATA SOUR CES

YF-17 F-5

ITEM Family Family

Nose and Forebody X X

Wing Leading
Edge Extensions X X

Vertical Tails X X

Leadi ng Edge
Discontlnuities X

Wi ng Fences X

Lead ing Edge Flaps X X

Trailing Edge Flaps X X

Dorsals/Ventrals X x

Canards X
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SECTION U

ANALYSIS OF DATA AND DESIGN GUIDELINES

1. NOSE AND FOREBODY EFFECTS

The evolution of fighter aircraft from the piston-engine era to contemporary
conflgu ration8 has seen an ever increasing Influence of the nose and forebody region
on aircraft flying qualities . In the piston-engine era, the forebody was basically
a fairi ng over the motor , which became shorter and shorter as engine weights
increased. Introduction of the J et engine produced a major revision of the fuselage
design constra ints , with a mid or rearward placement of the engine and the need for
a long diffuser ahead of the engine for processing of the inlet air atream . The fore—
body was used now as a fa ir ing over this diffuser. Increa sing speeds , Increasing
radar requirem ents and more sophisticat ed inlet systems were again respons ible for
a further revision In fusel age concepts . Engines and inlet Systems moved rearwa rds,
the nose became longer a id more pointed , and the forebody function was now a fat ring
over the conside rable avionics and armament equipmen t required by the current
fighter aircraft . If the forebody is defined as that fuselage region ahead of the C.G.,
then the forebody length has now become greater than that of the a.fterbody, as shown
In Figure 5.

Figure 5. Typical Fighter Forebody
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Thus, the size of the forebody has increased progressively until its influence in the
complete configuration aerody namics is now of major importance. This Is fu rther
Illustrated on Figure 6, which shows the configurations used in this study , and
presents forebody lengths as a function of the aircraft mean aerodynamic ~.,hord .

In addition to this increase in forebody length a similar historical increase In the
angle-of-attack range over which fighter aircraft operate has taken place. Develop-
ment of wing shapes for high maneuverability , and the beneficial effects of the
addition of highly swept leading edge extensIons has resulted in the Increased use of
these “hybrid” planforms on contempo rary fighters . With such wing plan forms , stal l
angles of attack in the 25°—35 ° region are now quite commonplace .

These two effect s, the increased forebody length and maneuveri ng angle of attack
envelope have resulted in an increased contribution of the forebody r egion to the
overal l aerodynamics of the aircraft .

Before commencing the discussion and analysis of the experimental results , a brief
description of the fluid mechanics around the forebody region at high angles of attack
will be presented .

a. Effects at Zero Sideslip

One of the detrimental effect s of the elongated forebody has been the generation of
aerodynamic asymmetries at high angles of attack, which , until recently , had only
been considered by missile designers who associated such asymmetries with the long
slender missile body . Recent trends in fighter aircraft design have led to aircraft
fuselages which have forebody fineness ratios in the same range as some missiles,
thus forcing the aircraft designer to deal with the same problem.

It has been showi~ In small scale wind tunnel and water tunnel experiments that the
aerodynamic phenomenon which is responsible for these forces and moments is the
growth of a strong vortex system from the ai rcraft forebody . For sufficiently
slender forebodles, this vortex system becomes asymmetric at high angles of attack
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Figure 6. Typical Fighter Forebody Lengths

13

~~~~~~~~~~~



-

~
-— ~~~~~~~~~~~~~

- - - -
~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -

~~~~
- --

and exerts a signlfiednt effect on the ‘ther coriponents of the ai rframe. Figure 7
shows dye patterns emanating from an isolated aircraft forebody at a high angle of
attack taken during a water tunnel test. An asymmetric vortex pattern is clearly
shown.

Until recently , however , it had not b3en shown that this asymmetric vortex system and
the resulting asymmetric forces which have been ~neasured wind tunnel models
actually exist on the full scale aircraft at flight Reynolds Number. Figure 8
shows a comparison of yawing moment coefficient at zero sideslip for a small scale
wind tunnel and a full scale aircraft . The wind tunnel data were gathered at a
Reynolds Nuuiber of 2 x io6 and the flight test data were extracted at Reynolds Nurr.bers
between 6 and 7 x i06 . These requ lts r~onvincingly demonstrate the existence of the
as~ mmetric forces on the full scale aircraft .

The details of this vortex system generated by the forebocly at high angles of attack
are best understood from results of tests made in the water tunnel . Numerous water
tunnel investigations on variou s forebodieE have shown the existence of similar vortex
patterns on the forebody . A typical example of this pattern is shown in Figure 9
which shows a pair of vortices eman.~t ing from the t ip of the nose , plus a secondary
vortex pair due to separat ed flow along the fuselage side. For convenience in the
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Figure 7. Vortex Patterns
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WIND TUNNEL DATA
(Re 2.Ox 106)

~~~ FLIGHT TEST DATA
(Re. 6.7x 106)

C,
‘U

YAWING MOMENT COEFFICIENT

Figure 8. Wind Tunnel/Flight Test Correlation
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following discussion., the vortex arrangement will be represented by a simplified
cross-sectional view of the nose, as shown in FIgure 10. ThIs figure illustrates
the effects of both a symmetric and an asymmetric vortex pattern around the nose at
zero angle of sideslip.

c ) c ~~~

Forebody Force Forebody Lift
~~~~~~~~~~~~~~~~~~

a) Symmetric Vortex Pattern b) Asymmetric Vortex Pattern

Figure 10. Forebody Vortex Patterns

With a symmetric vortex pattern , the only force on the forebody Is in the lift direction ;
but with the asymmetric arrangement of the vortices the forebody force is offset , and
can be resolved Into sideforce and normal force components. This sideforce produces
the asymmetric yawing moments previously discussed.

Both the magnitude and angle of attack at whi ch these asymmetric forces onset are
functions of the forebody length , fineness ratio, and nose apex angle. These forces
can be vi rtually negltble, as shown by the YF-17 , or extremely powerful , as on the
F-5F. To demonstrate the magnitude of these effects , data at zero sideslip angle arc
shown in Figure 11 from wind tunnel tests on the F-5F. These data are shown for
a Mach number of 0.2 , and an angle of attack range of l6~ to 680 . The consider-
able side forces and yawing moments are immediately obvious, beginning at an angle
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of attack of about 24 0

. The non-repeatability of these data is caused by small model
assembly differences , and slight imperfections on the forebody . Little change in
rolling moment is seen, and in general this parameter remains constant throughout
the angle-of-attack range. This suggests that the asymmetric forebody vortex patterns
do not significantly influence the wing or vertical tail flow fields.

The normal force t~omponent of the total forebody force vector also produces effects
which have to be considered . Unlike the sideforces which are measured directly In
the wind tunnel, the zero sideslip normal force component due to the asymmetric
vortex system is indeterminate. Figure 12 illustrates this dilemma. However,
the effects of this normal force CNa can be shown by examination of the pitching
moments associated with the wind tunnel data previously shown In Figure 11.
These pitching moments are Illustrated in Figure 13, where it can be seen that
the non-linear longitudinal instabilities above 40° angle of attack coincide with the dir-
ection instabilities shown in Figure U. The normal force data for the sam e test
runs are presented in Figure 14 and shown little change, indicating that the fore-
body force is small , but its effect Is amplified by the long moment arm of the nose.

CN ,  Asymmetric
CF 

CNT0ta1 Forebody Force

CNb. Basic Aircraft

c~ 
- - — 

rmal Force

CNa + CNb = CNTo~~ but
CNa and CNb are indeterminable

Figure 12. Idealized Forebody Force System
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The discussions so far has been confined to the low sp ’ed flight region . The effects
of increasing Mach number must also be considered for fighter aircraft . In general ,
the effects of Mach number are to provide ever Increasing regions of supersonic flow
over the forebody which are followed by shock systems. Above a certain critical

Macli number, separation is induced by shock/boundary layer interactions, resulting
in a more symmetrical separation pattern . Data in Reference 2 indicates that if the
local cross flow Mach number on the nose exceeds 0.5 , then the asymmetric effects
disappear. The vaLIdity of this criteria for aircraft forebodies is examined later in
this volume.

b. Effects of Non-Zero Sideslip

The discussion will now concentrate on the low speed, near field flow patterns around
the forebody at non zero sideslip. At low angles of attack, the forebody, by virtue of
its side area ahead of the center of gravity, is directionally destabilizing. This is a
well known effect and needs no further discussion here. With increasing angle of attack,
vortices form over the forebody and depending on their strength and location can over-
come the directionally destabilizing effect due to the forebody side area . With fu rther

• increases in angle of attack, the vortex flows can produce positive directional stability .
Figure 15 illustrates this effect. Directional stability Is shown in this figure for
two vertical tail—off aircraft configurations. Aircraft A is unstable at all angles of
attack, whereas Aircraft B is shown to be unstable only at lower angles. With
Increasing angle of attack, Aircraft B shows increasing stability, until above 30°,
positive directional stability is achieved . This stabilizing effect was thoroughly

• investigated In Reference 3, where the high angle-of-attack stability was found to be
due to the forebody. This was demonstrated by data compa rison s between the vertical
tail-off wing/body data and data for the Isolated nose section. These data are shown
in FIgure 16. Again with the aid of flow visualization, the favorable stability
was found to be due to the arrangement of the separation vortices around the nose,
produced by the nose cross sectional shape.

The cross sectional shape of the nose of Aircraft B is an ellipse, with the major axis
horizontal . This favorable shape, augmented by the long moment arm of the nose is
Inst rumental In producing the stabilizing yawing moments at high angles of attack.

2. “Stall/Spin Problems of Military Aircraft” Agard CP-199, November 1975

3. Chiunbers, J.R., et al. “Wind-Tunnel Free- Flight Investigation of a Model of
a Spin-Resistant Fighter Configuration” NASA TN D-7716 June 1974
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Figure 15. ComparIson of Directional Stabilities

4. Chambers, J. R., and Anglin, E. L.,  “Analysis of Lateral/Directional Stability
Characteristics of a Twin-Jet Fighter Airplane at High Angles of Attack ” NASA
TN D— 5361, August 1969.
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Pitch effects due to the nose vortex system at sideslip are also present . The
restoring side force shown In Figure 16 is the horIzontal component of an offset
forebody force vector.

The normal component of this forebody force vector , when compared to the normal force
• at zero sideslip determines whether the aircraft will pitch up or down with eldeslip. This

wIll be shown in a later section to again be a function of the cross-sectional shape of the
forebody . Further discussion of this topIc is contained in the following parag raphs.

Mach number effect s on the high angle-of--attack nose stability are similar to those at
zero sidealip. The formation of separated areas and vortices on the forebody are
replaced by shock systems and shock Induced separation eliminating the favorable
vortex pattern, and hence the nose stability .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ NCF
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Figure 16. Nose Effect on Stability
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c. Pointed Noses

The following sections present an analysis of the available test data on pointed nose
configurations and concentrate on the aerodynamic effects due to changes In the
geometry of the nose and forebody region. During this analysis, reference Is made to
various geometric and aerodynamic parameters, which require some explanation.
Before begInning the actual analysis, therefore, some discussion and definition of
these parameters will be made.
(1) Definitions

(a) Nose Fineness Ratio

The strength of the nose vortex system is proportional to the length of the nose , but
If the body Is Interrupted by a shielding surface, such as a wing or LEX, then no
further increase of vortex strength occurs across this region. The important length
to consider in assessing the effects of the nose is , therefore , that of the unobstructed
region ahead of the wing or LEX , and this Is defi ned as “I. ” The fuselage diameter
“d” is defined as the width of the fuselage at the beginning of the nose section
(measured in the plan view).

These definitions are shown in Figure 17, for both the F-5 and the YF— 17. The
F—5 forebody is defined as starting at the inlet station, and this is fortuitously
coincidental with a scheme used In Reference 5, which defines the nose as starting
at a station 4 dIameters ahead of the wing trailing edge. This dimensional scheme is
also shown In Figure 17. The NASA data reported in R eference 5 are for a
similar wing body configuration and these data wIll be also included in the analysis
of nose fineness ratios fo l lowing.

Although the nose fineness ratio Is defined in Figure 17 in terms of the
unobstructed length of the forebody, I t Is Important also to consider the physical
distance between the nose and the C.G. when assessing the effects of changing lid
values , in partIcular when Investigating yawing moments.

