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ABSTRACT

A wind-tunnel investigation of concepts to improve the hiéh ang1e—of-3itack
stability and control characteristjcs of a high performance aircraft has been
conducted. The effect of vertical tail geometry on stabiTity and the effec-
tiveness of several conventional and unusual control concepts has been deter-"
mined. These results were obtained over a large angle-of-attack range. It was
found that vertical tail location, cant angle and leading edge sweep could
influence both longitudinal and Tateral-directiconal stability. The control con-
cepts tested were found to be effective and to provide control into the post-

stall angle-of-attack region.

ii



ACKNOWLEDGEMENTS

The author wishes to thank the National Aeronautics and Space Administration
for providing the opportunity to perform this research, prepare this thesis, and
complete all the other requirements for this degree. The author is grateful to
Professor John P. Campbell who acted as academic and thesis advisor. His
guidance and encouragement have been instrumental in the successful completion
of my degree program. 1 would also like to thank Mr. Joseph L. Johnson for his
guidance throughout this test program, Ms Jennifer D. Irby for her speedy
preparation of this document and Mr, Stanley H. Husch for his exceptibnal work
in preparing the figures contained herein. Special thanks also go to Mr. Mark
A. Croom and Mr. Luat T. Nguyen for their helpful insights in analyzing and

interpreting the results presented in this thesis.



TABLE OF CONTENTS

Page.
TITLE e e ettt en et e e e e e e e e e e e e e e e e e e i
ABSTRACT + + v v vt eenn et eem e e e e n e e e e e e e e ee e e et e e aeeanes i
ACKNOWLEDGEMENTS + + « v v eee e eeneeeneeeaeeenneeannen e eenaeiraseirns i1
TABLE OF CONTENTS .« v e ennesenntennaenneesnneeaneenneeannseeaneenness iv
LIST OF TABLES. .. vuvunennennnnennennennennneenennnn eV
LIST OF FIGURES..uuveeuveennn. R O vi
LIST OF SYMBOLS +nnvtaneeennseeneeeneeenneenneeenseeaaneennneanns . ovidd
Chapter |
T INTRODUCTION. «veetnneennnenneennneann. e e 1
I1 MODEL AND APPARATUS. . v eenneenneenneeaneerneeeaneennerenns 3
1T WIND TUNNEL TESTS.urvnomnernneeanneennnn. SRR 4
IV ANALYSIS TECHNIQUES. - ennneeennneenannssn e 5
V' RESULTS AND DISCUSSION . nnenneenneennneanneesaneenaneann. g
VI SUMMARY OF RESULTS. . .ureenneeennneeeenneeennnneeeanneeeanns 20
REFERENCES .+ v vae et ee e et e sen e e e eaa e e an e e e e 22
TABLES -+ e vt e ee e e et et e e e e e e e e e e s 23
FLBURES + v e en e e eeneesnaeee e e e e e e e e e e e e e e e e 25

v



1.

LIST OF TABLES

Mass and geometric characteristics of airplane......... ceeenenis 23



~ [«)] o L] W [a]
. . . . . .

Yo B e o]

10.
il.

12.
13.
14.

15.

16.
17.

18.
19.

20.

LIST OF FIGURES

Page
Effect of improved control power on maneuverability .....:c.civenann 25
Effect of improved control power on configuration optimization ..... 25
Sketch of basic model configuration.......vvvvinvinensnens eesaracais 26
FOrenouy geOMeLrY...vvieerrcorsssnscserasransascee ceissreansea ceevens 27
Vertical tail geometry.....covivenvinrnnincennannns teseteraesrennse ve. 28
Longitudinal and luteral control surfaces..... veenee teererareesecons 29
Horizontal tail and canard positions.....vcvveevnveoenvicencannosses 30
Photograph of model in 12-Foot Low-Speed Tunnel..... TR P 31
Definition of body axes system......ieevvvocnsas ceseneis errereseanns 32

Effect of vertical tail geometry on Jongitudinal characteristics.... 33

Effect of vertical tail geometry on lateral-directional
CharacteristiCS e e errsonnorieniennooonsnesrsnrarensassnansarasssans 34

Effect of vertical t+il sweep on lYongitudinal characteristics....... 35
Effect of vertical tail sweep on lateral-directional characteristics 36

Effect of vertical tail spanwise location on longitudinal
characteristiCs. i it iiiirienieisnnneerionsnesasasnnes vereenans sesensn 37

Effect of vertical tail spanwice location on lateral-directional
characteristiCSee e ernivercanenannns Chesesesresteteantinriaoeneas 38

Effect of vertical tail cant angle on longitudinal characteristics . 39

Effect of vertical tail cant angle on lateral-directional

characteristics.cveivvrsonras et iiatesasans hesacssressssesas 49
Effect of leading edge flaps on longitudinal characteristics........ 4]
Effect of scheduled leading edge flapS..veveviernvrvnvnrenssiercrenn 42

a. Longitudinal characteristics
b. Lateral-directional characteristics

Trailing edge extension flap effectiveness......iiieieiiniinnennnns 43

a. Slotted flap
b. Plain flap

vi



21.
22.
23.
24.
25.
26.
21.
28.
29.
30.
31.
32.
33.
3.

35.

