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FLIGHT MEASUREMENTS OF DIRECTIONAT. STABILITY TO A MACH
NUMBER OF 1.48 FOR AN ATRPIANE TESTED WITH THREE
DIFFERENT VERTICAT. TATIL, CONFIGURATIONS

By Hubert M. Drake, Thomas W. Finch, and James R. Peele
SUMMARY

Flight tests have been performed to measure the directional sta-
bility of & fighter-type ailrplane over the Mach number range from Q.72
to 1.48. The tests were made at sltitudes of 40,000 feet and 30,000 feet
and employed three different vertical talls of varylng aspect ratio or
area, or both.

These tests showed that the directionsl stability for all tail con-
figurations increased with an Increase in tail aspect ratio or area, or
both, over the entire Mach number range and decreased with increasing
supersonic Mech number sbove 1.15.

INTRODUCTION

The decrease in directional stability with increasing supersonic
Mach number during flight tests of research alrplanes has been discussed
previously in references 1 to 3. 1In general this decrease results from
the fact that with incressing supersonic Mach number the lift-curve slope
of the vertical teil decresses while the unstable directional moment of
the fuselage remains essentially constant. If the directional stabilility
of the elrplane becomes sufficiently low, deterioration of the dynamic
stability can result (refs. 1 to 3) and, if the directional stabllity
becomes zero, an actual divergence can occur.

With the advent of fighter alrplanes capable of appreciable super-
sonic Mach numbers, the problem of adequate directlonal stabllity at
supersonic speed has become of immediste importance. A fighter alrplane
having a 45° swept wing and supersonic performance capebillities i1s being
utilized for flight research by the NACA High-Speed Flight Station at
Edwards, Calif. During rate-of-roll tests this fighter airplane exhib-
ited violent cross-coupling behavior as reported in reference 4. Tow
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dlrectional stabllity was consildered to have contributed to the wviolence
of the behavior. An Investigation was undertaken, therefore, to deter-~
mine in flight the directional stebility of the airplane. During the
investigation two additionsl vertical tall configurations with increased
area and aspect ratio became avallable and were included in the tests.

Thls paper gives the results of the measurements of directional
stability for these three talls within the Mach number range from 0.72
to about 1..48.

SYMBOLS

A espect ratio
b wing span, ft
c, rolling-moment coefficient, Rouiigbm"ment

CzB airplane effective dihedrsl parameter, SE—, deg
CNA airplane normel-force coefflclent, %g
c yawing-moment coefficient, Yawing moment

n q_s'b

aCn _1’

CnB airplane directional stability parameter, B deg
c chord, ft

¢ mean serodynemic chord, ft
F3 acceleration due to gravity, ft/sec2
hP gltitude, ft

IX moment of inertia about X-axis, slug-ft2

Iy moment of inertia about Y-axis, slug-ft<

Iz moment of inertia about Z-axis, slug—ft2

3
«
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n

product of inertis, slug-ft2

angle of teil incidence measured from line parallel to longi-
tudinal axis of alrplane, deg

Mach number

load factor, g units

period of lateral oscillation, sec
rolling angular veloecity, redians/sec
dynamic pressure, 1b/sq £t

pitching angular velocity, radiens/sec
yewing angular velocity, radians/sec
wing ares, F£2

time to damp to half smplitude of lateral oscillation, sec
time, sec

weight, 1b

indicated angle of attack, deg
indicated angle of sideslip, deg

total sileron deflection, deg

rudder deflection, deg

sweepback at 0.25 chord, deg

taper ratio

ATRPTANE AND INSTRUMENTATION

The sirplane utilized in this investigation is a fighter type with

a single turbojet engine and a low swept wing and tail. A three-view
drawing of the airplane with the originsl vertlcal tail is shown in



figure 1.

The tests utilized three vertical teils characterized by differing

areas and aspect ratios as follows:

Figure 2 presents a photograph of the airplane.
and mass characteristics of the airplane are given in table 1.

Area, sq ft Aspect ratio
Tall A 33.5 1.13
Tail B 3T7.5 1.49
Tail C ho.7 1.49

NACA RM H55G26

The geometric

Drawings of the three talls are shown in figure 3. Figure L pre-
sents a photograph of two airplanes showlng talls A and C. The same
rudder was used with all teils. .