5. Jorgensen , L. H ., and Nelson, E. R. “Experimental Aerodynamic Characteristics- 
- for Slender Bodies with Wings and Tall at Angles of Attack from 00 to 58° andMaci Numbers from 0.6 to 2.0” NASA TM X-3310, March 1976
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Figure 17. DefinItion of Nose Fineness Ratio

(b) Nose Ellipticity Ratio

In order to assess the effects of dissimilar forebody cross sectional shapes available
in the data base , some common fuselage location is requIred . Based on the forebody
force center of pressure locations derived from the F-5A tests , a station equidistant
between the tip of the nose and the canopy was selected as being typical. This is
shown In Figure 18.

This definition is also applicable to other aircraft considered in this report.

(c) Nose Apex Angle

The nose apex angle, ô,~, Is defined as the angle embraced by the upper and lower
su rfaces of the tip of the fo rebody in the profile view. This angle Is also defined In
Figure 18.

(c~ Aerodynamic Parameters

In addition to the usual aerodynamic terms and parameters, which have been presented
earlier in the Ust of Symbols, some other quantities have to be defI a~ed. These are
as follows:

1) Onset angle Is  that angle of attack at which the asymmetric aerodynamic
effects at zero sideslip become apparent. Throughout this report this
will be referred to as the onset angle , and will mainly be applicable to
the yawing moment data .
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Ellipt icity = h/b

Figure 18. DefInition of Nose Ellipticity
and Apex Angle

2) The peak value of zero sideslip yawing moment is designated as

3) Forebody cross flow Mach number , Mcf, is defined as

Mcf = M~~sin a

where M~ Is the free stream Mach number , and a the angle of attack.

(~~ 
Aerodynamic Asymmetries at Zero Sideslip

(a) Onset Angle of Attack

Figure 19 shows the effects of increasing the nose length on the onset angle of
attack for variou s configurations. Increases In nose length are shown to dramatically

27

-~-~~c ~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~ 
- - ____________

_________________________ ~~ ~~~~~~ I



F 
— -

~~~~

- ------ ---—- - - - —

~~~~~~

- - ---—
~
-- -- - ---- - —

~~~

—---- ---- --.- -
~~

------------- --.——- .-
~~
-----

lower the onset angle. It also shows, that shielding the nose with a LEX causes an
apparent reduction In nose length which raises the onset angle of attack . The data
trend is asymptotic to a value of around 20° , and this agrees well wi th other data for
pointed body configurations with similar apex angles. Also included in FIgure 19
are data points from Reference D, where a similar configu ration was tested with
varying nose length. Although this configuration used circular tangent-ogive forebodies
of various length, with corresponding variations in semi—apex angle, the data agree
well with the trends established by the North rop data .

The magnitude of the asymmetric yawing moments at zero sides lip C~~ peak in the
angle-of-attack range between 4O~ and 50’ are shown in Figure 19 as a func tion
of nose length , for both the F-5E and the F-5F. Again the increase in nose length
Is shown to produce large increases In yawing moments at zero sideslip.

Comparison of asymmetric effects between aircraft in terms of peak values
may not be the most suitable scheme. For two aircraft with approximately the same
body lengths but varying wing areas, differen t C,~0 values can be obtained simply
by using wing area as a non-dimensionalizing factor , whereas the actual forces may
be equal. A more consi stent trend might be shown If the nose f orces could be non-
dimensionali zed with respect to a more meaningful length such as nose diameter.

FIgure 20 presents data for the F-5E/F taken from References 48, 54, and 55 of Vol-
une II. This shows the effec t of the nose apex angle on onset angle of attack. At the
lower values of nose apex angle , the data correlates well with the circular forebody
line of Reference C. At higher nose apex angles the data fall between the circular
forebodies data and the elliptic tangent—ogive data also from Reference C. It is
apparent that the onset angle/apex angle correlation of circular forebodies is only
good for general forebody angles , I. e. • the basic nose , and not the more abrupt
local nose angles tested.
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o F-5E Ref 48, Volume U
o F-5F Ref 54, Volume U
£ F-5E Ref 55, Volume U
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Figure 20. Effect of Nose Apex Angle on Onset Angle
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Information on the effects of Mach number on the onset of the asymmetric yawing
momenta is hampered by the restricted angle-of-attack ranges of the available
transonic tests. The onset angle usually exceeds this upper limit of angle-of-attack
tested. For the F-5E/F a small amount of test data are available , and this is shown
in FIgure 21. This figure shows a gradual increase in onset angle of attack with
Mach number. The data from Reference 5 provide a data trend beyond that given by
the F-5 results, and show that at a Mach number = 1.5 the onset angle Is now above
60 degrees , Indicating an abrupt Increase between a Mach Number = 1. 2 and 1.5.

The effect of Increasing Mach number across the forebody Is that the vortex separa-
tion , which occurs In a somewhat random manner at low speeds, is replaced by a more
symmetrical shock induced separation pattern after the local Mach number across the
forebody e~~eeds a sonic value.

Chapman et al In Reference 2 reports that U the cross Mach number (Mef)
exceeds 0.5 , then the asymmetric forces are no longer present. The angle8 of
attack and free stream Mach numbers to produce ~.la cross flow Mach number have
been calculated , and are plotted in FIgure 21 for comparison with the F-5 data.
The results of this comparison are somewhat inconclusive due to the lack of test data
above a free stream Mach number of 1.05.

60 • 0 F-5E Ref 58, Vol. II

~ F-5F Ref 58, Vol. II
/ 

•Ref 5/
40~~~ ‘4 /

Onset Angle ,
,

of Attack-Deg 
20 

-.-— ~~ M~~~~ . = 0 . 5

0 I

0 .5 1. 0  1 , 5

Mach Number

Figure 21. Effect of Mach Number on Onset Angle of Attack
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(3) Pointed Nose Configurations

(a) Effect of Forebody Fineness Ratio on Directional_Stability

The effects of an increased nose length on directional stability at low angles of attack
are straightforward. Due to the Increased side area ahead of the C. G., a destabi lizing
effect Is noted . Figure 22 below shows the inc rementa l loss of low angle of
attack directional ~tability between the F-5E and the F-5F. The F-5F forebody is
42.5 inches longer than the forebody of the F-SE. The figure also shows that the
loss In stabili ty can be seen to be roughly constant across the Mach Number range
of 0. 6 to 1.2. All data shown in this figure are for an angle of attack of 5 degrees.

—.001

O~~l / d= 1 .2
10 Ref 58 ,

—.002 Volume Il

_ _ _  000.—
~~ p-v

0 1 I I I I

.2 .4 .6 .8 1.0 1.2
Mach No.

Figure 22 . Effect of Mach Number on Forebody
Length Change

At higher angles of attack the effects are similar, but for these conditions the fore-

body cross section becomes a more important parameter than forehody length.
Further discussion of this topic will be continued in a following section , where the
effec ts of nose ellipticity on directional stability are analyzed.

(b) Nose Cross Sectional Shape

Data are available for a wide variety of nose sections, elliptic sections wIth the
major axle horizontal or vertical , circular and quasi-circular sections and triangular
with rounded corners. Sketches of these various configurations are contained In
Volume H. In Figure 23a, the effects of nose cross-sectional shape on direc-
tional stability are shown for vertical tail off configurations for an angle of attack
range up to 6 0 .  For clari ty , not all the available data have been presented but the
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full range of nose cross sections from the vertical ellipse to the horizontal ellipse
are covered. As expected , all configurations are unstable at low angles of attack ,
and remain unstable up to around an angle of attack of 25° . At this angle of attack ,
cross sectional effects become evident; the horizontal ellipse shape becoming stable
and the vertical ellipse shape becoming even more unstable.

To further illustrate the effects of nose cross section on directional stability in the
poet-stall angle of attack range , Figure 23b is presented. Here directional
stability for all the available data Is shown as a function of nose ellipticity ratio at
a constant angle of attack. Although some scatter is present , a reasonable correla-
tion is shown, confirmIng the previous conclusions that a flat elliptic nose section is
required to produce positive directional stability at high angles of attack.

This high angle of attack directional stability obtained with the flat elliptic nose
shapes is influenced by Mach number , and eventually is eliminated when the Mach
number exceeds a certain value. This effect is illustrated in Figure 24, which
presents directional stability data for both low and transonic Mach number cases.

• The actual effects of Mach number on the F-5F from Reference 59 is shown in

Angle of ~~...- M = 0.3
Attack

V

Ii
i i

____________ 11

+
Cfl

p

Figure 24. Trends in Directional Stability
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Figure 25. This figure presents the three basic stability areas, the low angle of
attack stable region, the unstable region around the stall, and the high angle of
attack stable area.

60
Ref 58, Volume II

40 / ‘-‘iii ’,

AOA

:o
~~~

Mach Number

Figure 25. Directional Stability, F—5F

The lower boundary where the aircraft’s directional stability Is reversed Is generally
around 200 angle of attack up to M = 0.8, after which it gradually increases. The
upper boundary where directional stability is regaIned also increases with Mach
Number, until above M =- 0 .8  thIs upper region of stability Is lost.

Any aerodynamIc changes to the aircraft forebody , which produce lateral/directional
effects, would also be expected to produce an effect in pitching moment, particularly
as forces on the forebody act at considerable distance from the moment center.

These pitching moment effects with changes In sideslip angle have been observed since
early flight testing of the F-5A , where it was possible to increase or hold the angle
of attack by cyclic applications of the rudder pedals at high attitudes. This effect
is shown In FIgure 26 below, where It can be seen that below the stall a favorable
Cm p effect exists pose down) but above 30° angle of attack the opposite effect exists,
and an unstable Cm~~ Is present.
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Figure 26. Pitching Moment Due to Sideslip

Previous discussions have indicated that the forebody force Is responsible for this
unstable pitch/yaw coupling on the F-5. For other configurations , aircraft with nose
cross sections which are unstable the opposite trends in Cm6 are shown. Data from
References 16 and 23, for tall ellipt ic noses, are a lso shown I n Figure 26 ,
and illustrate this stable pitch yaw coupling at high angles of attack. Thus, a correl-
ation between directional stability and pitching moment exists as a function of nose

shape, a flat elliptical nose having a positive Cn~ and a unfavorable C~~~, a tall
elliptic nose having the reverse.

As prevIously mentioned, the stabilizIng side force Is the lateral component of the
forebody force vector , which also has a component In the lift direction. With
increasing angle of sideslip, the vortex pattern becomes more asymmetric and the
forebody force vector rotates proportionally.

Figure 27 shows data for an F-5F at an angle of attack of 40 degrees , and
Illustrates this point. The region of strongest directional stability at small angles
of sideslip is well demonstrated , with little pitch effect. As sideslIp lncreaeeø the
directional stability reduces and pItching moment increases. This can be Illustrated
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Figure 27. F—5F Nose Effects at 40°
Angle of Attack
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as shown In Figure 28 where the angle of the forebody force vector, 9 relative
to the horii.ontal is calculated from

AC
t a n 8 =

’c~~

Thus, for high values of sideslip the force vector approaches 90° , or points in an - 

-

upward direction.

0- Degs
100 -

__ H
—15 —10 —5 0 5 10 15

Sideslip Angle p degs

Figure 28. F-5F Force0Vector Rotation Wi th
Sideslip Angle at 40 Angle of Attack
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(4)_Nose Booms

Flight testIng requirements often result in the addition of a large instrumentation boom
to the nose of the aircraft for accurate determination of such quantities as airspeed ,
altitude, angle of attack and sldesltp. Figure 29 shows a typical configuration.
This boom , usually over seven feet long and with a four Inch base diameter, modifies
both the nose shape and the effective fineness rat io, altering the nose vortex system.
In addition a vortex pattern is shed by the boom itself .

The effects of adding such a boom were determined on both the YF-17 and the F-5E/F ,
the main parameter affected is shown to be the directional stability . The results of
these low speed wind tunnel tests are given in Figures 30, 31, and 32, and show
that the effects of the nose boom are extremely configuration dependent.

Figures 30 and 31 illustrate the effect of the nose boom on the YF-17, at both
sldeslip angles of 0 and 10’ . The following effects are noted ,

1) Addition of the boom virtually eliminates the small zero sideslip
yawing moments pr esent at high angles of attack on the basic nose.

2) Addition of the boom makes the aircraft directionally unstable above
an angle of attack of 25° .

The F-SE/F test results are presented in Figure 32. A totally different effect
Is shown rel ative to the YF—17 data. Addition of the fligh t test boom to the 5E/F I s
shown to 

-

1) Modify t he zero sideslip yawing moments from being biased essentially
in one direction to being alternatly bIased left or right wIth increasing
angle of attack.

