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FLIGHT MEASUREMENTS OF DIRECTIONAL STABILITY TO A MACH
NUMBER OF 1.48 FOR AN AIRPLANE TESTED WITH THREE
DIFFERENT VERTICAL TAIL 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 a fighter-type airplane over the Mach number range from 0.72
to 1.48. The tests were made at altitudes of 40,000 feet and 30,000 feet
and employed three different vertical tails of varying aspect ratio or
area, Or both.

These tests showed that the directional 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 Mach number above 1.15.

INTRODUCTION

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

With the advent of fighter airplanes capable of appreciable super-
sonic Mach numbers, the problem of adequate directional stability at
supersonic speed has become of immediate importance. A fighter airplane
having a 45° swept wing and supersonic performance capabilities is 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. Low
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directional stability was considered to have contributed to the violence
of the behavior. An investigation was undertaken, therefore, to deter-
mine in flight the directional stability of the airplane. During the
investigation two additional vertical tail configurations with increased
area and aspect ratio became available and were included in the tests.

This paper gives the results of the measurements of directional
stability for these three tails within the Mach number range from 0.72
to about 1.48.

SYMBOLS
A aspect ratio
b wing span, ft
Cy rolling-moment coefficient, Holllng moment
qSb

. - - dcz -1
CZB airplane effective dihedral parameter, S8 , deg
CNA airplane normal-force coefficient, %g
C 4 " Ficient Yawing moment

4 yawing-moment coefficient, oSh

; Sl " oCy 5

L airplane directional stability parameter, wdeg
B B

© chord, £t
c mean aerodynamic chord, ft
g acceleration due to gravity, ft/sec2
hp altitude, ft
IX moment of inertia about X-axis, slug-ft2
Iy moment of inertia about Y-axis, slug-ft2

Ty moment of inertia about Z-axis, slug-ft°
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Ixz,

ig

product of inertia, slug—ft2

angle of tail incidence measured from line parallel to longi-
tudinal axis of airplane, deg

Mach number

load factor, g units

period of lateral oscillation, sec
rolling angular velocity, radians/sec
dynamic pressure, 1lb/sq ft

pitching angular velocity, radians/sec
yawing angular velocity, radians/sec
wing area, £t2

time to damp to half amplitude of lateral oscillation, sec

time, sec

weight, 1b

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

total alleron deflection, deg

rudder deflection, deg
sweepback at 0.25 chord, deg

taper ratio

ATIRPIANE AND INSTRUMENTATION

The airplane 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 original vertical tail is shown in
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figure 1. Figure 2 presents a photograph of the airplane. The geometric
and mass characteristics of the airplane are given in table 1.

The tests utilized three vertical tails characterized by differing
areas and aspect ratios as follows:

Area, sq ft Aspect ratio
Tail A 5168, 1ot
Tail B 373 i
Tail C ha.T 1.49

Drawings of the three tails are shown in figure 3. Figure 4 pre-
sents a photograph of two airplanes showing tails A and C. The same
rudder was used with all tails.

Complete stability 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 calibration of the airspeed
installation and are considered accurate to t0.02 at subsonic speeds and
to *0.01 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 damping of
the lateral motions. 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 1.5k 40,000 A
0. 78 to 1:39 40,000 B
G772 to LA0 40,000 C
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It was found that the simplified method of determining the value
of the directional stability parameter CnB given in referencellbivae

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

2 2 i Iz
CnB = <2_ﬂ> + <O'695> 2 - IXZ Gl =h 6t _Z Cy

P Tl/g 57.3q5b Iy B Iy "B

It may be noted that this expression includes the single-degree-of-
freedom relation of reference 5 modified to include the effects of
damping, product of inertia, and an angle-of-attack term. The expres-
sion gives the value of C, as measured about 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 1/2° down at the
nose for an average test weight. Unpublished wind-tunnel measurements
of CZB for Mach numbers 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 at supersonic speeds.
RESULTS AND DISCUSSION

The time histories of maneuvers at M = 0.74 and at M = 1.38 in
figure 5 were performed with tail B but are representative of all three
tails. In 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 period and damping for the three tail
configurations. These data are presented for an altitude of 40,000 feet
with the exception of the points above M = 1.35 which, as mentioned
previously, were obtained in dives between 40,000 feet and 33,000 feet.
For any given tail there is very little scatter in the periods measured,
indicating the small control movements did not unduly influence the
period. The measured damping, however, shows considerable scatter. This
condition reflects 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 tail configurations, the measured variation of damping of
the airplane indicates a region of reduced stability (increased time to
damp) at transonic speeds with less time required to damp to half ampli-
tude at Mach numbers above and below this region.
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The values of the directional stability parameter CnB were com-

puted from the values of P and Tl/2 in figure 6. Figure T presents

B

the Mach number variation of C determined for each of the tail con-

figurations. The value of C increases with increasing tail size as

g

would be expected from the increase in aspect ratio or area, or both.