Effectiveness of ailerons for pitch control......... ........ P 44
Horizontal tail effectiveness....cvevineriiierirneiinecnnnoness veees. 85
Effect of canard fairing on longitudinal characteristics.....ccc... - 46
Effect of canard fairing on lateral-directional characteristics..... 47

Effect of canard deflection on lateral-directional characteristics.. 49
Canard effectiveness...covnereiecessacnnss L LT TR T T R PR PP 49
Centerline vertical tail effectivenessS.....ceeecees Ceerees seeessesss 50

Effect of rudder hingeline sweep on rudder effectiveness. §p = =30°..51

Tip rudder effeCtiveneses. . ou.eereeeenrerereeanrorcenorsnasannscnnsos 52
Effect of aileron geometry on roll control. &3 = -20°..... eresans .. 53
Effectiveness of wing tip deflection for roll control..... vesmanas .. 54
Departure resistance of test configuration.......cvvinunvinnennnenss 55
Effect of ARI gain on control respOense..vveieeecicrtcecrcernanunnass 56
Maneuverability comparison to current aircraft. .. viicierineroancass 57

a. Pitch rate acceleration
b. Yaw rate acceleration
c. Roll rate acceleration

Effect of inertia coupling on maximum roll rate....veeevevecnsananes 58

vii



-aspect ratio

wing span, ft

LIST OF SYMBOLS

1ift coefficient, Lift/qs

rolling-moment coefficient, Rolling moment/aSb
pitching-moment coefficient, Pitching moment/ase
yawing-moment coefficient, Yawing moment/aSb

side-force coefficient, Side force/as

mean aerodynamic chord, ft

mass moments of inertia about Xp, Yp, Zp body axes, slugs- ft2

mach number

aircraft mass, slugs

angular veloctiy about the Xp, Y,, and Zy body axes, deg/sec
roll rate about the velocity vector, dea/seg

angular acceleration about the Xy, Y,, and Z body axes, deg/sec?
freestream dynamic pressure, 1bs/ftZ

wing area, ft2

Laplace transfo m variable

linear velocities along the Xy, Yp, Zp body axes, ft/sec
‘freestream velocity, ft/sec

body axes

span ordinate, ft

nondimensional semispan location

angle of attack, deg |

angle of sides]ép, deg

viii



ACy incremental rolling moment coefficient

4Cp incremental yawing moment coefficient

ACy incremental side force coefficient

65 aileron deflection, deg

5CL' centerline vertical téil deflection, deg

8¢ canard deflection, deg

oF trailing edge extension flap def]ection; deg

of leading edge flap deflection, deg

oh horizontal tail deflection, deg

op rudder deflection, deg

8na aft swept tail rudder deflection, deg
bpf forward swept tail rudder deflection, deg

Spt tip rudder deflection, deg

St wing tip deflection, deg

A root of characteristic equation

9 aircraft roll attitude, deg

P air density, slugs/ft3

Stability derivatives

oC, 9 ac, . 9
Cop = & Cep = ‘s Cag - _Eﬁ Ceog = _Eﬁ
apb alrb ap 4d,4
2v 2V
a
Cmée = ..a—(-:_”.‘ Cnp = i(in Cnr = Cn Cnd = aCf'l
9dg pb afb Tas
2V 2v
c 3C aC 9C 4
n°." = ‘_“Q‘ CY = -—-——Y—- CY" = Y CY = ___C_!
9or B-EQ af_b 9p
2v 2v

ix

Ce
Op

cn()a

i



Subscripts

18 inboard
MB midboard

08 outboard



CHAPTER 1
INTRODUCTION

The emphasis on sustained,nonafterburniﬁg supersonic cruise makes aircréftk
with high-fineness-ratio fuselages, low-aspect-ratic, highly-swept wings and
high]y-integrated_contfol surfaces attractive because of low cruise drag
(ﬁeference 1). These same features, however, make the aircraft more susceptible
to the development and sudden breakdown of strong vortical flowfieids ét ahgles>
of attack and speeds encountered during maneuvering. This is especially true
above 15° angle of attack where the vortical flowfields can produce wonlineari-
ties and regions of unstable behavior in the longitudinal, lateral ana direc-
tional aerodynamics. In addition strong spanwise flowfields arise which reduce
the effectiveness of conventional control devices. Such aerodynami¢ charac=
teristics complicate control system design especially fer Qnstable aircraft
Awhere powerful control surfaces are the key to a successful actiye flight
control system.

As illustratad conceptually in figure 1, maneuverability decreases with
increasing angle of attack such that very little capability is avaiTable at and
above the stall. On some configurations, limiters are imposed to aQoid suscep-
tibility to loss of control'and spins. Proyiding controls that maintain a high
level of éffectiveness will allow future high performance aircraft to exp]éit a
much larger ang]e-of—&ttatk envelope, including brief excursions into post stall
flight conﬁitions. A major potential payoff is configuration optimization
flexibility which results from the fact that the high Ieyels of control effec-
tiveness combined with appfOpriate control. laws and f]y-byﬁaite technalogy will
allow increased reliance cn'stapf]ity and control augmentation. rThis wij]»allow
the designer greater freedom in optimizing the configuration to meet other
requirements such as minimum drag at cruise conditions (figure 2). Typically,
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designs that‘have originaily been optimized for supersonic cruise performance
have had to be modified to obtain acceptable low-speed characteristics at the
expense of cruise performance (Reference 2). Advanced controls technology can
minimize this required compromise in future high performance aircraft.

