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FOREWORD

This report, "Analysis of Wind Tunnc! Data Pertaining to High Angle-of-Attack
Aerodynamics" provides a technical discussion and analysis of wind tunnel data
obtained from tests conducted on a family of Northrop fighter aircraft. These tests
were performed mainly in the Northrop Low Speed Wind Tunnel, and cover the time
period between 1966 and 1976. This report concentrates 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 future fighter aircraft operating in
this high angle-of-attack regime. The second volume, Volume II: "Data Base", con-
tains summaries of the wind tunnel tests which were selected to provide data for the
analysis.

This report was prepared by the Northrop Corporation, Aircraft Group, Hawthorne,
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was administered by the Air Force Flight Dynamics Laboratory, Air Force Systems
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SECTION I

INTRODUCTION

Northrop has designed 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 members 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 aerodynamically 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 configuration development of these various 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 various 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 during 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 not the purpose of this report to cover the complete aerodynamic development
of these various aircraft. Attention will be focused only on certain components,
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components which are of primary importance in the high angle-of-attack flight regime.
Thesce components include the forehody, the wing leading odge extonsions, 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 analysis,
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 following paragraphs trace the
aerodynamic evolution of the F-5E/F and the YF-17 aircraft, and discuss the various
project definitions which make up the YF-17 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 performance 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 thrust General Electric J85-21 engine.

The resulting aircraft designated YF-5-21, was further enhanced with a larger wing
leading-edge extension (LEX) for better lift, a maneuvering flap system, and other
specialty features which had been individually tailored for countries operating the
earilier F-5's. The test bed YF-5B-21 made its flight on March 28, 1969, at
Edwards Air Force Base.

In the fall of 1969, a decision was reached to competitively select the most
appropriate wirplinge for the new Internntiond Fighter Aireraft (1IFA) 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 earlicr 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 accuracy of the single-place fighter but was also able to serve as an advanced
trainer. Major differences were the stretched forward 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 EVOLUTION
a. N300/P530

In 1965, operations analyses were conducted by Northrop to define the requirements
for an advanced F-5 lightweight, multirole, tactical fighter, designated the N300.
The N300 possessed certain F-5 configuration characteristics: 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 configuration, which increased

the ordnance capability.

However, the major impact of relocating the wing was to permit 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 intake ducts, the
leading cdge extension could be greatly increased in arca from it's previous size

E (5% of the basic wing area), to sizes around 15% wing area. This was then the
beginning in the development of the YI'-17 hybrid wing configuration, and the use of
vortex lift for high angle-of-attack maneuverability. In 1967, the designation was
changed to the P530. The aerodynamically curved, 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 provide the desired lateral
directional stability at high angles of attack. Development continued through 1969,
where a more refined LEX shape was defined to increase lift and improve the vortex

bursting character, thereby enhancing the stability and control characteristics at
high angles of attack. The cockpit was moved forward for better pilot visibility 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.

P600/610/YF-17

Among the first projects to be selected by the U. S. Air Force for prototype development
was the specialized lightweight fighter (LWF). A Request for Proposal (RF P) was
issued by the Air Force in the fall of 1971. It called for an aircraft highly specialized
in the visual, clear weather, day-fighter role for air superiority over the battlefield,
with particular emphasis on light weight and low cost. The new fighter would have to
sustain high turn rates and increased supersonic maneuvering capabilities, while
retaining the ability to accelerate rapidly.

It was readily seen that all of the P530 development work was applicable to the LWF,
and following a refinement of the design to comply with the detailed RF 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 flying prototypes. The

Air Force designated the Northrop 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 maximum maneuverability.
Advanced aerodynamic fcatures incorporated in this aircraft are the hybrid wing with
root leading-edge extension (LEX), differential area ruling, underwing inlet with wing
slot for boundary layer bleed, and active control features such as automatically
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 planform 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,
July 1976,
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This report covers the aerodynamic development of this hybrid wing, and other
features which have significance in the high angle-of-attack region.

3. REPORT PRESENTATION

For convenience the report is presented in two volumes. Volume II contains the data
base, and details of wind tunnel test conditions, model configurations and appropriate
high angle-of-attack data selected from the available wind tunnel tests.

In this volume, Volume 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 aircraft component
effects in detail, these being;

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

Several other configuration effects (e.g. leading edge discontinuities, using fences,
flups, cte.) are then discussoed in lesser detail, Further minor features which were
investigated very briefly in the wind tunnel tests, and are therefore not amenable to
generalization, are presented only in Volume II. As the great majority 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 Number effccts arc prescnted.

One of the main items of concern is that the results obtained are configuration
sensitive, and therefore that the design guidelines derived may have limited general
applicability. In an effect to increase the generality of the design guidelines, data
from other sources have been combined with the Northrop data wherever possible,
and these data are clearly labeled as such when used. Finally, to summa rize the
main sources of the test results, Table 1 has been prepared. This table indicates
from which aircraft series the main body of the data was obtained.