Complete stabllity and control instrumentation was installed for the
flight research reported in this paper.  The angle of attack, angle of
sideslip, airspeed, and altitude were sensed on the nose boom. The Mach
numbers presented are based on a preliminary callbretlon of the airspeed
installation and are considered accurate to £0.02 at subsonic speeds and
to 0.0l at supersonic speeds. The angle of attack and angle of sideslip
are presented as measured.

TESTS AND DATA REDUCTION

Rudder pulses were performed to determine the period and dsmping of
the lateral motlons. The maneuvers were performed by abruptly deflecting
the rudder pedals, returning them to neutral, then holding them fixed.
The stick was held fixed throughout the maneuver. Representative maneu-
vers are presented in time history form in figure 5. Maneuvers were per-
formed in level flight as shown in the following tabulation, except for
the maneuvers at Mach numbers greater than 1.35 which were performed in
dives at altitudes above 33,000 feet.

M Altitude, ft Vertical tail
0.72 to 0.7k 30,000 A, B, and C
0.84 to 1.34 40,000 A
0.78 to 1.39 40, 000 B
0.72 to 1.48 40,000 :
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It was found that the simplified method of determining the value
of the directional stebility parameter Cnﬁ given in reference 5 was

inadequate for this airplane. Therefore, the following expression was
used (see sppendix A for derivation):

2 2
, ' ox 0.693 Iz, xz iz
C = =L - C <L
Ng (P) + (Tl/e ) 57.3a8b Iy lg *o Iy lg

It may be noted that this expression includes the single-degree-of-
freedom relation of reference 5 modlified to include the effects of
demping, product of inertia, and an angle-of-attack term. The expres-
sion gives the value of Cnﬁ as measured sbout the body axis. The

product-of-inertia term is very small since the principal axis is esti-
mated by the manufacturer to be inclined only about 1/20 down at the
nose for an average test welght. TUnpublished wind-tunnel measurements
of ClB for Mach nmumbers up to 1.0 were used in the equation. Since

above M = 1.0 the angles of attack were generally less than 3° and
CZB is quite small, the angle-of-attack term is considered small enough

to be neglected st supersonic speeds.
RESULTS AND DISCUSSION

The time histories of maneuvers at M = 0.74 and et M = 1.38 in
figure 5 were performed with tail B but are represeatative of all three
teils. TIn most cases the pedals and stick were held fixed subsequent to
the pulse; however, small control surface movements did occur. '

Figure 6 shows the measured perlod and damping for the three tall
configurations. These data are presented for an altitude of 40,000 feet
wilth the exception of the points ebove M = 1.35 which, as mentioned
previously, were obtained in dives between 40,000 feet and 33,000 feet.
For any glven tail there is very littlie scatter in the periods measured,
indicating the smell control movements did not unduly influence the
period. The measured damping, however, shows considerable scatter. This
condition refiects the difficulty of measuring the damping and possibly
the effect of the small control motions. For the most part, the periods
show a general decrease with an increase of Mach number at subsonic
speeds and show an almost constant value at supersonic speeds. With each
of the three tall configurations, the measured variation of damping of
the airplane indicates a region of reduced stebility (increased time to
demp) at transonic speeds with less time required to damp to helf ampli-
tude at Mach numbers above and below this region.
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The values of the directlonal stability parameter CnB were com-

puted from the values of P and Tl/2 in figure 6. Figure T presents
the Mach number variation of Cnﬁ determined for each of the tail con-

figurations. The value of Cn|3 increases with increasing taill size as
would be expected from the increase in aspect ratlo or area, or both.

The decrease in C anticipated with increasing supersonic Mach

Ng
number (ref. 2) 1s quite pronounced particularly above M = 1.15. With
tail C, for example, the airplane lost about half its directional sta-
bility between M = 1.15 and M = 1.48. A measure of the improvement
in Cnﬁ (produced by increasing tail areas and aspect ratio} is shown

by the fact that a value of CnB = 0.001 was reached at M = 1.22 with
tail A, but with tall C the value of CnB = 0.001 was not reached until

gbout M = 1.48.

An unpublished value of an = 0.0019 measured in the Langley k4- by

4 -foot supersonic pressure tumnel at M = 1.41 is shown in figure 7.
When this value is corrected for aseroelastlic effects estimated by the
manufacturer (ACnB = -0.00052) and the effect of turning the air flow

et the intake duct (acnﬁ = -0.00025), a value of CnB nearly equlvalent
to that measured in flight is obtained..