As part of a NASA Langley Research Center Flight Dynamics Branch and McDon-
nell Aircraft Company cooperative research program, an investigation of advanced
control concepts for high performance aircraft applications has been pertormed.
The primary objectives were: (1) to develop aerodynamic control devices that
maintain desired level of effectiveness throughout the maneuvering‘angle—of;
attack range, including stall and post-stall conditions; and (2) to study the
impact that these advances will have on afrcraft maneuverability and the assc-
ciated flight dynamics. The generic configuration of this study has emérged
from a number of studies aimed at developing design quidelines for providing
efficient supersonic cruise, transonic mancuvering capability comparable %o
current high performance aircraft and gsod lgw-speed/high angle-of-attack stabi-
lity and control (Reference 3). This thesis presents the results of the latest
phase of tnis group of studies to develop and evaluate conventional and unusual
control concepts for advanced aircraft. This work includes an evaiuation of the
effects of tail geometry on stability as well as an evaluatioﬁ of control effec-
tiveness. Comparisons of maneuverability with a highly-maneuverable aircraft
are also presented..

The test program was conducted in the Langley Research Center's 12-Foot
Low-Speed Wind Tunnel using a strut supported scale model of the generic con-
figuration. Data were taken cver a large angle-of-attack range at several

sideslip angies.



CHAPTER 2
MODEL AND APPARATUS

o

The basic model and its subport system are shown in figure 3. Details of
the model forebddy, vertical tails, control surfaces, and horizontal tails and
canards are shown in figures 4, 5, 6, and 7, respectively. The arro.: wing had a
65° swept 1gading edge with an aspect ratio of 1.95. The wings, tails and
canards all had thin flat-plate cross-sections (for simplicity) wfth beveled
leading and trailing edges. The wing leading edge was divided into three flap
segments and the trailing edge had two different f]ap/ai1eron‘cohfigurations‘
along with flaps on the inboard trailing edge extension. "It was also possible
to deflect the wing tips as ailerons. The trailing edge extension was removable
and could be replaced by horizontal tails. The fuselage could alsc be adapted
to use canards. The model could be configured with three different vertical
tail arrangements: forward and aft swept twin tails {mounted on ‘the trailing
edge extensions) and a single centerline tail. The vertical tails a1;o had
several fore and aft positions as well as the ability to cant either inboard or
outboard. The fuselage, with flow through ducts, Qas strut mounted to minimize
unfaverable effects on vortex bursting as described in Reference 4.

Force and momenﬁ data were obtained using a six component étrain~gage
balance mounted inside the’model fuselage. The voltage outputs of the
strain-gage balance wére‘converted to digital signals by a NEFF 620
amplifier/multiplexor. The NEFF 620 provideé tha requiredAsignaY processing for
use with the HP-98458 microcowputer used for data reduction and storage. The
data acquisition systeﬁ sampled each baiance output 100 times over 10 seconds
and averaged the.data. Nonédimensioﬁa1 coefficients were then calculated and

stored on magnetic discs.



CHAPTER 3
WIND TUNNEL TESTS

Static force tests were conducted in the Langley Research Center's 12-Foot
Low Spced Wind Tunnel. A photograph of the model in the test section is presented
in figure 8. The tests were conducted at a freestream dynamic pressure of 4 psf
(M =.05) which corresponds to a Reynolds number of 0.62 x 10 based on wing
mean aerodynamic chord. Data were obtained over an angle of attack range from
0° to 60° at angles of sideslip of 0G° and #5°. No corrections for base drag or
wall effects were made to the data. Flow angularity corrections were inade for
both angle of attack and angle of sideslip.

In the first part of the test program, studies were made of the effect of
spanwise location for the aft swept tails and tail cant {from 30° inboard ts 30°
~ outboard) for the forward and aft swept twin vertical tails. Once an optimum
cant ang]é was obtained, rudder effectiveness was determined. An all moving
centerline tail was also investigated. Various pitch control devices were exa-
mined including horizontal tails, canards, trailing edge extension flaps and
ailerons deflected symmetrically. Two types of ailerons were investigated:
unswept hingeline ailerons and constant chord ailerons. Deflected wing tips
were also investigated for roll control.

A1l data were initially obtaired about the body axes (figure 9). All
Tateral-directional data are presented about the body axes, but all the longitw

dinal data are presented about the stability axes.



CHAPTER 4
ANALYSIS TECHNIQUES

A calculated parameter which is useful for the analysis of ﬁigh angle-of-

attack lateral-directional stability is C"s dyn (Reference 5), defined as

c Cn

- L 3
g €OS a Té-cls sin o (1)

n =
3,dyn "

Negative values of this parameter indicate a susceptibility to a divergence
(nose slicel. This term is derived from one of the coefficients of the lateral

open-1oop characteristic equation in which A, B, C, D and £ are constants,

4

At e gl e 0l

+ D+ E=0 (1)

This equation will have unstable roots if any of the coefficients or Routh's
discriminant (BDC - ADZ - BZE) becomes negative. In particular, if the C-
coefficient becomes negative a directional divergence usually occurs.

Neglecting the products of inertia the C-coefficient is given by:
C = u{‘Kl Cyr Cns + Kl Cnr Cys + 4U Kl Cns CO0sS at Kz C;‘p (2)
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Neglecting products of derivatives (which in general are <«<1)
S = 4u2 {K]_Cng €0s a- KZCR'S sin a 1 (3)

gy removing the common terms and dividing equation 3 oy sy, <3075 1 03

obtained. Normally, this equation is reduced further by assuming cos « = 1, but
for this study the cosine term was retained for exactness because of the large
angles of attack involved. The work in Reference 6 has shown that these assump-
tions have very little effect on the results.