The decrease in CnB anticipated with increasing supersonic Mach

number (ref. 2) is 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 CnB (produced by increasing tail area 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 tail C the value of CnB = 0.001 was not reached until

about M = 1.48.

An unpublished value of CnB = 0.0019 measured in the Langley L- by

i -foot supersonic pressure tunnel at M = 1.41 is shown in figure 7.
When this value is corrected for aeroelastic effects estimated by the

manufacturer (ACnB = -0.00052) and the effect of turning the air flow

at the intake duct (ACDB = -0.00025>, a value of CnB nearly equivalent
to that measured in flight is obtained.

The required value of C, for reasonable handling qualities Az

of course, not indicated in these tests but must be determined by the
performance of other maneuvers such as the aileron rolls presented in
reference 4. That CnB may become very small or neutral at high Mach

numbers, however, indicates that under some conditions poor dynamic sta-
bility may be encountered, as for the Douglas D-558-II 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 tail configurations over the Mach number range from 0.72 to 1.48
indicate, as would be expected, that the directional stability increased
with an increase in tail aspect ratio or area, or both, over the entire
Mach number range and decreased with increasing supersonic Mach number
for all tail configurations.
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The Mach number at which a value of the directional stability param-
e N C 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,
Bdwards, Calif., July 20, 1955.
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EQUATION

The three lateral equations of motion containing terms pertinent

to the derivation of C, are written as

. qs
= -r + ap + = C
B P AT YBB
I 2 =z :
. T qsSb gsSb qsSb
r ====27p+ C,r+ —C Cp+
IZ EVIZ nI‘ IZ nBB 2VI nBB
. qsSb
= =—2C
P = ZBB
Taking the time derivative of the é equation assuming o 1is
constant
o . . asS .
= -r +ap + — C

B P+ -3 YBB
Substituting and collecting terms gives
5[5 g o IR O O

=il e i ===—="\n = Yhn v
mv B 2vVly B 2¥ley X 7, B Iy B
1 Sb
—Xz3°° LB =0
IzIx 'B

It is assumed that =r

-é and the damping factor,

€, is equal to

HEe asv? qSb?
S N e ns ot i——a bn
Therefore
B - B+ |+— -ai=C =2e - 0, 1B=0
R Ty | bp S Ipker g
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The natural frequency of the oscillation
imaginary part of the roots.

is determined from the

2 qsSb agSb X7, qSb
1V€ A<IZ oy T Bt I I
=W
2
Squaring and simplifying
2 2
O 8 Ixz, {71z
Hhe o T =SNG SRl R
B aSb Iy 7B e L B LgSb

e 2
Tnasmuch as o = <%§> and’ L = ucg-695> 3
1/2

rearrangement of terms gives

2 2
21 0.693 1 47
C = —— = __C
o8 [(P> 2 (Tl/z)]q5b+a1x ‘e

Co = Side force

CYB = acY/ag

m mass

D = Op/ot

I.‘ = 61"/61:/

v velocity

B = op/ot
f = 0%8/ot?

substitution and

I
- X2 ¢

e
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TABLE I

PHYSICAL CHARACTERISTICS OF AIRPLANE

Wing:
Airfoil section . . .
Total area (1nclud1ng alleron and 83 8h sq ft covered

il tuselage), 89 £/ . o o o o 5 e o e e il e
Span, ft . . . . . . SRS
Mean aerodynamlc chord ft 0B R STl e A
BOOFRCHORANE TE8 ) oo o o el o o o 5 0 e e la

Pipl chord, £t .
Taper ratio . :
Aspeet ratio . . SRR R S el s e
Sweep at 0.25 chord llne, deg o e aaen et Tod Ee S IR S B S
Fncidence,deg . . . . . =gl T W S e

Dilmsiazil GIey- RS R S S SRR I SO MR PR
Geometric Bt ideg s Sl oo e o, SRR R o TR
Aileron:
Area rearward of hinge line (each), sq ft . . . . . . .
SrerRcbeiinge ine (each); Bt 7. « « & wnlboee o o o8
Chord rearward of hinge line, percent wing chord . . .
Travel (each), deg . . . . L I

Irreversible hydraulic boost and art1f1c1al Feel
Revodynamie balance . . « « o « « o