TABLE 1. DATA SOURCES

YF-17 F-5
ITEM Family Family
Nose and Forebody X X
Wing Leading
Edge Extensions X X
? Vertical Tails X X |

Leading Edge
Discontinuities X
Wing Fences X
Leading Edge Flaps X X
Trailing Edge Flaps X X
Dorsals/Ventrals X X
Canards X




SECTION II

ANALYSIS OF DATA AND DESIGN GUIDELINES

1. NOSE AND FOREBODY EFFECTS

The evolution of fighter aircraft from the piston-engine era to contemporary
configurations 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 fairing over the motor, which became shorter and shorter as engine weights
increased. Introduction of the jet engine produced a major revision of the fuselage
design constraints, with a mid or rearward placement of the engine and the need for
a long diffuser ahead of the enginc for processing of the inlet airstrcam. The fore-
body was used now as a fairing over this diffuscr. Increasing speeds, increasing
radar requirements and more sophisticated inlet systems were again responsible for
a further revision in fusclage concepts. Engines and inlet systems moved rearwards,
the nose became longer aad more pointed, and the forcbody function was now a fairing
over the considerable avionics and armament equipment 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 afterbody, 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 aerodynamics is now of major importance. This Is further
illustrated on Figure 6, which shows the configurations used in this study, and
presents forebody lengths as a function of the aircraft mean aerodynamic chord.

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 contemporary fighters. With such wing planforms, stall
angles of attack in the 25°~35° region are now quite commonplace,

These two effects, the increased forebody length and maneuvering angle of attack
envelope have resulted in an increased contribution of the forebody region to the
overall 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 effects 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 fincness ratios in the same range as some missiles,
thus forcing the aircraft designer to deal with the same problem.

It has been shown 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 aircraft forcbody. For sufficiently
slender forebodies, this vortex system becomes asymmetric at high angles of attack
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Figure 6. Typical Fighter Forebody Lengths
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and exerts a significant effect on the «.ther coraponents of the airframe. 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 been shown that this asymmetric vortex system and
the resulting asymmetric forces which have been imeasured . 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 Nuiaber of 2 x 106 and the flight test data were extracted at Reynolds Numbers
between 6 and 7 x 106. These re<ults convincingly demonstrate the existence of the

asy mmetric forces on the full scale aircraft,

The details of this vortex system generated by the forebody at high angles of attack
are best understood from results of tests made in the water tunnel. Numerous water
tunnel investigations on various forebodies huve 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 emanating from the tip of the nose, plus a secondary

vortex pair due to separated flow along the fuselage side. For convenience in the

Figure 7. Vortex Patterns
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WIND TUNNEL DATA
(Re = 2.0 x 106)
FLIGHT TEST DATA
(Re = 6.7 x 106)

16

d

)

YAWING MOMENT

COEFFICIENT

Figure 8. Wind Tunnel/Flight Test Correlation
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F-5F Forebody in Water Tunnel

Figure 9.
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following discussions, the vortex arrangement will be represented by a simplified
cross-sectional view of the nose, as shown in Figure 10. This figure illustrates
the cffects of both a symmetric and an asymmetric vortex pattern around the nose at
zero angle of sideslip.

0 O (?

G ek L g
Forebody Force : Forebody Lift
= Lift |
|
|
|
|
[
Forebody
Sideforce
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 which these asymmetric forces onset are
functions of the forebody length, finencss ratio, and nose apex angle., These forces
can be virtually neglible, 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 16” to 68°. The consider-
able side forces and yawing moments are immediately obvious, beginning at an angle
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of attack of about 24°, 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 component 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 Cn, 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 11. The normal force data tor the same 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.

CNa- Asymmetric
Cf CNTotal Forebody Force

CNype Basic Aircraft
Normal Force

CNa * CNp = CNotal but
CN, and Cyy, are indeterminable

Figure 12. Idealized Forebody Force System
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The discussions so far has been confined to the low speed 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

"l Mack number, separation is induced by shock/boundary layer interactions, resulting
in a more symmetrical separation pattern. Data in Reference 2 indicates that if the

R

| 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 arca 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 further
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°, ﬂ
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 comparisons between the vertical }
tail-off wing/body data and data for the isolated nose section. Thesc data are shown l

in Figure 16, Again with the aid of flow visualization, the favorable stability i
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
instrumental in producing the stabilizing yawing moments at high angles of attack.

2. "'Stall/Spin Problems of Military Aircraft" Agard CP-199, November 1975
3. Chambers, 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
Character;stics o;‘ a Twin-Jet'Flghter’ 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 sideslip. 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 paragraphs.