Another type of divergence results when lateral control response to pilot
inputs is reversed. In this case, the lateral control divergence parameter

(LCDP) is used. This parameter is derived from an approximation of the s/68,

transfer function Reference 7)

b
Sa (D12 (s)
C/
where f{s) is the approximated lateral open-loop characteristic equation.
For this derivation only the steady state terms (f(o)) are considered.
For normal roll response, /83 < 0. Since CYsa is generally <<l it can be
neglected and the transfer function becomes
C Ch - Ceo C 5)
j;. 25a n3 ZSA nﬁﬁ (
Sa (E)Zf(o)
C/

Multiplying by(%)zf(o) (a pusitive value) equation 5 reduces to

e
o

e Cosa Cny - Cog C"Ga <0
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For almost all configurations the control derivative Coea is negative, therefore

dividing by it will reverse the inequality and yield the final result

Cn
LCOP = Cn €, _%a

B.; 2 .
ba (6)
where positive values indicate normal response to roll control and negative

values indicate a reversed response. If an aileron-rudder interconnect (ARI)

system is used then equation 6 becomes

¢ K Cp
LCOP = Cn_ - Cyg Nga * Sp (7)

M.

Cogq * K C

Lsr
where K is the ARI gain.

The equations used for calculating g, r, and p come from the mement
equations of the equations of motion. By neglecting all of the rate terms and
assuming that the moments are genmerated entirely by control deflection, the

following relationships can be obtained:

".498¢ ¢ (8)

q = m6 . Ge
Iy e

;-‘=.§.._§_b Cn&. . 8p (9)
Iz

b = E%ELE. Cogp + a (10)
X

Because of inertia coupling the maximum roll rate (about the stability axis)
allowable is determined by the amount of available pitch contrel. When rolling
about the velocity vector, especially at high angles-of-attack, a typically

fuselage-heavy fighter aircraft will experience a nose-ip pitching moment



(Reference 8). For an aircraft symmetrical about the X-Z plane, and if again the
assumption is made that the only source of pitching moment is from control

deflection, the steady state pitching moment equation becomes

(1, - I,)pr+qSc Cngo = s =0 (11)
Substituting
P = pg COS a (12)
and
r=pg sina (13)

inte equation 11 gives

(I - Ix) p° cos a sin 2+ 3§ ¢ Cny, * b= 0 (14)
Using nose-down control deflections it is possible to determine the maximum sta-
bility axis roll rate allowable without incurring an uncontrollable pitch-u p.
This relationship is given by

. - 1/2
Pg = (15)
(I, - 1) sin 2a




CHAPTER 5
RESULTS AND DISCUSSION

Static Stability and Control

Vertical Tail Geometry.- Figure 10 shows the effect of the centerline and

twin tails on longitudinal characteristics. The centerline tail has no effect on
1ift or pitching moment but the twin tails reduce CLyay 2Nd also increase the

magnitude of the pitching moment. Earlier work with a similar configuration
(Reference 1) indicated that this decrease in 1ift and the related increase in
pitching moment were due to early vortex bursting caused by the twin_tails.

A comparison of the effect of the cénterline tail and the twin tails on
Tateral-directional characteristics is made in figure 11. The centerline tail
maintains directional stability (Cp ) until a = 25° and continues to provide a
stabilizing increment until « = 30°. With further increases in angle of attack
the centerline tail is destanilizing. Past o = 50° the stanilizing effects of
the forebody (Reference 1) dominate. The twin tails have a stabilizing effect
throughout the angle-of-attack range tested. Thare is a sharp loss of direc-
tional stability, however, between o = 15° and 20°. Adverse sidewash frqm the
wing leading edge vortex cystem is the most probable cause of this reduced sta-
bility region.

Dihedral EffeCt_('cﬂg) is also affected by the ﬁai] geometry. At low
angles of attack both tail configurations produced an increase in effective
dihedral. Between a = 30° and 50° the centerline tail is-destabi1{zing'because
of the adverse side force on the tail which is well above the aircraft center of
gravity. When this destabii:zing rolling mcment is added to the low stability

caused by asymmetric Vortek bursting on the wing a region of instabili;y results



from a = 35° to 40°. The twin vertical tails force the wing vortices to burst
symmetrically, which greatly increases the effective dihedral betwesn q = 25°
and 40°,

A compariscn of the longitudinal characteristics for the aft and forward
swept twin tails is made in figure 12. The forward swept tails had a slight
effect on 1ift between o = 16° and 19° causing a more abrupt break in the
pitching moment curve. The longitudinal position of the forward swept tail had
very little effect on either 1ift or pitching moment.

Figure 13 shows the effect of forward and aft swept vertical tiails on
Tateral-directional characteristics. The forward swept tails show improvement
in directional stability over the aft swept tails in the region from a = 15° to
20°. Above o = 20°, however, the aft swept tails provide much more directional
stability. With the forward swept tails in the aft positicn {this poesition
gives the forward swept tails approximately the same tail volume as the aft
swept tails) directional stability is increased\to match the aft swept taiis at
the lower angles of attack. Laterally, all three configurations maintain ade-
quate levels of stability with minimal differences between them except between a
= 10° and 20° where the aft swept tails exhibits less effective dihedral.

The affect of spanwise locétion of the twin verticai tails on lengitudinal
and lateral-directional characteristics was also investigated and the results
are shown in figures 14 and 15, respectively. For both positions the trailing
edge extension was removed and the aft swept tails used. The 1ift curve showed
‘no change except for a slight increase in maximum 1ift for the outboard tail
position. This position also caused the pitchup to occur 2° earlier than the
inboard position (a = 12°). Spénwise location of the vertical tails had no

effect on dihedral. There was an improvement, however, in directional stability

- 10 -



by moving the tails outboard. Directional stability is maintained with the out-
board tails through the region from o = 15° to 25° where the inboard tails exhi-
bit a reduction in stability.