2) At sideslip, a similar trend is shown . The stable region above an
angle of attack of 30° , present on the basic aLrcraft , is modified by
the addition of the nose boom to being a highly oscillatory stable!
unstable pattern with increasing angle of attack.
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(5) Nose Strakes

Smal l strakos, mounted on the nose boom and radome, of various sizes and
orientatkrn, wer e inevestigated on the YF- 17, a typical nose strake being shown in
Figure 33.

I

La~

I/ ~~~i1~~~~~~~~~~~~~
~ ls~~ ~~~~~~~~~~~~~~~~~~~~~~ 

L , L ~~~~~~
4

NOSE STRAK E

Figure 33. YF-17 Strake Geometry

The nose etr akes were usually located at the maximum half breadth and increased In
width from zero at the forward end to approxImately 2.5” at the aft end . These
strakcs were introduced to compensate for a directional stability loss caused by the
addition of the nose boom, as previously shown in FIgure 31. The additio n of the
boom made the aircraft statIcally directionally unstable above an angle of attack at 25 ° .
Incorporating small horizontal st rakes to the base of the boom and the radome regained
(and slightly Improved upon) the basic clean nose stabIlIty . These effects are shown
in FIgure 34. Numerous configurations were Investigated during the strake
optimization tests and these data are used in the following analysis . Figure 35
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• Reference

• 30, 31, Volume II
3.0 / 0 34, 36, Volume II
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Figure 35. Nose Strake Effect

shows the improvements in dIrectional stability (produced by various strakes) at an
angle of attack of 350 at which angle C~ is usually a minimum. All configu rations
shown in this plot had a common origin on the nose boom, and extended aft the various
fu selage stations. ~~etches of the actual strake geometries can be found in Volume II.

The results are presented In FIgure 35 in two groups, firstly those obtained
with the . 121 scale model, and secondly the results from the .08 scale model. The
latter model, although nominally an identical configuration, exhibited slightly less
directional stability than the earlier model. Generally both sets of data show
Improvements In directional stability with Increasing strake lengthls. The required
strake length to provide stable directional stability is seen to be at least twice the
forebody diameter. Changes in nose strake configu ration of this type appeared to have
little a ffect of lateral stability . Figure 36 shows some typical results.

Various forebody strakes, similar to those previously discussed on the YF-17,
were investigated on the F-SF during the low speed tests of R eference 54. The
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general results ottained in these tests showed that the strakes that were helpful in
reducing the zero sideslip asymmetries were detrimental to the high angle-of-attack
directional stability. The longer horizontal strakes were also destabilizing in pitch.
Sketches of the various strakes tested, and detailed results for each strake, can be
found in Volume U.

To illustrate a typical nose strake effect a single example is presented. The test
results for this strake , which was mounted along the maximum half breadth, is
shown in Figures 37 and 38. The zero side slip effects are shown in Figure 37,
where considerable reduction In these asymmetries are shown due to the
addition of the strake. Figure 38 shows data on the effect of strakes on
directional stability. Here the addition of the nose strake is shown to be beneficial

in the lower angle of attack region. A reduction in the magnitude and extent of the
unstable region around the stall Is achieved. At the higher angles of attack , the

strake reduces the favorabl e directional stability and, above 320 , directional

stability is lost with the strake configuration.

The performance of other F-5 nose strakes is presented in summary form, ~.n the
following table. In this table each strake is compared to the basic nose configuration
in terms of two parameters. The first parameter is the peak magnitude of the
asymmetric yawing moment, C~~0 peak at zero sideslip. The second parameter Is
the high angle of attack directional stability range, ~i a. These two quantities
are further defined in Figures 37 and 38. Strake geometry used in the table Is

shown in Figure 39. Unless otherwise stated, all strakes are assumed to be on
the maximum half breadth.

The results pretiented in this table illustrate again that the strakes which provide a
useful reduction In the zero sideslip asymmetries also reduce the high angle of attack
stability region. Horizontal strakes provide the biggest reduction in the zero sideslip
asymmetries.

The F-SF strake results this present a typical aerodynamic problem, viz , the

difficulty in Improving one characteristics without seriously compromising another.
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d. Blunted Noses

The effeots of blunting the nose are shown In the following three sections. The
first ci these sections will assess the effects of progressively Increasing the tip
radius of the radome. This was Investigated on the F-5F In Reference 54. Because
of the flat elliptic cross sectional shape of the radome 2t was not possible to provide

— a truly spherical tip on the nose of the wind tunnel model. The tip radius was
therefore defined in the profile view, and the planform shape became somewhat blunter,
and was composed of both spherical and cylindrical sections. Figure 40 shows
a view of the nose, and illustrates the various bluntness shapes tested . T~p radii of
2” , 3”, 4” , and 5” were Investagated, these dimensions being full scale.

~~
i
~~~IIIIII 

—%

Spherical It. (TYP)
Plan View

FS 0. 00
ES 47. 50

I 
_ _ _  _ _ _ _  _ _ _

(2. 

~~~~~~~5.Oin~

(3,0 In) Profile View

Figure 40. Radiused Nose
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(1) Effects at Zero Sideslip

The test results on these var ious degrees of bluntness at zero sideslip are shown in
Figures 41 and 42. The lateral/directional data, shown In Figure 41, show that a
worthwhile reduction of yawing moment asymmetries Is obtained with Increasing
nose radius up to a value of 4” radius. Above this value the asymmetries Increase.
The absolute magnitude of the yawing moment asymmetries at an angle of attack
of 46 degrees have been plotted In Figure 44. The effect of tip radius changes on
the rolling moments appears to be negligible. Pitching moment data, shown in Fig-
ure 42, shows a beneficial effect with increasing nose radius. Up to an angle of
attack value of 50°, the effects appear to be reasonably linear, with no reversal of
effec t similar to that shown In the directional data.

Onset angle of attack Is shown to be delayed with increa sing tip radius.
Figure 43 shows this trend, an Increase of onset angle from 240 for the pointed nose
to 36 for the 5” radiused nose is obtained. Some additional data on the effects of
increased nose radius are available in Reference 2. This presents the results of
Increasing the nose radius on an a,d-symmetric tangent ogive body. For this body the
tip bluntness was spherical in shape. Figure 45 compares the onset angle of
attack effects for the two Sets of data . Trends similar to the F-5F data are indicated
with Increa sin g nose bluntness, but at different level presumably due to the dIffe rent
form of nose bluntness. Figure 46 presents a similar data comparison for the
peak asymmetric side force ratio (C~/C~~) at zero sidesl ip. Aga in the data trends

- 

. 
are simila r to the F-5 data with some d ifference in actual data levels.

In summary, the effects of nose bluntness in this fo rm are shown to be beneficia~ in
reducing the asymmetric effects as zero sidealip, and also In delaying the onset of
these effects. An optimum value of nose radius is indicated.
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(2) Effects on Non-Zero Sideslip

The effects of an Increase in nose radius on lateral/directional stability is presented
In Figure 47. The 3” radiused nose is shown to actually reduce the high angle
of attack directional stability. For nose radii above this value improvements in
directional stability are Indicated.

These improved sMbility characte ristics shown in Figure 47 are probably
more of a consequence of the elimination of the lateral-directional bias due to the
aerodynamic asymmetries than a genuine increase in stability.

Because. of the strong bia s provided by the zero sidesli p effects, directional stability
itself is strongly biased . FIgure 48 illustrates this point. If the high angle-of-
attack directional stability is determined from the magnitude of the d ifference
between the positive and negative sideslip data , rather than the absolute values, then
these results compare favorably with the same results without bias, as typified by
the large nose radiused test results. The forebody stability Is a stronger function of
the forebody cross sectional shapes than the nose tip radius.

Lateral stability is shown in Figure 47 to be unaffected by changes in nose
radius.

e. Camera Noses

The second example of the effects of nose bluntness Is also provided from F-5 data .
One of the roles of the F-SE/ F aircraft is that of photo reconnaissance, and for this
~ irpose, the radar and radome are removed and replaced by a special camera nose.
One of the cameras in this nose has a fo rwa rd field of view, and to accommodate the
window for this camera some nose bluntness was required . FIgure 49 shows
this camera nose Installed on an F-5E, and illustrates the blunting for the forward
camera . A simila r configuration exists for the F-SF.

Low speed wind tunnel tests on this configuration are summarized In Reference 51,
and the high speed tests are summarized in Reference 59. In general , the camera
nose modification was seen to improve both the aerodynamic asymmetries and the
directional stability effects at high angles of a tta ck. The results from these tests
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Figure 49. F-5E Camera Nose

are included in th is analysis section mainly to show Mach Number trends, and also
a fu rther indication of the beneficia l nature of a slight blunting of the nose of the
aircraft .

The effects on aerodynamic asymmetries of this type of nose geometry at subsonic

Ma ch numbers are shown In Figure 50. The large reduction of the zero side—
slip yawing moments is clea rly shown.

The effect of Mach number on the zero sldeslip yawing moments Is shown in
Figure 51. Here data are presented for both the camera nose and the base
(pointed) nose for a constant angle of attack. The beneficial effects of the addition
of nose bluntness in reducing the aerodynamic asymmetries is clearly shown across
the Mach number range. For the pa rticular angle of attack chosen, the asymmetries
are shown to disappear just below a Ma ch number of 1.0. To further Investigate
the effects of Mach number data over a range of angles of attack will be examined.
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Camera Nose Ref 59, Volume II
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Mach Number

Figure 51. Effect of Camera No3e on Zero
Stdeslip Asymmetries

Figure 52 shows the zero sideslip yawing moments for angles of attack between
32’ and 40’, as a function of Mach number. In general, the effects of Mach number
are seen Initially to Increase the asymmetries, after which rapid decreases in the
aerodynamic asymmetries are shown. At a value Just below M = 1.0, the
asymmetries become neglIgible.

Thsring a previous dlsaisslon, mention was made cf the data of Reference 2, which
suggested that the zero sideslip effects were eliminated when the cross flow Mach
number, Mef~ reached a value of 0.5. To examine this concept, the data of
Figure 52 has been replotted as a function of cross flow Mach number on Figure 53.
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This figure shows that the zero sidesltp yawing moments at the lower angles of attack
tend towards zero at a cross flow Mac h number slightly greater than 0.5. At the
higher angles of attack, only data trends can be discussed due to the lack of data
at the higher free stream Mach numbers. However , for these cases, the trends
suggest that the asymmetries would be eliminated when the cross flow Mach number
reached Mcf O.6

Low speed directional stability improvements due to the camera nose are shown in
Figure 54. Increased stability is shown at angles of attack prior to the stall ,
and improvements in the stall region are also indicated in this figure. Some small
increases in directional stability in the post stall region are also present. The effects
of Mach number on both the camera and base configurations are illustrated in
Figure 55. On this figure, the variations in angle of attack ranges over which
the directional stability is negative is shown as a function of Mach number. This
region of directional stability has been previously illustrated in Figure 25. The
effect of the blunt nose, as shown in Figure 55, is to reduce this unstable region,
mainly by lowering the angle of attack at which the forebody contribution to the
directional stability becomes dominant.

This unstable region is also shown to be a function of Mach number , as It occurs at
higher angles of attack with increasing Mach number in the transonic regime. As the
high angle of attack stability is a function of the favorable arrangement of the forebody
vortices, some fre e stream or cross flow Mach number limit, similar to that pre-

viously discussed for the zero sideslip asymmetries, m ight be expected where the
vortex flows are no longer present . Lack of high angle of attack data at high Mach
numbers prevent the actual determ ination of such a limit. The data trends, however,
suggest the limit has almost been reached.

f. Shark Type Noses

As part of the F-5F development, an analytic and experimental program was undertaken
with the specific objective of designing a foreb ody geometry which would minimiz e the
adverse effects of the aerodynamic asymmetries , while maintaini ng or enhancing the
already excellent lateral -directional stability chafacter istics known to be a property
of the F-5 nose cross sectional shape. Md ltlonally, the effects of changes to forobody
geometry on radar performance wore Integrated Into this development program . The
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FIgure 55. Comparison of Directional Stabilities

previous sections of th is report have illustrated a number of geometr ic features which
have been shown to significantly effect the aerody nam ic asymmetries aixi lateral-
di rectional stability cbaracter istics of a variety of configurations. The F-5F forebody
known as the “Shark Nose” was developed by incorporat ing several of these geometric
features which were found to be beneficial into a single , blend ed forebody geometry.
The forebody tip ellipticity was increased , as was the planform tip radius and the nose
angle. These featu res combined in a synerg istic manner to provide a dramatic reduction
in the large asymmetric yawing moments which are usually associated with forebodies
having the fineness ratio of the F-SF. An equally dra matic increase in the forebody
contr ibution to high angle of attack directional stability was also produced by the Shark
Nose.