Mach number effects on the high angle-of-attack nose stability are similar to those at
zero sideslip. 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.
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Figure 16. Nose Effect on Stability




c¢. Poin 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 noge 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 defined as "£." 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 Reference 5 are for a
similar wing body configuration and these data will be also included in the analysis
of nose fineness ratios following.

Although the nose fineness ratio is defined in Figure 17 in terms of the
unobstructed length of the forebody, it is important also to consider the physical
distance between the nose and the C.G. when assessing the effects of changing ¢ /d
values, in particular when investigating yawing moments.

5. Jorgensen, L.H,, and Nelson, E.R. "Experimental Aerodynamic Characteristics
for Slender Bodies with Wings and Tail at Angles of Attack from 0° to 58° and
Macl 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, 0. is defined as the angle embraced by the upper and lower
surfaces of the tip of the forcbody in the profile view. This angle is also defined in

Figure 18.

(d Aerodynamic Parameters

In addition to the usual aerodynamic terms and parameters, which have been presented
earlier in the List of Symbols, some other quantities have to be defined. 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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Ellipticity =h/b

Figure 18. Definition of Nose Ellipticity
and Apex Angle

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

peak

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

Mcf = Mgsina

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

(2) 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 various configurations. Increases in nose length are shown to dramatically




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 with other data for

pointed body configurations with similar apex angles. Also included in Figure 19

are data points from Reference D, where a similar configuration was tested with

1 varying nose length. Although this configuration used circular tangent-ogive forebodies
%i of various length, with corresponding variations in semi-apex angle, the data agree
well with the trends established by the Northrop data.

The magnitude of the asymmetric yawing moments at zero sideslip lcno l peak in the
angle-of-attack range between 40' and 50° are shown in Figure 19 as a function

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 Cnol peak values
may not be the most suitable scheme. For two aircraft with approximately the same 1
body lengths but varying wing areas, different Cno values can be obtained simply

by using wing area as a non-dimensionalizing factor, whereas the actual forces may

be equal. A more consistent trend might be shown if the nose forces could be non-

dimensionalized with respect to a more meaningful Iength such as nose diameter.

Figure 20 presents data for the F-5E/F taken from References 48, 54, and 55 of Vol- ﬂ
une II. This shows the effect 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 II
O F-5F Ref 54, Voiume II
A F-5E Ref 55, Volume II

Onset Angle = Sn
Circular Forebodies
Ref 2 (Chapman)

.——-—O

-0
@ —— Eliiptic Tangent Ogives
'/ Ref 2 (Chapman)
A _A A Il 3
0 20 40 60 80 100

Nose Apex Angle 8, ~ Degs

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
moments 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 exceeds a sonic value,

Chapman et al in Reference 2 reports that if the cross Mach number Mcyp)

exceeds = 0.5, then the asymmetric forces are no longer present. The angles of
attack and free stream Mach numbers to produce “iis 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 & O F-5E Ref 58, Vol.
[ / Q F-5F Ref 58, Vol.
@ Ref 5
40 b
Onset Angle
of Attack-Deg
20 b
o s A 2
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 destabilizing

effect is noted. Figure 22 below shows the incremental loss of low angle of
attack directional ctability between the F-5E and the F-5F. The F-5F forebody is
42,5 inches longer than the forebody of the F~-5E. The figure also shows that the
loss in stability 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.

e 001 r
Aan O Al/d=1.2
Ref 58,
- 002 r Volume II
N " o
o A A _A A )
2 4 8 8 1.0712
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 forebody length.
Further discussion of this topic will be continued in a following section, where the
effects 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 axis horizontal or vertical, circular and quasi-circular sections and triangular
with rounded corners. Sketches of these various configurations are contained in
Volume II. 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 60' . For clarity, 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 unstab‘ie 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
post-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

PO TR UL AR YU

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
Attack

Cc
"8
Figure 24. Trends in Directional Stability




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

AOA

0 .4 .8 1.2
Mach Number

Figure 25. Directional Stability, F-5F

The lower boundary where the aircraft's directional stability is reversed is generally
around 20° 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 , effect exists (nose down) but above 30° angle of attack the opposite effect exists,

| and an unstable Cy, B 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 C,, a are shown. Data from
References 16 and 23, for tall elliptic noses, are also shown in Figure 2€,

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 C_ _ and a unfavorable C mg’ a tall

ng
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
forebedy 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 increases 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, @ relative
to the horizontal is calculated from

Thus, for high values of sideslip the force vector approaches 90", or points in an
upward direction.

6~ Degs
100 ¢

Sideslip Angle g ~ degs

Figure 28. F-5F ForceOVector Rotation With
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 sideslip. 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 ratio, altering the nose vortex system.
In addition a vortex pat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>