Of all the vertical tail parameters varied, tail cant angle had the most
impact on both the longitudinal and lateral-directional characteristics. The
Tongitudinal characteristics are presented in figure 16. Cant angle has little
effect on 1ift with the exception of the 30° ocutboard cant. This configuration
exhibited an increase in maximum 1ift. This can be attributed to the additional
1ifting surface created with surh an extreme outboard cant. Vertical tail cant
angle also had a noticeable effect on the pitching moment. For ail cases the
initial pitch-up occurred at about a = 8°. Both the inboard and outboard 30°
cants affected pitching moment more than either 15° cant. The 30° outboard cant
increased the severity of the pitch-ip-and caused a stable pitching moment siope

o9

past « =.15°. The 30° inboard canf, hbwever, decreased the pitchwup but delayed
a stable pitching moment slope until « = 20° as did the other configurations.

In Reference 1, which showed this same trend, it was found that the cant angle,
not the spanwise location of the vertical tail tip, affected the pitching moment
characteristics. Extensive flow visualization studies will L needed to fully .
understand the fluid mechanics involved.

Figqure 17 shows the effect of vertical tail cant angle on the lateral-
directional stahility gf this configuration. Below 14° angle of attack, cant
angle has little effect on directional stability. Past o = 14°, canting the
tails outboard, much like moving the vertical tails spanwise more outboard,
increased directional stability. Effective dihedral was alsc increased, showing
the same trends as shown by the tests of Reference 1. Cantirj the tails inboard

had the opposite effect. That is both lateral and directional stability were

- 11 -



decreased. Since in sideslip the wihdward wing vortex moves more inboard it is
not surbrising that inboard canting of the tails places the vertical tails in an
unfavorable flow field.

Leéding Edge Flaps.- The deflection of a three—ségmented leading edge flap

was investigated primarily to reduce the pitch-up tendencies. Figure 138 shows
the pitching moment data for the various flap settings tested. For all con-
figurations, the static margin increased at low angles of attack, and the pitch-
up was delayed and the severity of the pitch-up reduced. The data indicate that
the inboard-most section of flap contributes most to this improvement in
pitching moment characteristics apparently by reducing the strength of the wing
vortex. The data of figure 19 indicate thét by scheduling the leading edge
flaps (that is, using a different flap deflection at each angle of attack) it is
possible to reduce the severity of the pitch-up significaétly without sacrie
ficing directional stabiTiﬁy. Decreasing the severity of the pitchwp by sche-
duling flap deflection would reduce the amount of nose-dbwn control needed between
o = 8° to 15° and allow the clean configuration to be flown in the angle-of-
attack range used for supersonic cruise flight (a * ~ 6°).

Longitudinal Control.- Fcur methods for obta.ning adequate pitch control

were tested: fiaps on the trailing edge extensions, use of the ailerons as
flaps, horizontal tails, and canards. The data on these configurations are pre-
sented in figures 20 through 26.

The trailing edge extension could utiiize either a plain fiap or a siotted
flap, both capable of deflecting up and down. Figure 20 (a) shows the control
power available for the slotte¢ flap while figure 20 (b)) shows the same data for
the plain flap. The two concepts provide the same amount of nose-up pitching

moment, allowing the configuration to be trimmed to about 40° angle of attack.

- 12 -



The plain flap, however, provides slightly more nose-down moment than the
slotted flap at the lower angles of attack and maintains this advantage until
Clmax-

lue use of ailerons deflected symmetrically was investigated as a primary
source of pitch control and also as an augmentation of the trailing edge éxtension
flaps. The data of figure 21 show that the ailerons produce a little more than
half the pitching moment that the plain trailing edge extension flap produced.
This coupled with rapid loss in effectiveness past a = 15° makes the ailerons
unacceptable for primary pitch control. However, in conjunction with the flaps,
the ailerons increase the available pitch power in the lower anglé-of— attack
range where additional pitch control was needed. The ailerons aiso extended
the trim angle of attack to 42°, approximately 7° beyond the stall.

By removing the trailing edge extensions, it is possible to add horizontal
tails to the configuration. A clear benefit of the horizontal tail con-
figuration 's that it reduces the severity of the pitch-up around « = 15°
(figure 22). The available control power using the horizontal tail is com-
parabie to that of the flap-aileron combination and the maximum trim angle of
attack is increased to 44°. Unfortunately, on this configuration the use of
horizontal tails requires either fuselage mounted twin vertical tails or a
single centerline vertical tail, both of which have poor lateral-directional
stability characteristics (Reference 1}).

The use of canards require& the addition of a fairing along the upper sur-
face of the inlet area. The effects of this fairing on the longitudinal and
Tateral-directicnal characteristics were examined before the canards-were added,

The longitudinal data (figure 23) show a slight increase in Vift around Cpy,y,

but a much greater change in pitching moment. The addition of the fairing

- 13 -



decreases longitudinal stability below « = 12°, delays the stable break in the
pitching moment curve to a higher angle of attack (« = 38°) and increases the
noseu p pitching moment considerably. All of these results are undesirable,
making adequate nose-down control a problem and high angle-of-attack stability
poor. The fairing had far less effect on lateral-directional stability (figure
24). Directional stability is unchanged and efféctive dihedral is actually
increased in some regions,

Figure 25 s hows that when the canards are deflected to -40° to produce a
nose-down moment, C"B becomes negative at a lower angle of attack than for a 0°
deflection. While there is some effect on CQB, the changes are not significant.
The data of figure 26 indicate that even with a deflection of -40° the canard is
unabie to produce a nose-down moment past « = 12°.