The required value of CnB for reasonable handling qualities 1is,

of course, not indicated in these tests but must be determined by the
performance of other maneuvers such as the alleron rolls presented in
reference 4. Thet Cn13 may become very smaell or neutral at hlgh Mach

numbers, however, . indicates that under some conditions poor dynamic sta-
bility may be encountered, as for the Douglas D-558-IT airplane (refs. 1
to 5), or an actual static directional divergence may occur.

CONCLUDING REMARKS

Flight tests of a fighter-type airplane with three different verti-
cal tall configuratlons over the Mach number range from 0.72 to 1.48
indicate, as would be expected, that the directional stability incresased
with an increase in tail aspect ratio or area, or both, over the entire
Mech number range and decreased with increasing supersonic Mach nuamber
for all taill configurations. ' '
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The Mach number at which a wvalue of the directional stebility param-
eter CnB had decreased to 0.001 was increased from a Mach number of 1.22
to a Mach number of 1.48 by increasing the tail area 27 percent and
increasing the tail aspect ratio 32 percent.

High-Speed Flight Station,
* National Advisory Committee for Aeronautics,
Edwards, Calif., July 20, 1955.
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APPENDIX A

DERIVATION OF CnB EQUATTION

The three lateral equations of motlion containing terms pertinent
to the derivation of Cj are written as

. qS
= -r + + 2= C
B r + op - 'YBB
T 2 2 .
. Ixz . gSb gSb gSb .
Tei, Pr vt a1, OngP Y oo, OngP
asSb
p=>=—¢C; 8B
Ix B

Taeking the time derlivative of the é equation assuming o 1s
constant

_ s - g8 .
B=-r+ap+ - CYBB

Substituting and collecting terms gives
B - as oy, - E§EE Che + E§EE Cn |B + asb o _aasb
mv B T2V, "B ovi, °r g T T lB

iz@.czﬁ)ﬁ _o

I7Iy
It is assumed that r = -é and the damping factor, ¢{, 1s equal

_q,_S C - quE C. - .+ ﬂﬁ C

mv Yp T 2VI; B = 2VI; Pr

Therefore
qSb qSb Ixzasb
B - th+ S Cy,|B = 0
Iz U Iy 'p IzIx 'p
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The natural frequency of the oscillation w 1is determined from the

Imaginary part of the roots.

o fasb aqSh Iyz, qSb )
1fe2 - BB o XD o, X2 IS0 4
\ﬁ (Iz " Ix s Tz Ix ) _,

2
Squaring and simplifying
2 2
I T I I
Cn =C.D__Z.+@_&Cz -_XZ'CZ +§___Z
B aqSb Iy "8 Iy B lLgSb

2 2
Inasmuch as o (?5) and §2 = h<%iggz) , substitution and
1/2

rearrangement of terms gives

2 2
_ |f2x 0.693 Iz Iz _Ixz
" KP) ' (Tl/a ) ]qu O T T s

™

where

4G, Jo IR
Oy nf= oy

3 [0

Q
]

O = Side force
y =

. qs
= acY/aB
m mass

dp/dt
or/ot

ke
I

He
|

velocity
op /ot
o°p /ot2

™ e <
1
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TABLE I

PHYSICAY. CHARACTERTSTICS OF ATRPLANE

Wing:

Ajrfoil section . . . .

Total area (including aileron and

by fuselage), sq f& . . . . . .
Span, ft . . . . e e e e
Mean serodynamic chord ft .« ..
Root chord, £f£ . . . « . . . . .
Tip chord, £t . . . . « & . « ¢ .
Teper ratio . . . . . « . . « « .
Aspect ratio . . . « o . o«
Sweep at 0.25 chord line, deg . .
Incidence, deg . . . . - e e .
Dihedral, deg . . . . . « & « . .
Geometric twist, deg . . . . . .
Aileron:

é3:8ﬁ sq.ft co;eéed )

Area rearwsrd of hinge line (each), sqft . . . . ..

Spen at hinge line (each),

Chord rearwerd of hinge line, percent wing chord - .

Travel (each), deg . . . .

Irreversible hydraulic boost and artificial feel

Aerodynamic balance . . . . . . .
Static balance . . . . . . ¢ . .
‘Leading-edge slat:

Span, equivalent, ft . . . . .

Segments . . . . . .