Several versions of the Shark Nose were tested at low speeds, all being reasona bl y
similar, and nil producing similar effects. Volume II shoWs the results obtained with
these noses; one typical set being repeated here for discussion and analysis purposes.
The figure below, Figure 56, shows a typical Shark Nose.
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Figure 56. Shark Nose Geometry

Figure 57 compares the lateral-di rectional characteristics at zero sideslip of the
Shark Nose and the basic, pointed, nose configurations. The beneficial effects of the
Shark Nose are immed iately obvious over the complete angle of attack range. All the
zero sideelip yawing moments are virtually eliminated up to an angle of attack of 50 ,
and above this value the Shark Nose asymmetries are small up to the limit of the data.
A similar reduction of the lateral asymmetries is shown.
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The effects of the Shark Nose on trimmed lift is negligible. However, the effect
on the post-stall longitudinal stability is quits large , as illustra ted in F~gure 58,
Just above the stall angle of attack , the Shark Nose is seen to pro duce a destab ilizing
shift In the pitching moment , probably due to the addi tional planfor in area associat ed
with the nose broadening. The overall stability charact eristics are , however , Improved
by the Shark Nose, exhibiting a more linear variation with angle of attack. Lateral-
directio nal effects are compared in F igure 59 at sideslip angles of ±5 degrees.
The Shark Nose is seen to mainly effect the direct ional characteristics , as was noted
previously for nose forebo dy geometry changes.

In the stall region , the Shark Nose is shown to reduce both the extent in terms of angle
of attack and the severity of the unstable region. Above the stall , the strong bias In
the directional stability is seen to be significantly reduced by the Shark Nose.

The stabilizing effect of the Shark Nose is again shown in Figure 60, where the
pitchi ng moments at Rldesllp are given. Data for sideslip angles of +5 • are shown to
be Identical for the Shark Nose, whereas the basic nose exhibits large asymmetries.

The stabilizing effect of the Shark Nose is associated with impro vements in the sta-
bility of the nose tip vortex pair. Extensive oil flow and water tunnel st’idies were
made concurrently with the testi ng of Reference 54 to establish the vortex patterns
around the nose tip and forebody. The re sults of these tests showed that the nose
broadness separated and stre ngthe ned the prim ary tip vortices , with the sharp edge
contours providi ng repeatable separation locations. This symmetry and strength of
the prim ar y vortex pair resulted in further symmetries in the secondary forebody
separation vortice s. At sideslip, the same stabilizing Influence is obtained resulting
in symmetric stability data , and the e~ -mination of the bias effects.

This vortex stabilizing effect Is the main function of the Shark Nose geometry. The
actual magnitude of the high angle of attack directional stability , as shown in Fig-
ure 59, 18 virtually unchanged by the addition of the Shark Nose, if the bias effects
are ignored. This indicates that the basic forebody produces the directional stability

~ thi. angle of attack region. The stabilizi ng effect of the Shark Nose on the forebody
vort ices Is shown In Figure 61 where some typical flourescen t oil flow pictures
ste pr..sated . These photographs illustrate the surface condit ions over the upper
- i-iNis of the forebody at high aiigle of attack, and zero sideslip. The stre ngth and
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a) Shark Nose

-I

-‘r 
_

b) Pointed (Production) Nose

FIgure 61. Surface Oil Flows on F-5F Nose
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symmetry of the voi~.ices on the Shark Nose (upper photo) contrast vividly with the
erratic flow patterns obtained on the basic nose (lower photo) . These effects ar e
illustrated again in Figure 62, where some typical water tunnel photos for similar
conditio ns are presented.

a) Shark Nose

• 

• •

-
I

b) Base Nose

Figure 62 . F—5F Mode l in Northrop Water Tunnel
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g. Forebody Design Guidelines Summary

The previous paragraphs have discussed various aspects of forcbody geometry changes
and the aerodynamic benefits to be obtained . Before summarizi ng the highlights from
this study, a few words regarding use of these results arc appropriate . The data
survey is based entirely on static wind tunnel measurements, but the effects of air-
plane dynamics cannot be Ignored . In the stall/post stall region, the aircraft may
experience heav~ buffet and some degree of wing rock, both of which must inevitably
modify or mask the trends suggested by the static tunneL dat a . Exactly how airplan e
dynamics influence the static aero characteristics Is not yet clearly understood . A
study of these effect s would be a major task in itself , and Is also beyond the scope of
this Investigation. However , these dynamic effects must be remembe red when asses-
sing high angle of attack flying characteristics.

The following is, therefore, a sum mary of the (lata on lorebody effects, based only
on the static aerodynamic results.

The forebody is seen to be more than a fairing over a large collection of electronic
black boxes and , if properly designed, can be directionally stable at both zero and
positive angles of sideslip at h igh angles of attack.

At zero sidesllp, directional stability Is obtai ned by controlling the nose vortex ar ray .
This array consists of a pair of primary nose tip vortices, plus the secondary forebody
separat ion vortex pair . For pointed bodies, increasing the forebody length reduc es
the angle of atta ck at which vortex instability and resulti ng asymmetries are notice-
abl e. Blunti ng the nose , addi ng small tip atrakes , or a local broadeni ng of the tip
of the nose (I .e. ,  the Shark Nose) are all shown to be benef icial in correcting the tip
vortex insta bility .

At sideslip, di rect ional stabili ty Is obtained at high angles of attack by the use ci
elliptic forebody cross-sections, wIth the major axis horizontal . This slope dist ri-
bution around the forebody interacts with the windward vortex to create restoring

— 
sideforce , and hence positive stability . Positive nose stability by this means can be
prov ided in the 300_ 500 angle of-attack range .
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For more circular noses, directional stab ility can be achieved by the addition of
horizontal nose strikes.

These conclusions refer mainly to low subsonic Mach numbe rs. Increases in Mach
number into the t ranso nic region are shown to be benef icial In terms of reducing the
zero sideslip asymmet ries , but unfavorable to the post stall high angLe of attack
direct ional stability . The effects of Mach number arc to gradually eliminate the nose
vortex system ’s influence , and to replace it with a shock induced separ ation pattern .
The asymmetries associat ed with a random vortex arra ngement are therefore elimin-
ated. The favorable vortex indu ced stabilizing forces , present on broad elliptical
forebodies, are also eliminated in a similar manner . In general , forebody vortex
effects appear to be present if the forebody cross flow Mach number is below
McI 0.5— 0.6.

The sensitivity of the nose region at high angles of attack Is such that any modification
of the tip region by the addition of such items as a flight test nose boom should be
avoided.

Following are some specific design guidelines which cover points discussed above.

To obtain a forebody configuration which at high angles-of-attack would have:

1) MInimum asymmetric forces at zero sideslip
2) Positive directional stability

the following design guidelines are suggested.

The asymmetric side forces and moments are minimized when the forebody l/d ratio
is (3.5—4), and this can be achieved either by use of a LEX as a forebody shield, or
by shortening the lorebody.

IF the Inrelindy finenesK r..tki h:.s to 1w uI the i,,,kr fou r then a blendoil fo rebudy
geometry such as the Shark type nose, or the use of nose strakea wiU be required.
The addition of nose strakes to a stable forebody which oontributes dlrectkmal
stability Is not recommended.
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Positive directional stability at high angles of attack can be achieved by using a
forebody with fla t elliptical nose sections. Frnm the test reMllts, two guidelines are
presented . The first being the angle of attack at which positive nose stability occurs,
a and this is shown in Figure 63. The second guideline is that of the angle of
attack range over which the forebody remains stable, 4 a and this Is shown on
Figure 64.

A final guideline is proposed. This defines the region where the forebody vortex
flows dominate, and can be used for stabilizing effects. Figure 65 illustrates
this region, which essentially is the free stream conditions up to values where the
cross flow Mach number is of the order 0.5=0.6 . For condition s where the cross
flow Mach number is greater than these values, shock induced separation effects
dominate.
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FIgure 65. Limiting Regions for Nose Vortex Effects
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2. WING LEADING EDGE EXTENSIONS

Fighter aircraft configurations in the past were designed such tha t a fully attached
flow would be maintained over the lift ing surfaces in order to maximize both the per-
fo rmance and the maneuverin g capab ility of the design . Experimental studies on a
variety of configu rat ions have shown that significant increases in maximum lift coeffi-
cient and reductions in drag at high lift can be also obtained by careful generation and
control of concentrated vortices which favorabl y interact with the flow over a low
aspect ratio main win g surface. These vortices have been generated by such devices
as close coupled canards, wing lead ing edge discontinu ities or snags and wing-body
strakes or leading edge extensiona (LEX’s).

Beginning with the F-5A development and continuing through the F-5E/F and YF-17,

the design of the wing LEX received considerable attention and the aerodynamic
results of this development work will be summarized in the present study.

When originally tested on the F-5A, a relatively small, triangular LEX was used to
generate vortex lift and an incremen tal lift contribution of 8 percent was obta ined.
The F-5A LEX geometry is illustrated in Figure 66. A larger , more refined
LEX planform shape was developed for the F-5E/F and is shown In Figure 1.
The Incremental lift contribution of this LEX was increased to 30 percent. A signifi-
cant amount of additional development work was carried out on much larger LEX
geometries in the P-530 program (see Reference 2 in Volume II) where over 100 LEX
variations were Investigated experim entally. This development work led directly to
the YF-17 LEX geometry. Incremental lift contr ibutions of over 85 percent were
obtained with some of these shapes. The concentrated vortices created by these
larger LEX geometries were of sufficient strength so that significant interaction of
these vortices with the horizonta l and vertica l ta il surfaces was produced and a con-
sider .ible amount of experimental work was carried out to develop favo rable LEX/
empennage Interactions.

This section wIll discuss the influence of such geometric parameters as LEX planform
shape, cross sectional shape, area, aspect ratio and incidence as well as the effects
of wing planform variations, leading and trailing edge flaps and vertical and
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Figure 66. F-5A Wing Leading Edge Extension
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Figure 67 • Slender Delta Wing Vortex Burst Locations
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horizontal tall location. In order to maximize the separation of certain strong tnt erac -

tions, the analysis will be systematically discussed In three stages, as follows:

• The aerodynamics of the Isolated LEX

• The aerodynamic s of LEX/wing combinations

• LEX effects on complete aircraft configuration s

a. The Isolate d LEX
The LEX is essentially a vortex generator, and therefore its geometr y is restricted to
planform shape s of low aspect ratio on which stro ng leading edge vortex flows are
developed. The vortex genera ting capabilities of the slender delta can be used as an
example of LEX aerodynamics. Figure 67 shows the vortex burst location point
for a family of delta wings as a function of leading edge sweep angle and angle of
attack. These data were obtained In the Northrop water tunn el.

Delta wing planforrn shapes which are suitable for use as LEX planforms are those
which exhibit concentrated stable vortices at very high angles of attack. Triangular
planform shapes which delay the forward progression of the vortex burst location
with angle of z~ttack are seen in Figure 67 to have leading edge sweep angles
greater than 70 degrees.

This is again illustrated In Figure 68 where leading edge sweep angle for trailing
edge vortex burst location Is plotted as a function of angle of attack. Data on this plot
was obtained from both the Northrop water tunnel and the low speed wind tunnel results
of Reference 6. This figure again Illustrates that for high angle of attack win g capa-
bi lity, high leading edge sweep angles are required . Complex planforin shapes have
been designed which can fu rther augment vortex stability and inh ibit the forward
progression of the vortex burst point when compared to delta wings with simple,
stra ight lead ing edges. Test data on these more complex shapes is discussed late r
I n this section.