Directional control.- Adequate rudder power, especially at high angles of

attack, is always a concern with high performance aircraft. Four concepts for
directional control were evailuatzd as part of this investigation: an all moving
centerliine tail, a conventional rudder, a rudder with a forward swept hinge
1ine, and tip rudders. The work of Reference 9 has shown these last two con-
cepts to be verv effective at high angles of attack.

The all moving centerline tail, as was expected, was extremely powerful at
Tow angTes of attack {figure 27) with more than adequate yaw control from 10°
of deflection., More yawing moment can be generated with a 30° deflection, but
the effectiveness drops'off sharply past o = 25° as the tail becomes shielded by
the wing and fuselage. For angles of attack =bove 30° the larger deflection
provides only as much yawing moment as the 10° deflection. All rudder power
with efther deflection is lost by a = 45°.

A comparison of the conventional rudder on the aft swept tail and the
forward swept rudder on the forward swept tail is presented in figure 28. The
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forward position of forward swept tail (FST) coincided with the position of the
aft swept tail (AST) while the rearward position of the FST was designed to have
approximately the same tail volume as the AST. The difference in the magnitude
of rudder power between the AST and the FST is a result of the larger rudder
area of the FST. The conventional rudder starts to lose effectiveness at « =
15° because the flow becomes increasingly parallel to the rudder hingeiine until
by a = 40° all ruddgr power is lost. The forward swept rudders, however, are
designed to keep the flow more perpendicular to the rudder hingeline at high
angles of attack and are therefore able to maintain adequate dirsctional control
well past Cryay-

Tip rudders (figure 5} were also studied for obtainihg high angle-of-attack
directional control. As angle of attack increases the hingeliﬁe of the tip rud-
ders becomes more perpendicular to the freestream, As a result of this, the tip
rudders start to betome effective at o = 15° (figure 2%} as the rudder on the
AST starts to lose its effectiveness., The %ips rudders maintain good yaw
control until the stall where, like the FST rudders, effectiveness is reduced.
With a. larger rudder on the AST, it should be pussible to achieve good levels of
yaw control by using the AST rudders and the tip rudders in conjunction with
each other.

Lateral Control.- Two basic concepts were evaluated for roll control:

aileron§ and deflectable wing tips. Both constant chord ailerons and ailerons
wWith unswept hingeiiﬁes Qere tested and the results are presented in figure 30.
There is very little difference between the tws concepts. Both start losing
effec;iveness past a = 15° because of Span#ise flow on the wing, and by o = 30°
neither are very effective. ‘'ip until this point, however, the constant chord

ailerons supply slightly more rolling moment.
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In order to take advantage of the spanwise flow on the wing, deflectable
wing tips with a hingeline that is about 45° to the wing chord were tested. Below
a= 20° these deflectable wing tips provided slightly less rolling moment than the
constant chord ailerons {figure 31). After a small drop in effectivenes<c just
past a = 20°, however, the deflectable wing tips maintain an‘a1most constant amount
of roll control to an angle of attack of 60° while the ailerons continue to lose
effectiveness. By combining these two concepts it is possible to provide suf-

ficient rolling moment throughout the angle-of-attack range.

Estimated Flight Dynamics

The last three sections of this chapter deal with the flight dynamics and
maneuverability predicted using the static data. The configuration uﬁed to obtain
these results was the forward swept tails using both ailerurs and trailing edge
extension flaps for pitch control and both ailerons and deflectable wing tips
for roll control (table 1}. Data on the current aircraft used for comparison of
maneuverability were obtained from Reference 10,

Departure Resistance.- The data of tigure 32 show that this configuration

should be very resistant to yaw departur - (ncse slice). Positive values cf

C”B dyn are maintained throughout the angle-of-attack range tested. In general,

C"s,dyn becomes more positive with increasing angle of attack except between

« = 16° and 24° and in the post-stall region (« > 35°}. Even though Cng s negs-
tive or very small for this configuration between o = 20° and 46°, the stable
values of Cpq from o = 0° to 60° should be enough to prevent a nose slice from

occurring.
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Control Reversal.- When adverse yawing moment due to aileron deflection

becomes too high, too much sideslip is generated and control response to a
pitot roll input will be reversed. This control reversal is predicted when LCDP
{as defined in Chapter 4) becomes negative. Fgr ailerons only, this con-
figuration will expérience a reversed response to roll inputs past o« = 20°. In
order to prevent this, it is necessary to use rudder deflection to offset the
adverse yaw due to aileron deflection. This can be accomplished manually by the
pilot or by using an aileron-rudder interconnect (ARI) éystem. The ARl system
provides a pruportional amount of yaw control for a given roll input in order to
ensure proper control response. With the proper ARI gain (K = 0.35), correct
response to pilot roll commands can be maintained untilya = 45° (figure 33).

Maneuverability. The maneuverability of an aircraft is generally measured

by how fast it can turn about its three axes. This requires a complete data
base,>such as that used in simulation studies, and knowledge of restrictions
“that could limit the maximum allowable rates and accelerations. A Tess exact
method is to use the equations presented in Chapter 4 to calculate the maximum
rate accelerations that can be commanded using a constant velocity and altitude.
This gives an indication of how fast an aircraft can inifiate a tu?n. Figure 34
presents the rate accelerations that can be commanded for a current highly
maneuverable aircraft (Aircréft A) and the configuration of this study (Aircraft
8).

The pitch rate accele}ation data of figure 34{a} show that below the stall
(both aircraft stall at a = 35°) Adrcraft A can initiate a pitch attitude change
faster than Aircraft 8. Aircraft B, however, is capable of higher pitch rate
acceleration beyond the stali. A]sg, Aircraft B shows little change in pitch

rate acceleration with changing angle of attack. This will provide the pilot
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with virtually the same longitudinal response to his pitch control inputs
throughout this angie-of-attack range.