Spanwlse locetilon, iﬁboard end

. NACA 6LACOT

. . . 376.02
... 36.58
e« . 11.33
. .. 15.86
.« . . k.76
e e . 0.30
. e 3.56
.- e . L5
.« . . 0
. .. 0
.« . . Q
« « . 19.32
.« . . 7.81
... 25
e . . 15
. . None

e « « o o« « «» » Internsl lead welghts

percent wing semispan .
Spaenwise Yocation, outboard end, percent wing semispan

Ratio of slat chord to wing chord (parallel to fuselage

reference line}, percent . .
Rotation, meximm, deg . . . .

Horizontal teil:

Airfoll section . . . . « o .
Total area (including 31 65 sq ft

8 Ft . & ¢ 0 0 4 e h e e a e
Span, ft . - . . e e s
Mean aerodynamic chord ft . . .
Root chord, ft . e e a e e e e
Tipchord, f£t . . « . . « . « . .
Teper ratio . . . . . « . . . . .

Aspect ratlio . . e e e e e .
Sweep at 0.25 chord line, deg . .
Dihedral, deg . . . e e o e .

Travel, leading edge up, deg . .
Travel leading edge down, deg .

« & & s e = 8 & e @« &

covered by fuselage),

Irreversible hydreulic boost and artificial feel

- . . 12.7L

5
2h.6
o.1
20
15

NACA 65A003.5

98.86
. .. 18.72
5.83%
- . . 8.14
.« . 2.h46
0.30
3.54
L5
0"
.« e 5
25

11
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TABLE I.- Conecluded

PHYSICAL CHARACTERISTICS OF AIRFLANE

Vertical tail: ' A B c
hirfoli section . . . . . . . NACA 63A003.5 NACA 63A003.5 NACA 65A003.5
Ares (excluding dorsal fin and area blanketed

by fuselege), sq £t . . . . . . e 33.5 37.3 2.7
Area blenketed by fuselsge (area between fuselase
contowr line and line parellel to fuselage
reference iine through intersections of leading
2dge of vertical tall and fuselsge contour line} . . 2.11 2.11 2.45
Span (unblanketed), £L « + + « o o « + & ¢ s . 0 o 4 s 6.14 T.45 T.95
Mean aerodynamic chord, £ . « « « « « « 4 « o . ¢ o o 5.83 5.5L 5.90
Root chord, £ . . . & ¢ . v ¢ ¢ ¢ ¢ 4 v 6t 0 0 v o T-15 TS 8.28
Tip ehord, FL &+ & « o « v o o ¢ 4 4 0 2 e e a e 3.32 2.32 2.k9
Taper ratioc . . . . . e e r e s e e e e e e ER 0.128 0.301 0.301
Aspect TALIO . . . . 4 i e e e ke e e e e e e et 1.13 1.hg 1.4
Sweep at 0.25 chord 1ine, deg .« « « ¢ ¢ « & ¢+ 2 1 . L5 L5 5
Rudder:
Ares, rTearvard of hinge line, sg ft e e e e 5.3 6.3 6.3
Span at hinge line, £f£ . . . . . « + ¢ o 4 4 0 o« .o 3.33 3.33 3.33
Root chord, £t . . . ¢ v & ¢ v ¢ 4 v v s o e o o e 2.27 2.27 2.27
Tip chord, P£ & 4 & o « o & + & « 8 4 s 4 e e w . 1.50 1.50 1.50
Travel, deg . . . . « . . . e e e e e e t20 +20 120
Spanwise location, inboard end, percent
vertical tail span . . . .. . C e e e e 4.5 3.7 3.1
Spanwise location, outboard end, percent
vertical tail span . . .. e e e e s 8.2 k8.0 4u.8
Chord, percent vertical tail chord P 30.0 30.0 28.4
Aerodynamic balance . . . « « ¢« ¢ v s o « + + « « . OQOverhenging, Overhansing, Qverhansine,
UNSTELSE ungealeqd unegealed
Fuselage:
Length {afterburner nozzle closed), Tt . . o « ¢« 4 & « = « 4 = ¢ e ¢ 4 = ¢ « « 2 6 0 . . . b5.64
Maximum widbh, £ .« ¢ 4 & 4 ¢ ¢t o o o 4t i vt e e e ke e e e e e e e e e e e e e e e 5.58
Maximum depth over canopy, f£t .+ . « + « ¢« ¢ . ¢+ 4 o 0 f e a e e e e e et e s 6.37
Side area (total}, 8q £ . . « « + . - (o I = =
Fineness ratio (afterburner nozzle closed) C e b et e e e e e aa e e e e e e 7.8
Speed brake:
Surface Brea, B Tt « + + 4 4 « ¢ . w4 4 4 e e e e e e e e e e e e e e e e e a e 11N
Maximum deflection, de@ . . & « ¢ ¢ ¢ o 4 ¢« 4 4 4+ o e e 8 4 e s e v e 4 s a4 a e e o4 50