6. Wentz , W.Jr ., “Wind Tunnel Investigation of Vortex Breakdown on Slender
Sharp-Edged Wings” University Microfilmlng 69-21, 593 May 1969
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Figure 68. Conditions for Trailing Edge Vortex Burst Location

The lift characteristics of an isolated delta wing are presented In FIgure 69. The
maximum lift coefficient Is shown to be 1 .3 , obtained at an angle of attack of 35 degrees.
At this angIe of attack the vortex burst point is located at the trailing edge. As angle
of attack Increases the vortex burst point moves across the wing, until at about 50
degree angle ol attack it reachee the apex. For tlistaolated delta wthg lift ts lost as
the vortex burst point moves forward from the trailing edge. This Ia In contra-
distinction with the performance of the LEX/wthg combInatIon , which will now be
discussed .
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Figure 69. Lift Cha racteristi c - 750 Delta Wing

b. LEX! Wing Combinations
The effects of combining the highly swept low aspect rati o leading edge extension with
a basic slightly swept main wing surface can be illustrated by the wing/body data of
the P530 and the P610. In these references , data are available on a variety of leading
edge extension geometries , attached to a constant geometry basic wing planform. The
LEX shapes tested , in u klltion to slender delta shapes Included various complex run-
figurations. Figure 70 shows the basic wing geometry, its flap system, together
with a typIcal LEX and fuselage shape.

(1) Effect of Wing Flap Deflection
(~ e ci the first Items to be considered when assessing the effectiveness of the LEX
and wing combInatIon Is the influence of the wing flap system on the performance of
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the LEX. Defl ectIon of either leading or trailing edge flaps modifies both the flow
fields and the pressure gradients on the upper surface of the wing, and hence , depend-
ing on the relative geometry of these Item s, can Influence the stab llitj of the LEX
vortex system . One method of assessing the flap influence Is by determining the con-
ditions for tra iling edge vortex burst as a function of both angle of attack and flap
deflection. This was done during the P530 testing, and the results obta ined are shown
in Figure 71.

Two effec ts are shown on this figure. DeflectIng the leading edge flap Is seen to
stabilize the LEX vortex , due to the reduction of the pressur e peak around the leading
edge of the wing. The trailing edge flap has the opposIte effect. Deflecting this flap
introduces additional pressure gradients plus separation effects in the path of the vor-
tex , resulting In earlier vortex burst ing. The most favorable flap setting for high
angic-of-atack vortex stability is therefore with the leading edge flap deflected , and the
trailing edge flap up. This is also the optimum configuration for the LEX vortex to
interact with the vertical tails to provide adequate lateral/directional stability, as will
be discussed later.

40~~

30 
T/E Flap Up

vo
~~~~:u$t

Attack
20 • ~~~~~~~~~~~~~~~~~ T/E Flap Down

•

1

Total lIE Deflection

Figure 71. Effect of Flap Deflecti on on the Vortex Burst
Angle of Attack
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The data analysis following, which deals wIth LEX effects on wing/body confIguratIons
is In general based on data obtained with this optimum flap deflection.

Before discussing the LEX effects , however , the longitudinal characteris tics of the
basIc wing/body should be established . Figure 72 shows the lift and pitching
moments of the configuration shown on Figure 70. MaxImum lift is seen to occur at
an angle of attack of 30 degrees, and a CL max of 1.38 18 obta ined. The aerody namic
center for this configurat ion, for angle. of attack up to 22 degr ees is at 20 percent of

— the mean aerodynamic chord (M. A. C. ).

The effect of the addition of two families of triangular LEX shape s is shown on Fig-
ures 74 and 75. These families of LEX shapes, which are illustrate d on Fig-
ure 73 were designed so that the effect of changing the LEX length for a constant LEX
span, and the effec ts of chang ing the LEX span for a constan t LEX length could be
obtained. An Identical base LEX configuration was used for both these families of
shapes. Leadi ng edge sweep values covered the range from 74 degrees to 80 degree s,
and the LEX to wing area ratios , S~/8~~, ranged from 0. 086 to 0.142.

Figure 74 shows the effects of these LEX geometry changes on list coefficient.
Increasing the LEX span is seen to Increase both the slope of the lift curve and the
maximum lift coefficient. Stall angles ci attack remain virtually unchanged around
26 degrees. Increasing the LEX length Is shown to change both the stall angle of
attack and maximum lift coefficIent , but the slope of the lift curve rema ins constant.

Pitching moment effects arc shown on FIgure 75 for the two families of LEX
shapes. in general the effects of LEX area dominate, the larger the LEX, the greater
the incremental pItching moment.

A summary of the lift da ta Is presented on FIgure 76 where in addition to area and
sweep angle effects ,, the data Is compared to the basic, LEX off , case.

Figure 76a shows the effects of LEX geometry variations on lift coefficient. LEX
area Is sean to be the moat Important variable, the effects ci LEX sweep angle, for
thi s narrow range of leading edge angles tested, Is seen to be minor . A maximum lift
Increase due to the LEX of 16 perc ent , for a 10 perce nt increase In planform area.
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The angle of attack for maximum lift coefficient Is also shown to be a function of LEX
area, rather than leading edge sweep. The stal l angle of attack is however a function
of both area rat io and sweep angle, the higher sweep angles produc ing the great est
stall angles. A constant 1ncren~~it between stall and CL max angle of att ack is
indicated .

The apparently small increas e in lift produced by the LEX (16 percent for a 10 percent
area increase) mentioned above Is a consequenc e of the wing/leading edge flap/LEX
Interaction . This interaction is demonstrated on Figure 77 where the lift charac-
teristics of the basic wing, flaps up and down , LEX on and off is 8hown . The incre-
mental lift produced by the LEX is seen to be much greater when the leading edge flap
is in the up position. The maximum lift coefficien t of both wings (LEX on) is however
seen to be similar.

Thus a nonsynerg istic effect is created when lift additions to the basic wing are pro—
vided by both the leading edge flap and the LEX.

Pitching moment effects are summarized on FIgure 78. Here the data are also
compared to the basic, LEX off case. Pitching moment effects , taken at both the
stall and maximum lift coefficient angles of attack , show similar , nonlinear trends ,
increasing pitch-up Is pr oduced by increas ed LEX area. This Is contrary to the lift
data discussed previously , where all data trend s were linear. Again LEX size Is seen
to be the most important param eter for pitching moment effects with a secondary effect
of leading edge sweep angle. -

These nonlinear trends show that pitch-up effects , rather than maximum lift coeffi-
cient is probably the limiting factor on LEX size.

Figure 79 presents a comparison of stall and maximum lift coefficient angles of
attack, obta ined from the wing body test results, with the delta wing data of Fig-
ure 68, the latter data showing the conditions for vortex breakdown at the trailing
edge. This comparison shows that the wing-body stall angle of attack i. generally
lower than the isolated delta result , whereas the CL max angle of attack is seen to be —

reasonable agreement.
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(2) Other LEX Planform Shapes
A variety of other leading edge extension shapes were investigated duri ng the P530
and P610. These shapes had reasonabl y similar planforin sizes and aspect
ratio s. For convenience these data will be presented in summary form. The previous
results have shown that LEX size is Indicated as the more most important paramete r ,
and also that the maximum lift is obta ined at virtually a constant angle of attack.

The remaining data will therefore be pres ented In terms of LEX/wing area ratio , at
an angle of attack of 34 degrees. The previ ously presented lift results are shown to be
reasonably constant around this angle of attack , so that data obtained at this value
will give representative resul ts .

The LEX planform shapes tested , in addition to the previously discussed triang ular
shap es, included convex and concave designs. The actual geometries of these LEX’ a
can be found In Volume II of this report.

(3) Pitc hing Moment Data
Figure 80 presents the pitching moment results , obtained at a constant angle of
attack for the convex , triangular , and concave LEX configuration s. Also Included in
this figure are the basic wing-body data. The results indIcate little effect of plan -
form shape , the scatter of the data being of the same order as the shape effect
differences. The data trends are again shown to be nonlinea r , as determined pre-
v iously, increas in g pitch-up being obtained with increases of LEX size.

A further planfo rm shape variation tested was the convex LEX configuration with a
narrow leading edge extension as illustrated In Figure 81. These additio ns
were called LEX strakes , and were mainly investigated as means of Increasing the
aircraft’ s directional stability. The effect of such str akes on wing-body pitching
moments Is shown on F igure 82. The strake effect is shown to be small , a
slight tenden cy to linea rize the pitch ing moment effects being ind icated. This could
be due to the more forward centrold of pianform area for the LEX shapes with strake

-: extensions.
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(4) Lift Effects
Figure 83 presents data for lift coefficients, all measured at a constant angle of
attack , for the va rious plan form shape s tested. Also Included on this figure are the
LEX plus strake configurations previ ously discussed in the pitching moment section .
A linear Increase in lift Is shown as LEX size increa ses. No part icular effect of plan-
form shape is indicated.

(5) Effects of Mach Number
The major ity of the LEX configuration Investigations were carried out at low speeds,
with Mach numbers in the region of 0.2 0.3. High speed testing was reserved for
the more promising configurations. It is therefore impossible to present Mach number
effects on all the various configurations previously discussed.
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A single example will be used to illustrate gener al trend as Mach numbe r is Increa sed.
Data used in this example was obtained for the wing-body combination shown in
Figure 84 from Reference 60. Results are presen ted for both LEX on and off.
The wing flaps were up for these data .
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FIgure 84. Lex/Wing/Body Geometry
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FIgure 85 shows the high angle-of-attack lift data for Mach numbers from 0.6 to
1.2, for leading edge extensions both on and off. At a Mach number of 0.6 the LEX off
wing is seen to stall at an angle of attack around 12 degrees. The LEX -on wing con-
tinues to show lift increases above this angle, and finally stalls around 30 degrees angle
of attack. A lift increment of 0.4 is shown to be gained due to the addition of the LEX.

As Mach number increases the LEX Incremental lift reduces, until at M = 1.2 the lift
curves of the two wings are identic al . This is mainly due to the improved charac-
teristics of the LEX off wing, the maximum lift coefficient of the LEX on wing remain-
ing In the region of 1.4 across this Mach number range.

The effec ts of Mach number on pitching moments are presented in Figure 86, for
the configurations previously discussed . At all Mach numbers similar effects are
shown , with the incremental pitching moment due to the LEX being virtually constant
at all conditions. The main effect of Mach number is seen to be a gradual forward shift
of the aerodynamic center , similar for both LEX on and off wings . To demonstrate
this Figure 87 has been compiled . This shows the pitching moments for both
wings at an angle of attack of 20 degrees. The virtually constant LEX Incremental
pitching moment is clearly seen , as is the forward shift of the aerodynamic center.

c. Compl ete Configura tion Data
By far the largest body of data generated In this test period was with complete model
configurations. In this section the pertinent LEX data obtained on these configurations
will be presented and discussed. Data on a variety of LEX geometries are available ,
and the effects of changes in planform shape , cross section , Inclination , twist and
camber were determined . In addition the fuselage boundary layer bleed slot , which
separated the LEX from the fuselage on the YF-17, was the subject of considerable
study, and many configurations of the slot geometry were tested and reported on.
Interactions between the LEX vortex system and the lifting and control surfaces were
also investigated.

This complete configuration data is therefore in some way the least useful of this study .
Many effects were found to be highly configuration dependent and were of little use in
developin g general design guidel ines.
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Figure 85. Effect of Lex at High Speeds
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Generally, therefore , this section will be concerned only with the effects of the more
primary geometric para meters. Data for other effects , such as LEX cros s sectional
shapes, glutter slots are found In Volume ii, and will not be analyzed or discussed
further here.

The previous section showed that the primary geometric LEX parameter was the area.
The data will be presented In this section, therefore, as a function of LEX/wing area
ratio, with flap setting as a secondary effect.

Wing flap settIngs arc presented In terms of the actual deflections, and are written
as follows

These quantidea are defined in the sketch below
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For the F-5 data , and some YF-17 data , only a single droop leading edge flap was
used. These flap settings are therefore defined as follows

o~/öf

(1) Lift Data
FIgure 88-94 show the effect of Increasing LEX area on the low speed trimmed lift
coefficient. For convenience the data have been summarized for each major aircraf t
configuration, i. e. , the N300, P530, P600, P610, P630, YF— 17, and F-SF.
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Figure 88. N300 Lift Data

108

I.
• ~~- - - - 1~~~ • . - -

* 
— y

~’~e ~ - ~
( • ..

~~ ~~~~~~~~~ - - - .• 
~~ ~ - * • ‘,~.;.~~~t’ I.. - : - 

- 
- •

—



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—----;-

~~- - •  —,*--- --- -----—-- -‘— -.~~~• •~~~ — - . 
- - - - -- - -~~~~~~~~~~~ -

— --•--•---—--—-—---- -——--—••——---*--- -

2 . 4  — __________ __________

0

FLA PS

2.0 

J~~ 

C~~~~ D ~ 
8 00/ 0

C 1 ~ 0 0 40/20/0
~MAX

1.6

1 . 2 J L

0 .04 .08 . 12 .16 .20

SLEX /SW~~ G

FIgure 89. P530 Lift Data

109

• - 
- 

~~~~~ 

~~~~~~~~~~~~ 
: -  

- 

- 
- 

•
_

~~~~~

-
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~



F —— -~*•--~~~ *-- -- ~— -. 
-

~~~~~~ 
-•,--—-

-- -~~--—~~~—~~~. -

2 . 4

2 .0 0 0/0/0
o 40/20/0

C~~~

1. 6  
_ _ _ _ _  0

80
1.2

0 .04 .08 .12 .16 .20

SLEX /SW~~G

FIgure 90. P600 Lift Data

110

— —~~~- r _ I _ ’ .~~’*~~ ~~ w- .- --~~~~ -- -‘— — __________  —•— — -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ — ~~~~~~~~~~



2.4

F LAPS

2.0 ___..___Q__ 0 40/20/0
0O~~~

C 0

1 . 1 ; 
~~~~~~~~~~~~

- — — - — - — - -  — — — - - — — - — — — - — • _____ __________

1.2

0 .04 .08 .12 .16 .20

S L~ X /SW1NC

Figure 91. P610 LIft Data

k
I

111

I.