The results of the yaw rate acceleration calculations are presented in
figure 34{b). The data indicate that Aircraft A is capable of generating hfgher
yaw rate accelerations than Aircraft B thrcughout the angle-of-attack range
tested. A consequence of lower attainable yaw rate acceleration for Aircraft B8
will be lower effectiveness of a stability augmentation system (SAS} in the yaw
axis. Exactly how important this is depends upon the basic airframe static and
dynamic stability characteristics.

Figure 34(c) shows the roll rate acceleration capabilities of the two
éircraft. Aircraft A is capable of initiating a roll rate quicker than Aircraft
B below the stall whereas the opposite is true above the stall. It is common in
the region approaching the stall and above for aircraft with highly swept wings
t0 exhibit wing rock tendencies. The higher r01l rate acceleration capability
of Aircraft B in this angle-of- attack range will allow more effective use of
artificial stabilization to prevent this wing rock.

High performance aircraft, which are typicaliy fuselage heavy, tend to
pitch< p when rolling about the aircraft velocity vector {(stability axes)
because of inertia coupling. This places a limitation on the maximum stability
axes roll rate that can be maintained. This maximum roll rate, as shown in
equation 15, is related to the amount of nose-down longitudinal control power
available to overcome the pitchu p caused by inertia coupling. A detailed
description of inertia coupling can be found in Reference 8. Figure 35 s hows
the results of this evaluation for the test configuration and current aircraft.
gelow the stall, Aircraft A is limited less by inertia coupling than Aircraft 8,

allowing Aircraft A to make quicker rolls about the velocity vector. In the
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post-stall region, however, Aircraft B is able to sustain a higher roll rate

that is almost constant throughout the remainder of the angle-of- attack range.
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CHAPTER 6
SUMMARY OF RESULTS

The results of this investigation to evaluate conventional and unusual
control concepts and to study the effect of tail geometry on stability and

coritrol may be summarized as follows:

1. A twin vertical tail configuration offered the best overa?] stability
characteristics based on static data.

2. It was found that spanwise location and cant angle of the vertical
tails could be used to tailor longitudinal and lateral-directional stability.

3. It was possible to use schedu1in§ of leading edge flaps to reduce the
severity of the pitchu p without sacrificing supersonic cruise performance.

4. A combination of trailing edge extension flaps and symmetric aileron
deflection provided good pitch control past the stall angle of aviack.

5. Rudders on forward swept tails provided the simplest methed of
obtaining high angle-of-attack yaw control. Results also indicate that it
could be possible to achieve the same amount of yaw control with an aft swept
taf] rudder plus a tip rudder. -

6. Deflectable wing tips, which take advantage of wing spanwise flow, were
found to provide goed roll control when used in conjunction witﬁ ailerons.

7; Static stabi]ity levels indicated that the fdrward swept tail con-
figuration should be highly departure resistant.

8. 1t was shown that proper aileron-rudder interconﬁect gains could post-
pone roll control reversal from a = 20° to a = 45°vand prevent a control induced

departure,
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10. Based on attainable rate accelerations and taking into account limita-
tions resulting from inertia coupliny, the maneuverability of the forward swept
tail configuration was close to that of a highly maneuverable aircraft below the

stall and exceeded that of the current aircraft in the post-stall region.
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‘Table I Mass and geometric characteristics of the airplane

Weight(Estimated): a v
ToGw, ‘!bs.“l‘..l.‘Q‘Qib.l‘...l...Ul"l..'....‘.i...'ll.‘l..l‘.‘. 44’000

Moments of lInertia (Estimated): '
L, STUGS = t82. 1 i ussernensseessossssnesoscsssssnsasnssnssseenss 19312
Ly, STUGS = FEZ. e utsrieuneeensnnrensecessneanersncnecnsesnsssss 163899
Lz, STUGS = 12,1 tiruerensrenennosusensssnaosvocnnssnanesasesns 176171

Overall Fuselage Length, fl..eieeces-veereressosoccssassessssasanes 66,67

Wing:
Span’ ft...‘l.“t..'.'....l....'.l.l.'.A...'0.'...‘..'..;..'..'... 36.7

Area, ftoc‘o-t.cntoo-.co'.o-ooonncovcl'-ocl.aooc.t.cto'.t---;nnn 691.9

Mean aerodynamic ChOrd, fl...escessesocvesosscscossvassrsocasesns C3al
ASPECE TAli0ucueevoveretocsoseoserossssssncssasassscsavenanesnacs 1,95
Leading edge SWEEP, UEG.ceeesesosrvnssrasarssssscsrerscrcnssnsssnses DI
Swept Aileron:

Area (0ne 5ide), T2, . v eiuesnronerenacenncsasssonsscensneanaes 15.3
Unswept Aileron: _

Area {one side), ftl, . . . i.iiiicinnrororncarssnnsnsnncennssses 10,1
Deflectable Wingtip:

Area (0ne S1AE), L2, ., i.iueueseenrereconssssncnsssscssnsosonsce 7ub

Aft Swept Vertical Tail: }
TArea (aCh), FtZ, . iiieeeienrenrossnsncescasansacananasossssnnnnes 79,
Span, fluseesivesesososesanssosassesssscssecsonsnasnssssosasnsonae Ju
ROOt chord, ftiveceeserseevonscesosssconsoarscanvasossnsssasnnnsas 14,
Tip chord, fluiuieeresonssesncoonscrserissnsscsnssosvasssnsasesosinse 3

ASpECt ratiO......--......-.....-........q...................-...