Power pliant:
Turbolet engine . . . . . . . . e s 4 4 s e 2+« One Pratt & Whitney J5T7-PT with afterburner
Thrust (guarantee ses level), efterburncr, T £ o+ 9]
MITEEAIY, 1D 2 4 2 v o o e e o o s s s n vt e m e m e et et e e e e e e e ... 9,200
Normal, 1D ¢ o« v o « o+ ¢ + o o o o o = « ¢ o « o o o & e - Moo o]

Alrplene weight, lb:
Basic (without fuel, oil, water, PILot) .« & 4 ¢ v v « « s v v v o s s s o s & o o a . .. 19,662
Total (full fuel, oil, water, PIIOL) . . . . . 4 4 v i h e e e e e e st e e e s« . 24,800

Center-of-gravity location, percent &: .
Total welght ~ GEEY BOWIL « o ¢ ¢ « « « o + o o o o s o « s o + o s s s o« o s 6 « + o o+« 380
Totel Wwelght - EOET UP « o 4+ 4 « ¢ = + o o ¢ « o s = « o o + o s s s = e 6 s s« v+ e« 3.8

Moments of inertia (estimated total welght):
T P Yo
:Y,slug-ftE.......................................59,2ua
T, sLU-FEZ o ot i e e e e e e e e e e e e e e e .. 67,279
T 941

Inclination of principal axis (estimated total weight):
3,00 reference exis at nose, deg@ . . . . . . L L 0 0 0 e e e n s e e e e e e e 0.8
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45°

Figure 1.- Three-view drawing of airplane with vertical +tail A. A1l
dimensions in inches.
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¥Figure 2.- Photograph of the airplane.
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Tail C

ZAreo bianketed by fuselage(tail

i5

\—c/4 for tails A and B

c/4

for tail C

Tall Ac/l.p A A Ares, Span, Blanketed ares,
deg ag £t £t aq £t
(1) (2}
A Lhge 1.13 0.428 33.5 6.1y 2611
B Ls® 1.49 0.301 373 7.L5 2.11
c h5° 1.49 0.301 2.7 T-93 2.45

(1) Area not blanketed by fuselage
(2) Span not blanketed by fuseluge

FPigure 3.- Sketch of vertical teils A, B, and C.
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Figure 4.- Photograph of two airplanes showing tails A and C.
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iq A" YT~ b———
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a,B, deg
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— \ \/ ~_— e
4
. 4 = = = = =
Airplane nose up L
Right s,
AL B e St - B e .
0 =
| f—*
4
Srasatiifg deg
8 Y
12
o] 2 4 6 8 (o] 12 14 16
Time, t,sec

- (a) M = 0.Th; hy =~ 30,000 feet.

] Figure 5.- Time history of lateral oscillation induced by a rudder pulse
" for airplane with vertical tall (B).
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Up 4
Right
ol /—q
p,q,r, radians/sec O—Eﬁ‘%zf%ﬁ%—‘
\-p
4
Up 4 ra
Right 7 et et et mae
a, B, deg B>
4
Airplane nose up
Right — et
iy~
4
Lol L] __
Sr,SGT, iy,deg O ‘\ [I
4
W
8O 2 4 6 8 1O

Time, t, sec
(p) M= 1.38; hy, ~ 37,000 feet.

Figure 5.~ Concluded.
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(a) Vertical tail A.
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Figure 6.~ Mach mmber variation of period and time to demp to half-
emplitude of lateral oscillation for altitudes near 40,000 feet.




©]

Primed symbols
hy= 30,000 feet
0]
o
lo
0
e | °©
o] 9] ®
® &
1O LI 1.2 13
M

{b) Vertical tail B.

Figure 6.- Contimued.
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Figure 6.- Concluded.
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Fleure T7.- Mach number variation of directional stebility parameter CnB
for three vertical tull confliurations at altitudes near 40,000 feet.
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