• ~

--- T . i~~~~~ - -~~--~- ----— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ --~~



- . - - ---~~~~ --:-- -~~~~~-~~~-•--  - - • - -

I —--— - -. - - -  - - - - - _ _ _ _ _ _ _ _ _ _ _

2 . 1 __-- _  _

- 

FLA PS
I 

*, _______ ______- _______ _ _ _ _ _ _ _  ____— 0 0/0/0
._ .0 

0 40/20/0

C 0LMAX

1.6

1.2 —-______ ——-— —--—- _______—

~~~~~

0 .04 .08 .12 .16 .20

• SLEX /Sw~~ G

Figure 92, P630 LIft Data

112

-• — ~~~~~~~~~~~~~~~~~ - 
— - ‘ . 

- 
. • - • I •

- - • - 
- 

*~ 
- 

• •  • . -.. ,141t~~*~~ 
.• - ~

. •. - - .. .

4, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

~~~~~~~~~~~~~~~~~~~~~~~ : - ~~~~~~~~ ~~~~



-

2. 4 — — — --—  _______

ILA PS

2.0 0 0/0/0

0 
0 40/20/0

()O 0 30/15/0
MAX 

8 
025/0

1.6 O
~~~~ 0

1.2 - ________ ______ __________

0 .04 .08 .12 .16 .20

4 
SLEX /SWING

Figure 93. YF-17 Lift Data

113

- —- ——. -- .
_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
—---— — -— 

.

• - - . .-• • _ _ • • *
• •

. • • - • - ‘ • — *~~4 - ~~~• . .~~ -
•• . • .  -

-~~~ -~

-

~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 4~~~~•~~~~~~~~~~~~~ L ~~~~~~~~~~ — ~~~~~~~~~~~~~



r~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— -
~~~~~~~~~~~

-:;-;
~
-•--------— --

-
- -  • -

~~~~~~~~~~~ 
- —

- —- -— . - — — — -  - —-— — - — - - — ___ __~___ ~__~ — ———a . •-,•_ — ~~~~~~~ -,•-— -—-—-—-—--— -—— — — —

I
2.4 —_______ __________

* 

~.o O o/o

C LMAX

(.6 —______ - _______  _________ _________  _________

- 

~~~~8
0

1.2 1-
0 1 -

0 .04 .08 .12  .16 .20 ( 
-

-

. 
~~~~~~~~~~~~

Figure 94. F-SE/F Lift Data

114

p

p

~
— — - -

~~~
-
~~~~~~~

-
~~~~

--  ~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—



-— 
~~~

•_ _ _ __ f_—---- 
~~~~~~~~~~~~~~~~ -~~--- --,~~~ 

-- —- --~~~--~ ---- — _ --- ~—

From these figures , it is seen that the bulk of test data were obtained In the P530 pro-
gram, and that configurations after this model concentrated in refinIng the size/shape
for an approxImate 14 percent area LEX. All the data show a basically linear trend
with Increasing LEX size, and also show for the P530 data, little effect of flap setting.
For the Yr-i?1 the flap effect is more pronounced, and this is possibly due to a wing
planform change, the YF-i7 wing having a smaller taper and LEX span ratio and larger
aspect ratio. To Isolate the actual effect of deflecting the leading edge flaps Fig-
ures 95 and 96 are given. Although the flaps up data are somewhat scattered,
the trend shows that the effect of flaps Is much larger with small LEX’s, and, as LEX
size increases, the flap incremental contribution to lift decreases. This is probably
due to some natural limit In lilt being reached on the wing, and further attempts to
Increase the lift show diminishing returns. This effect as was previously illustrated
In FIgure 77 for a wing body configuration.
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2.0 ,
~~~~~~~P530/

C
~MAX ,‘ / P630 r~~ .

- N300,_/ j  I

• 

1.6 7~~~~1~i /pooo 7

L____

/ 
~ / I

• l .2 / / ~~~~~~~
__

/:;~‘
0 .04 .08 . 12  .16 .20

8i~x /SWING

FIgure 95. LIft Data Summary (Flaps Up)
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(2) Pla nform Shape Effects
Planform shape effects were again assessed for the complete configuration data of
the P530. The data was divided Into convex, triangular , and concave shapes, and
are presented in Figure 97. As with the wing/body data discussed previously no
signif icant effect of planform shape is discernable.

In a similar manner the effect of LEX atrake extensions was rechecked with the coin-
plete conflguratlnn results of the P530. AgaIn a similar conclusion was reached,
that strakes of this form have little effect on LEX lift characteristics. Thia is

* 
illustrated on FIgure 98.
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(3) LEX Effects, High Speed
I~~ta for the effects of the LEX on lift and pitching moment were obtained at high
speeds. The model used was that previously Illustrated in Figure 70 wIth tall on.
The teat results showed similar trend s to those presented in Figure s 85 and 86.
The effect of Mach number on the LEX lift Increment Is as previ ously seen.
A gradual collapsing at the lift curves Into one common line occurs. Pitching moment
trends are also consistent with the tail-off data. A constant Increment In pitching
moment , vIrtually independent of Mach number Is indicated.

d. Lateral/Directional Effects

The leading edge extensIon, in addition to Influencing the lift and pitching moments on
the aircraft , has also an influence on the lateral/directional stability. These effects
are shown to be configuration dependent, being detr1men~~l on the single vertical tail
F-5E/F, and beneficial on the twin vertical tailed YF-17 aircraft.

The following paragraphs discuss these effects in detail.

(1) WIng-Body Configurations

The addition of a LEX to the F-5E wing body configuration are shown on FIgures 99
and 100. The lateral/directional data, seen on FIgure 99, indicates that the
addition of the LEX has little effect at angles of attack up to 14 degrees. At this angle
the basic wing stalls (see Figure 100) and a reduction of the directional stability
occurs. With increasing angle of attack the wing-plus- LEX configuration also stalls,
causing a similar shift in the directional stability. These effects are small , however ,
and in general the addition of the LEX is seen to have little effect on the directional in
stability of the wing body configuration.

The lateral data shows a much stronger effect of the addition of the LEX. The basic
wing body Is essentially stable in roll throughout the angle of attack range, the degree
of sta bility boing smallest a rou nd tho wing stall angle of attack. Addition of the LEX
causes the oonfLguratlon to be unstable In the stall angle-of-attack region. Both con-
fi gurati ons arc stable above 25 degrees angle of :ittack .
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The main effect ci the additIon of the LEX Is seen to be in lateral stability , the
directional effects of the LEX addition being small. Although data for the YF-17 wing
body configuration is not shown , similar effects are obtained. The eff ect of adding a
similar LEX to the complete aircraft configuration will now be examined.

(~~~~ 
Complete Configu ration Effects

The effect of trt an ’ilar shaped LEXs on the basic F-5F was Investigated In Ref 7-9
and the results are shown on FIgure s 99 and 100. The geometry of these LEX
shapes are given in the following table.

LEX LE SWEEP

W2 71.5° 0. 031
W26 66° 0. 043

Lateral/directional cffects are shown on Figure 101. At angles of attack up to
12 degrees the effects of the LEX are seen to be negligible. At this angle the basic
wing stalls, and a gradual reduction of stability begins. The wing stall can be seen
clearer on Figure 102 which presents pitch data at sideslip for these same con-
figurations. As the angle of attack increases further , directional stability on all
configurations coitiziies to decline, ustil above 20 degrees all configurations are
directionally unstable. At 21 degrees an abnq* reduction of stability is shown for the
two (wing-plua-LEX) configurations, which is shown on FIgure 102 to be the first
stall ci those wings. This loss of stabilit y is much greate r than that shown earlier on
the wing-bo~ r configuration. Directional stabiltty rema ins at this low level until a
further wing stall occurs around 26 degree angle of attack. Again this can be seen on
Figure 102. Above this angle of attack the effects of the LEX are shown to be
small, and the directional Mabtitty is now asso~iated with the forebody rathe r than
the wing. and tail combination.
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The lateral stability shows a similar freed , but with different levels of results. The
directional stability for both the LEX-on and-oft wings was seen to be first stable and
then unstable as angle of attack Increased through the stall region, the actual degree
of instability being Influenced mainly by the presence of the LEX. and only sit ghtly
influenced by actual LEX sIze. Lateral stability Is seen to change from positive to
negative due to the presence of the LEX with a major effect of LEX size in the stall
region. Again the effect of the two wing stall angles on the frlng-plus-- LEX) configu-
rations Is seen, at the second stall lateral stability Is regained. For post-stall
angles of attack, the LEX effect Is seen to be beneficial , with improved lateral
stability up to around 40 degree angle of attack.

The LEX effec ts on lateral/directional stability are seen to be similar to the LEX
effects on longitudinal stability. The basic wing with Its low stall angle of attack and
gradual stall progression alao has a low break point and a gradual los of directional
stability. The LEX-on wings have a higher stall angle of attack, and an abrupt stall ,
with a similar abrupt loss of both lateral and directional stability. The LEX wing in
sideslip Is seen to have two stall angles, the windward wing stallIng before the lee-
ward wing. This differential stall pattern Is assocIated with differenttJ bursting of
the LEX vortex. [luring the previous discussions It was shown that the LEX vortex
burst point was a function of both angle of attack and leading edge sweep. Yawing the
ai rcraft produces essentially different sweep angle on the windward and leeward
LEXs. This Is Illustrated on FIgure 103.

This different apparent sweep angle of the LEX therefore results In different vortex
burst locations, and hence different staU angle of attack for each wing. The vortex
burst location as shown on FIgure 67 for simple delta wings indicat es the greater
sensitivity of the lower leading edge sweep angles. Hence the windwa rd LEX having
the smaller sweep has a more abrupt stall pattern , due to the rapid forward move-
ment of the burst point. Tb. abrupt wing stall In turn causes an abrupt change in the
aldewasli on the vertical , and henc. the vapid loss In dIrectional stabIlIty. A further
effect compounding the h iss of dlreotIosal stability Is th. low energy wake resulting
from the wing stall reducIng the d g a $ o  pressure at the vertical tall.

The di scussion so far has been concerned with triang ular shaped LEX configurations
on the F-5F. Oth.r LEX shape. were investIga ted during the Seats of Re(eresee 49
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to determine what factors Improved the stability loss In the stall regIon. One such
technique was to reduce the angle of Incidence of the LEX. This LEX droop delayed
the stalling of the wing approximately by the angle of droop, as shown on
Figure 104. This effective delay In the stall angle of attack eliminated the loss
of lateral stability In the stall region. A considerable reduction in the directional
Instability around the stall Is also seen, due to this Increased stall angle of attack.
This latter effect Is F-SF configuration dependent, however, because of the stable
forebody configuration.

Delaying the stall angle can also be accomplished by increasing the size of the LEX,
and in addition increasing Its leading edge sweep angle. A typical example of thIs i~
LEX W6 on the F-SF . Deta for this LEX can be found In Volume U. On the YF- 17
configuration effec t of Increasing the leading edge sweep angle by the adoption of a
convex curved LEX leading edge was investigated in detaIl. This is essentIally the
same as Increasing the leading edge sweep angle mentIoned above. The effect of the
convex contouring of the LEX was determ ined by flow visualization during the P530

tests.

A typical result is shown in Fig~a 105. Here the vortex generated by the
triangular LEX is seen to be burst, with the burst location at the junction of the wing
and LEX. The vortex generated by the convex LEX passes over the complete chard
be*re bursting around the wing trailing edge.

For this particular configuration the triangular LEX vortex burst point moved from
the trailing edge to the loading edge of the wing within the angle of attack ra nge from
20 to 25 degrees. With the convex planform , vortex bursting started at a much hIgher
angle of attack (25 degrees) and at 30 degrees had only reached the mid-chord station
of the wing. The data shown by the flow visualization was at zero sideslip.
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Figure 105 . Effect of Leading Edge Curvature on
Vortex Burst Point (a = 250)
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At non-zero sideslip such a plan*rm should not be as sensitive to the loss of leading
edge sweep previously mentioned on the triangular shaped LEX. Two affects are
present here. The first is that the sensitivity of the LEX to vortex burst is &edaced
with increased leading edge sweep angle , as shown on Figure 67. The second
point Is that the leading edge sweep of the leeward wing, with auch a LEX planform
shape exceeds 90 degrees when sidesl~jped, thus weakening the leeward vortex, and
reducing the asymmetries associated with differential vortex bursting.

Because of the high degree of configuration dependence , further detailed discussion of
the lateral/dIrectional effects of the LEX configuration on the YF-l7 is not appropriate.
Isolated effects of the LEX may not be relevant on such a configuration , which was
developed to have highly Interactive component affects. The lateral/directional
stability of the YF-17 Is Influenced by the wing leading edge extension, the vertical taI l
and leading edge flap system in a hIghly oomplex manner. Further discussion of these
components and their effects will be made In the sections on vertical tails and leading
edge flaps.

e. Summar y of Results

The test results presented show that the loading edge extension Is a powerful w~ ’ of
lncreasing the maximum llft of a wing. A summaiy of tbie test data, shown In
Figure 106, presents maximum lift coefficients as a function of LEX/wing area
ra tio. This figure indicates that a unit Increase In LEX ares produces a 5.5 increase
in maximum lift coefficient as doss a imit increase in wing area.

The test dat a cover s LEX geometries which are sthject to maey constraints due to
the particular aircraft configurations which they have hoes applied to, and, therefore,
do not necessarily represent lb. optimum LEX geometries. For the particular con-
figurations tested LEX area appears to be the move slgntflcant factor In obtaining
increases In mEdmiun lift coeIflcI~~~.

The pitching moments ueosiat.d with the LEX are shown to hi we-linear, in
contra-distinction to lb. lift incr.mset a. -

~~ show Increasing pitch-up tendencies
with Increased LJX ares.
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The effects of the LI ~X arc shown In ho a function of Mach aimbor. The lift
Increases do. to the LEX diminish as Mach sumber increases, malnty due to the
Improved cheract.r*stios of the haste wing. Tb. LEX p*chiag moments, however,

‘~ 

- 
ar e uns~ scIsd by Mach nsmbsr, and remain virtually constant cross lb. ted range
of Mach aimbsrs.
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Thus pitching moment efleots are more significant than the lift increments as a limit-

Ing factor In the selection of a LEX configuration. For high angle-of-attack applloa-
lion, LEX shapes are virtually confined to highly sweep delta or gothic shapes , with
leading edge sweep angle of the order 75 degrees. Planform shape variations arc
probably more important In lateral/dlroctionul stability than for lift.

The effects of a leading edge extension on lateral/directional stability are in general
shown to be oonfIgnratkin dependent. On a single vertical tail configuration such as
the F-S instabilities are produced in the stall region in both yaw and roll. Again
these results are highly configuration dependent, and are associated only with a
narrow class of LEX configurations, and a given low sweep, low aspect ratio basic
wing. On the YF-17 configuration the effect of the LEX, in combination with a
deflected leading edge flap, and an optimum location for twin vertical tails is shown
to enhance the lateral/directional stability.

3. VERTICAL TAILS

The function or the vcrtic id tidi is to provide st~iI ic directional stability beyond
the maximum trimmed angle of attack throughout the speed range . For con-
temporary fighters designed to make use of vortex lift , the maximum trimmed
angle of attack to which these aircraft can be flown is now in the region of 30°
to 350• The conventional centra lly mounted single vertical tall , as typified by

the configu ration shown in Figure 107, has proved to be Ineffective in many
cases at these angles of attack .

Figur e 107. Single Verti cal Tail Configurati on
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Figure 108 illustrates the directional stability of this configuration, taken
from Reference 6, and shows that stability is lost above 18 degrees angle of
attack . 

30

Anglo uf 0 Ref 6
Attack

H 