1‘
Leading edge sSweepD, deG.icacscsssnssnrrseccccvosscssosvsnsssssosncens DO
Conventional rudder area, FLZ,, .. uveesecseensnsessoarencnssscennee 7
Tip rudder area, ftz,..,......................................... 11

NV OO TN

Forward Swept Vertical Tail:
Area (aCh), FLZ..iuuueeeveeroveersonensernnssconsnsonsnnnonnnnes 83.7

SPAN, fleurisuvsenvstsanensaisnrsssncronsanssssevennonenseseveoese 10,8
ROOL Chord, fl.iieesneoessceruosonnoseorsoossennvensasonssonsanvces L1.2
TIP CNOTA, flauivsneensusarssesonssncesasensonncnserssnnssassnnees 4.8
ASPERCT rBli0ussveessonessorsvstoossonssssnarscocnasossoasossnsess 1429

Leading edge sweep, de0.esrs.vrosevesorsrcoscrseancssssnosssscancs =30
Rudder area, ft2

L R R O R N N N N R N R R AN 18.4
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Table I Concluded

Horizontal Tail {(all moving):
Area (@ach), FZ, . . . .. ..viviineeensnrrrnsasenesesensnncnesenrees B7.67
SPAN, fleuiiieeirensneeaensesasassocasssnscasanssessnanssscssssss 8.67
Aspect ratio.............. Ceeiraesacasasanries sesesresssseressans 1.58
Leading edge sweep, deG...cceveesrorennsvasosnsonsncnsnanssneasss 42,5

Trailing Edge Extension:
Length, ft....veviienevinnn PR £ |
Width, ft..... L Y |
Flap area (ach), Ft2, . .. .. .iirivirenrennreneorernenonsenseonees 23.0

Canard:
Aread, fl.ueieeereiosivootoreresoruoenssaostsseassasaaasassesscsas 8.8
SPAR, Fluiseeiureenonnsncnsaessiosossstssscsscosasassoncrsanssosss 5.98
ROOL Chord, fl. . viieieeieneniocnsnrnanncasosnanssscnssnssnssnssss 1.63
Tip chord, fteueeiieeniiiisioirernsronrcassnncsnssasscnscrassnnseses 2.08
"ASPECE TALT0. . eecnrerescennresnrnrrncasarssnsasesrsnsscasosescnse 1.24
Leading edge sSweep, 9e0.....vreroreerarsosnsscsasvssasssesonnsssensss 50
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Figure 1. Effect of improved control power onmaneuverability,
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Figure 2, Effect of improved control power on configuration
optimization.
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Centerline

11
Rudder-/

L

16,23

291 >

Aft swept twin  Tip
Rudder

" /S
62, 83° Rudder~/ s l
f——12.59
Forward swept twin
- 4,33 All dimensions in inches
I /Rudder
9.40 3@0\,.]

S
——10. 10 -—*-‘-‘

Figure 5. Vertical tail geometry.
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Figure 10, Effect of vertical tail geometry on longitudinal charactieristics.
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Figure 11, Effect of vertical tail geometry on lateral-directional
characteristics.
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Figure 12. Effect of vertical tail sweep on longitudinal characteristics.
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Figure 13, Effect of vertical tail sweep on lateral-directional characteristics.
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Figure 15, Effect of vertical tail spanwise location on lateral-directional
characteristics.
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Figure 16, Effect of vertical tail cant angle on longitudinal characteristics,
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Figure 17, Effect of vertical tail cant angle on lateral-directional
characteristics. ‘
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Figure 18, Effect of leading edge flaps on longitudinal characteristics,
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b, Lateral-diractional characteristics
Figure 19,- Concluged
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Figure 20. Trailing edge extension flap effectiveness.
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Figure 21, Effectiveness of ailerons for pitch control,
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Figure 22, rorizontal tail effectiveness,
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Figure 23, Effect of canard fai~ing on longitudinal characteristics.
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Figure 24. Effect of canard fairing on lateral-directional characteristics.,
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Figure 29,. Tip rudder effectiveneses.
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Figure 31, Effectiveness of wing tip deflection for roll control,



05

*uotieJnbljuod 1531 40 25up1S1SaJ adntuedag  *2¢ adnbiy

£sp ‘D
0t - 02 01

1 | 1

uAp .nc



*asuodsad |0Ju0d vo uteb 1xy 30 123343 *gg aJunbiyg

Bar. v
0§ oy 113 174 0t 0
r T T _ 1
= 0
~
N
\
\
AN o | | daon
\ rN |
\ / \
\ / \
\ \\ \ J
//.l\ \ T
\ \
| \ /
18V \, e
/I’\\



*1jeJdodte juadand 03 uostJteduod AL Lqedaanauey ‘¢ 3J4nby4
ugtleJdaadde s1ed Yditd e

fep D

0¢ o0z o1
i { T

N / | //fJ

I

A
| x\\m YRIINY —————

¥ ey
]
e




panuijuoy -‘'pg dJnbt4
. upLiesaianie aed mey  °q

Bep ‘o
0s 1} 0t 02 01

{ i ! J }

LT LTT] p——
v jenily




papniovo) -Tpg dJnbiy
uoiqeJta|adce 21ed |10y 3

CEy
0¢ o ot 02 o
: i

I T




tt

A
=
<

‘ H
\ Aircraft A
———— Ajrcraft B

L

_ ! 1 1 |
0 10 20 30 40 50

Figure 35, Effect of inertia coupling on maximum =oll rate.