~~~~~~~~~ io~~~~~~~~~~~

—.004 — .002 0 .002 .004

Directional StabilIty -

Figure 108. Effecti veness of a Single Ver tical Tail

As an alt•rnat• approach to the problem of providing adequate directional
stability at high angles of attack , the development of a twin vertical tail aye-
tea, which bensfltsd from favorable interference from th, wing LEX flows • was
Initiated . Tb. majority of the test data presented in Volume ii i. associated
with the d.v.lop..nt of twin-tailed osefiguradons , end the d termlnadon of
th. optimum location of the vertical taih/LEX assembly. A large number of
twin vsrtlcal tail configurations were tested at low speeds. Analysis of this
very large data baa. showed ths results to he highly configuration dependent

- 
- and , as such , not aa.n.bl. to g.n.raUutlon. How.v.r th. basic result of

the twin vertical tall d.v.lcp.ent program was that a suitable twin vertical
tail system could be developed which would provid. .dsquats directional sta-
bility in the 30° ~~~~ 35° angis of attack range.
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In the following paragraphs a general disausalon of both single and twin vertical tail
configurations is presented. The major topic of diacusslon will be dIrectional stability
effects . The effects of vertical till geometry changes on other parameters, such as
rolling momenta, are given In Volume U and will not be discussed further here.

a. Single Vertic al Tails

The parameter of trtereat , when assessing the performance of the vertical tail (either
single or twin), is the angle-cl-attack range over which the vertical tall contribution
of directional stability Is positive. The upper limit ci this range is defined in this
study as the angle of attack at which the static directional stability becomes
negative. This parameter is illustrated In ~‘lgure 109,

\~
Angle of

— 

Attack 

+

Directional StabIlIty C~~

Figure 109 Definit Ion of a
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The performance of the various single vertical tall geometries available from
this study will be assessed In terms of and a further parameter , the angle of
attack at which the vertical tail becomes Immer sed In the wake of the wing.
This is represent ed here as the angle between the tip of the vertical tall and
the wing root fuselage Junct ion , Ov • and Is Illustra ted in Figure 110.

_ _

_ __ 
_ _  _ _

Wing Root
- L, L Statjon

- - Figure 110. Definiti on of~~V
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Data from various fighter aircraft configurations not associated with this
study indicated that these two angles were of similar magnitude - These data ,

taken (rein var ious NASA references , are plotted in FIgure 111, together
wit h the data point from Figure 108 presented earlier , and illustrate this
equivalence .

• Various Air c raft
40 O Ref 6

/
30~~

a0 

20 - 
~~~~~~

1 0 /

/
0 A A

10 20 30 40

Figure 111. Vertical Tail Effective Range
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A similar comparison is made in FIgure 112 using data for single vertical
tall configurations from test s on the P530 , P600, YF- l7 , and F-5E/F.

Symbol Reference
40 0 6, Volume fl

A 7, Voluzne ll
/

‘ 0 14, Volume II.,~ _4/  V 30, Volume II
s
’ 

0 49, Volume II

21) - 

,
,

~~~~~

_FØ
l

~~~~~~~~~

”

~~~~~

’

l0

l0 /

Figure 112. Vertical Tail Effective Range As A
Function of Wing Blanketing Angle
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This figure indicates that although a slightly different relationship exists between fl!C
and Ov , the equIvalence Is still Indicated.

Based on the dat a from Figure 111 and 112, the impracticality of using a singl e
vertical tail for positive directional stability in the higher angle of attac k r egions is
well illustrated . 

- -

b. Twin Vertical Tails

A large number of twin vertical tails were studied during the deve lopment of the YF-17.
Geometric features such as vertical tall area , longitudinal position , latera l spacing,
planform variations and changes In cant angle were Invest igated . Detai ls of these
variou s geometric pertubatlons arc presont ed in Volume II.

The test results obtained were found to be influenced significantly by the Interact ions
between the forebody and LEX vortex flow fields and the vertical tall. These inter-
actions are mainly associated with the YV-17 configuration and , therefore, may not
necessarily be applicable to other aircraft with differing configuration geometries .

As mentioned previously , a detai led analysIs of all the effects of geometric changes
will not be made In this study. Instead, a sample of the data dealing with the effects
of changes in cant angle of the vertical tall will be provided.

Figure 113 presents the effect of’ variations of cant angle on ~~~‘ the angl e of attack
at which di rection al stabil ity becomes negative. I)ata are Presented for two groups
of vertical tail areas , these being 0.0K and 0. 14 The ta il moment
arm for all data is essent ially conslatant , at lv/ë ~ 1. 2. Two trends are shown . The
group of smaller vert ical tails indicates a reduction In the vertical tall contribution to
directional stab ility with IncreasIng cant angle. Increasing the cant angle effectively
reduces the side area ci the vertical tail. Thi effect Is not overcome by any favorable
vorte x Interaction from the LEX or forebody , presiurably due to the smal l size of
these verticals.
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Figure 113. Effect of Vertical Tail Area

The data for the group of larger vertical taIls , however, indicate that increasing cant
angle up to approximately 40 degrees produces a favorable effect on the ver tical ta ll
contribution to directional stability. A significant variation, at a oonsthnt cant angle,
in the angle of attack at which direct ional stabIlity Is lost Ii exhibited by the data ,
again Illustrating the sensitivity of this parameter to LEX/forebody vortex interactions.

This Is also lilustratod in Figure 114, where the variation In crc is plotted against
the actual vertical tall area for a constant cant angle of ao degrees. Some effect of
area Increase Is shown, but again the vortex flow effects are shown to be significant.
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Figure 114. Effect of Ver tical Tail Area

Examining again the data In Figure 113 at a constant cant angl e of 30 degrees , two
points for the smaller vertical tall area show a wide divergence of results. This
effect Is shown to be due to a variation In longitudinal location, as shown in Fig-
ure 115. Figure 116 presents a description of the vertical tail geometries which
correspond to these data. Figure 116 shows that a significant impro vement in the
vertIcal tall contribution to directional stability Is achieved by moving the tails for-
ward Into a region of favorable Interaction with the forebody/LEX/wing flow field
system. This Is In spite of the fact that this f orward location represents a reduction
In vertical tall moment arm.
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4. MISC ELLANEOUS CONFIGURATION COMPONENTS

The major configuration component. which have a dominant influence on the flying
qualities of an aircraft at high aii~~es of attack are the wing LEX, the forebody and
the vertical ta ils. A detailed discussion of the effects of geometric variations of
these components is contained In the foregoing paragraphs of this report. Certain
other configuration coin ponents are responsible for a more minor , but still important ,
contribution to high angle-of-attack characteri stics. These components are:

1) Wing leading edge discontinuities
2) Wing upper surface fences
3) Wing leadin g edge flaps
4) Wing trailing edge flaps
5) l~~rsal/ventrsl fins
6) Decoupled canards

The existing data base for these components consists mainly of low speed wind tunnel
tests and is, in general , not comprehen sive. Dee to the limited nature of the data
base, in many cases, design guidelines for these components caimot be developed and
only general comments are appropriate.

a, Wing Leading Edge Discontinuities

A series of wing planform leading edge discontinulties was tested at low speeds on the

- ‘ 
I 

F—S aircraft and the results are reported in References 49, 51, and 52. These
discontinuitles are also referred to as wing leading edge aawteeth or snags in Vol-
ume II of this report,

The data of Reference 49 are representative of the results which were obtained In
all tests. Figure 117 presents a description of four sawtooth geometries which
were tested, The local wing chord was .ztasded 10 percent outboard of wing semi-
span stations of 35, 50, 60 and 70 percent, respectIvely.

I
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Figure 117. Wing Leading Edge Discontinulties

FIgure 118 presents a summary of the results obtained. The lateral/directional
data are at an angle of attack of 22 degrees and an angle of sidealip of -10 degrees.
These data indicate that the primary effect of the sawtooth is to improve the wing
contribution to dihedral effect (CQ~). A minor improvement in maximum lift coeffi-
cient and a minor loss of directional stability in the stall region is indicated. The
optimum semi-span station for the sawtooth is shown to be at approximately the mid-
span of the wing.

The discontinuity of the sawtooth at the wing leading edge produces a vortex, rotating
in a sense opposite to the w~~g tip and LEX vortices. This vortex acts as an aerody-
mimic fence, inhibiting the epanwiae growth of the bound ary layer , thus improving the
wing flow (‘h:Ir;wIerLstIcs.
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Figure 118. Effect of Leading Edge Discontinuities

145

P

- ~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~--~~ 

- 
_____ 

- — —- -



— - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _

b. Wing Upper Surface Fences

Upper surface wing fences were investigated on both the F-5E and F-5F and the
results of the tests are summarized in Reference 49. The effects of fence height ,
chordwise length and spanwiae location were investigated. Fence geometries are
defined in FIgure 119.

Fence % Semi Span Station

veoce~~~~~~~~~~~~~~~~~~~~~~~ft ~~

Figure 119 . WIng Fenc e Geometry

The effects of varying the apanwise station of the upper surfac e fences tested can be
separated into two areas, the effects on longitudinal param eter s and the effects on
lateral/directional stability . All fence geometries tested produced somewhat similar
effects on the maximum lift coefficient achieved and on the level of longitudinal eta-
bility at moderate to high angles of attack. Figure 120 presents results of the effect
of adding a fence of five-inch height located at a wing semi-span station of 0.50

and extending chordwiee from the wing leading edge to 70 percent of the local chord.
These results are typical of the results of all oonftgurations tested. The fence is
seen to reduce the lift coefficient above CL - 1.0 and to reduce the magnitude of the
maximum value of lift coeffeclent by apprcntmateiy 6 percent. Longitudinal stability
Is increased by the addition of the fence above a lift coefficient by apprcixtmateiy 0.7.
At angles of attack above 24 degrees, th. installation of the fence is seen to have no
effect on longitudinal ckaract.ilsttcs. Figure 121 illustrates the effect of locating
the fence at other spanwise positions on the wing.
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The effect of the fence on lateral/directional stability is more pronounced than the
effect on maximum lift or on longitudinal tabUity. The primary effect of the fence,
as abown In Figure 122, is to increase the wing contribution to lateral stability
above an angle of attack of approsimataly 15 degrees. The largest improvem ent in
dihedral effect is at the stall angle of attack (23 degrees). Above an angle of attack of
27 degrees, the fence is fully immersed in the separated flow on the wing and it’s
effect is therefore diminished. Figure 123 iilustratos the effect of varying the span-
wise location of the fence on directional divergence. The largest improvement in the
minimum value of C~ Is produced by a fence located In the range of = 0.50 to
?1 06 0  ~DYN
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Figure 122. Effect of Upper Surf ace Wing Fences
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Figure 123. Effect of Fence Semi-Span Station

As discussed in the preceding paragraph, the optimum fence location was found to be
at approximately the wing mid-semi-span. This mid-semi-span location resulted in
the maximum improvement in lateral/directional stability and resulted in only a small
penalty in maximum lift coefficient. With the fence semi-span fixed at =0. 50 and
the fenc e length fixed at C

f 
0. 70C, the effect of varying fence height was studied in

the tests of Reference 49. Figure 124 illustrates the effect of reducing the fence
height on the maximum lift coeffecient . Reducing the fence height by 50 percent pro-
duc ed a corr esponding 50 percent reduction In the fence penalty to C J.~~ ax~ Fig-
ure 125 shows that this reduction in fence height results In only a small degradation
in the minimum value of Cn~D~~. indicating that the shorter fence is more desirable ,
overall.
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The effect of varying the chordwisc extent of the fence was also studied.
Figures 126 and 128 illustrate the effect of reducing the chord length of the
fence by varying the local chord position of the leading edge of the fence. Fig-
ures 127 and 129 ifiustrate the effect of reducing the chord length of the fence
by varying the chord location of the aft end of the fence. As seen In Figures 126
and 127 , any reduction In the chordwlse length of the fence , whethe r from the
forward of the aft end, results in a reduction in the fence C~~ ax penalty. Fig-
ures 128 and 129 snow, similarly, that reducti on of fence chord length degrade s
the value of minimum Cfl~~D~~~ for these configurations.

0 20 40 60 80 100
Fence L/E Location ¶~c

Figure 126. Effect of Fence Chord Length
-j
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The previously presented increm ents due to fence Inst allation are modified when
data are compa r ed with leading and trailing edge flap deflected. FIgures 130
and 131 illustrate this effect.
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c. Wing Leading-Ed ge Flaps

The effec t of leading-edge flaps at high angles of attack is two-fold. In the longitndlnsl
axis, the maximum lift coefficient of the wing is increased as leading-edge flap deflec-
tion Is increased. In the lateral/directional axes, increasing the leading-edge flap
deflection Increa ses the wing contribution to dihedral effect and the vertical tail con-
tribut ion to static directional stability. Figure 132 presents the effect of leading-
edge flap deflection 3fl CLM~~ for several values of trai ling-edge flap deflection at
Mach numbers of 0.6, 0 . 7, 0.8 and 0. 875. These data are for the F—S configuration.

Figure 133 illustrates the effect of leading-edge flap deflection on directional and
lateral stabil ity . These data are for the YF-17 configuration . As shown, a signifi-
cani increase in the levels of N LablLIt y arc produced by deflecting the leading—edg e
flaps by 20 degrees . Increas ing the defl ection in 5 degree increments is seen to
further improve dihed ral effect although directional stability remains unchanged.
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d. WIng Trailing-Edge Flaps

The effect of deflecting plain flaps located at the wing trailing edge is to increase the
aft camber of the wing resulting in some Improvement in C LM~~~ 

as shown,
previously, In Figure 132. When trailing edge flaps are deflected at high angles
of attack In the presence of a strong LEX vortex, a detrimental effect on directinal
stability is produced, as shown in FIgure 134. These data are for the YF-17
configuration, which has a plain, unslotted, hinged trailing edge flap. For this
geometry, the flow field abo ve the flap at an angle of attack of 20 degrees or greater
has been observed to be totally separated, producing a strong adverse pressure
gradient on the wing upper surface. This adverse pressure gradient acts to induc e
a premature bursting of the LEX vortex, adversely affecting the flow field around the
twin ver tica l tails. For configurations with singl e vertical tails and/o r smaller
L EX’s which produce weaker vortex systems, typified by the F-5 series, this adverse
interact ion has been observed to be less pron ounced .
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e. Dorsal/Ventral Fins

one method of improving the directional stability of an aircraft at low angles of
attack is to increa se the aide area aft of the cente r of gravity . This area addition
is commonly provided by the use of dorsal and/or ventral fins. Both of these configu-
ration features were investigated during the test period covered by this report, and
the following results were Obtained.

The addition of a dorsal to the vertical fin was Investigated on the F-5F In R ef-
erence 42, and on the F-5F In Reference 49. These data shown that no Improve—
ment in direction stability was obtained at high angles of attack. Figure 135
describes the dorsal fin geometries tested.

V3 V9

_ _

-
6

FIgure 135. Dorsal Fin Geometry

A dors al Is really more suited to providing stabilIty at large angles of sidealip at low
angles of attack. At high angles of attack It is mainly immersed in the wing and
fuselage wage and hence is Ineffective.
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4~~~~~

(1) Ventrals

The ventral fin ii an inefficient stabilizing surface. Confined to an area bounded by
the rear fuselage and the maximum take- off angle of attack , it is by nature a low
aspect ratio surface, with the maximum area at the forward end. FIgure 136
below illustrates the geometry of a typical ventral fin.

FlgtTe 136. TypIcal Ventral Fin

The effect of large , side by side ventral fins was determined on the F-SF in the
test of Reference 49. Figure 137 Illustrates the actual geometry of these
ventral fins. A small improvement in directional stability is Obtained at all angles
of attack as seen In FIgure 138.

‘

~~~~1 
_ _ _

__

- Figure 137. Ventr al Fin Geomet ry
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I. Decoupled Canards

A series of decoupled canard surfaces were investigated on the F-SF model in
R eferences 45, 46, and 49. These canards were all located on the forebody
maximum half breadth J ust aft of the radome, as shown In Figure 139.

FIgure 139 . TypIcal Canard Geometry

For details of the actual canard configurations tested , reference should be made to
the appropriate sections In Volume II .

The canards were all tested at low speeds. The results have been analyzed in terms
of both logltudin~l and lateral/directional effects at high angles of attack.

_ _ _ _ _ _  _ _

- 

__

- ! 
~~~~~~~~~~~~~~~~~~~~ — 

- - -
-
-“‘

•
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘

~ :-~~S 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ - -‘- - _____



- -

~~ 

- ____________________

The canard incremental normal force and pitching moment, obtained at a constant
angle of attack, just below the wing stall , are presented in Figure 140. These
data are shown to be reasonably Linear. The center of pressure for the normal
force on the canard is in good agreement with the actual physical moment are of
the canard (lc/C = 3. 15).

The normal !orce increment (C Nc) is presented in Figure 141 as a function of
canard area. The Linea r curv.~ fit through the data results In a ÔCN/ö a = 0.1, which
Is lar~ger than an equlvalct*t isolated low aspect ratio surface of similar planform
would be expected to develop. This is possibl y due to favo r-able interferenc e between
the canard/for ebody and the wing flow field ! at high angl es of attack. FIgu re 142
presents the effect of cana rd size on the maximum lift coefficient. A unit increas e
in canard area is seen to be equivalen t to a five unit increase in wing area. This
synergistic effect is similar to that obtained by the wing leading extension s discussed
earlier.

0.1 - a 20
0

0 0 1 0 2  

C.p .  3.15~

~C M

Figure 140. Effect of Decoupled Canards
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The small , decoupled canard surfaces tested on the F-5 were found to provide
benefits in both lateral and directional stability In the high angle-of-attack region.
The largest improvement s are shown in directIonal stability, beginning at approxi-
mately 10 degrees angle of attack, as shown In Figure 143.
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SECTION UI

CONCLUDING REMARKS

One of the most frequently used words in this report has been “vortex ,” as in forebody
vortex , LEX vorte x, leading-edge discontinuity vortex , etc. The high angle-of-attack
flight regime is shown to be int imately involved with vortex flows. Stabilit y and con-
trol in this area Involves the correct production and contro l of the various vortex
systems surrounding the airframe.

Any future work in this area , i.e. , the angle-of-attack range between 30 and 60 degree s,
cannot ignore vorte x phenomena and a basic understanding of the vorte x and its usefu l-
ness must be obtained . Currently the only vortex under partial control is that generated
by the LEX. Large increases in lift by vortex intera ction have been demons trated.
Through the use of the guidelines derived In thi s report , these can be predicted for a
certain class of wing configurations. The generation and placement of the optimum
lift enhancin g LEX vortex for any form of wing planform Is still not possible.

The forebo dy vortex flows are currently partially understood and some means to
ensu re the ir symmetry are availab le, c. g.,  the Shark nose. h owever , ~he ability to
sk sigii a SIRX ’I IiC H t flI ) il it y h i t s )  UK’ I)OMC ul an aircraft is not 1wesent ly 1X)sSiblC . The
u~cc of the LE X vorte x to provide additional high angle of attack hircction ul stabil i ty
th rough favorable interaction with twin vertical tails has been demonstrated . This is
the least understood of all t~ - interactions.

The ultimate goal Is , therefore , a full understanding of all the variou s vortex flows

~iruun d the aircraft. This can only come after a further series of investigat ions, both
expe rimental and theoretical , have been carried out and the results thoroughly ana-
t~v zsd. As a fi rst step in thi s process , it is suggested that a more detailed under -
.t 4eg of the force and moment distributions around the aircraft be obtained . For
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this purpose a wind tunnel investigat ion with a more comprehensive balanc e system
could be used , where in addition to the total body forces , the forebody forces and
moment are measured . By this means the effect of the nose vortex system could be
partially isolated and the effects of variations in forebody geometry could be investi-
gated . Similar techniques could be used to determ ine the optimum LEX vortex
conditions.

Any study of vortex flows would be Incomplete without some form of flow visualiza -
tion and currently the best techniqu e appears to be the water tunnel , where the
vortices are observed by the injection of various cjyes into the flow field’s regions of
interest. Therefore , future wind tunnel investigat ions of vortex flows must be sup-
ported by water tunnel flow visualization studies as a parallel effort.
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