DEECRNEIENCE. v vie o s e e

Leading-edge slat:
SEERcquivEilent, £t . . . 6 o o 0 o B i
Segments

Spanwise location, 1nboard end, percent w1ng semispan .
Spanwise location, outboard end, percent wing semispan
Ratio of slat chord to wing chord (parallel to fuselage

reference line), percent hgiir L5 2 AL
Rotation, maximum, deg. . « - « « « o o+ o

Horizontal tail:
AsEfgil section . o . .
Total area (1ncluding 31 65 sq ft covered by fuselage)
SaRfer’ ‘. . . . o R, TR T S
ppemosEit’ . . . o hathrad e e Ml e G0 SRR T
Mean aerodynamic chord ft . S s RS
CEUC oM B MR (0 07 o o o W e e e e e fenbielwd Tl e S
ESEPRGHOEITIEEL "« of el s o e e os 5 elisl slye L sbie e siietis
Teper ratio . Pl . :
Aspect ratio . . . - e sl ORI SR T T
Sweep at 0.25 chord llne, deg SR s NI T G L S
Dihedral, deg . . . DR AR IR R = S G e A
Travel, leadlng edge up, deg S R o S
Travel leading edge down, deg Rl e Lo R
Irreversible hydraulic boost and artificial feel

. NACA 64A007

376.02
36.58
11.33
15.86

4. 76

0.30

. 3.56
i 45
i 0
. 0
i 0
At 110 72
A sl
Al 25
E15

None

- Internal lead weights

1o

5
2k.6
ok.1

; 20
; 15

NACA 65A003.5

98.86
18.72

: 5.83

o 8.1k
2.46

0.30

. BLbl
i 45
ki 0
A 5
o 25
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TABLE I.- Concluded

PHYSICAL CHARACTERISTICS OF AIRPLANE

Vertical tail: A B c
Airfoil section . . . . . . NACA 65A003.5 NACA 65A003.5 NACA 65A003.5
Area (excluding dorsal fin and area blanketed

by fuselage), sq £t . . . . AL o 2555 37.3 ho.7

Area blanketed by fuselage (area between fuselage
contour line and line parallel to fuselage
reference line through intersections of leading

edge of vertical tail and fuselage contour iipe) Fa. Pl peitant 2.45
SpantGmblanketod) MEResl CRERIEEONE LR, L s e 6.14 7.45 7.93
Mean serodynamic chord, ft . . . . . « . ¢ « ¢« « . . . 5.8% 5.51 5.90
Root: chord, ®t. . . . A T i A e B it TeHS 8.28
Tptchordift o u. Tels 1o o o a0 0 o @ e vl o e B2 2052 2.49
Manericabaiofl of el it SO T R, SR G e e e 0.428 0.301 0.301
Aspect ratio e 5 T b ol U TR i1 1.49 1.49
Sweep at 0.25 chord line, deg o 0 A e e St S 45 45 45
Rudder:

Ares, rearward of hinge line, sq ft . . . . . . . . 6.3 6.3 6.3

Span at hinge line, ft . . . . A R A P R 5] 355 S oD

Ropkehord Bl o i o F ) Sifeilel Nl e oi ercel et et e 220 2.27 22T

5 chorabl o SRS el e L s 1.50 1.50 1.50

Travel, deg e A g B s t20 +20 120

Spanwise location, inboard end percent

vertical tail span . . y R, 5 5. 3.1

Spanwise location, outboard end, percent

Ve TG CAIEAI ISR Rt o b A Tt SR e 582 48.0 44.8
Chord, percent vertical tail chord i F R S SRR B 30.0 30.0 28.4
Aerodynamic DRLEGACE W o @ & @ ¢ 5 e o = o v e e e . SOVErhangIng, Overhanging, Overhanging,
unsealed unsealed unsealed
Fuselage:
Length (afterburner nozzle closed), S ol IR IR ok (4 R R L s L B G T
Maximum width, ft . . . . e A T B N TR ok T L 5.58
Maximum depth over canopy, ARG R SR ERAN . Sl S W e e 65T
Side area (total), sq £t . . « . . il e o DN e R S Rl SR DA 0 SO0
Fineness ratio (afterburner nozzle closed) PR o T IR =R e e e S Sl B gl S 7.86
Speed brake:
Snnfacelaron Meqett LR o e L e 0 e e of i Re e et et o s Solts S 1.1k
Mascimmidehillectiion; dea®Pidiis SRRl Somy el o e fer tet an o[ e el e THEl T e elie) e e e el el e 50
Power plant:
Turbojet engine . W o « o e s s s e . . OnePratt & Whitney J5T-PT with afterburner
Thrust (guarantee sea level), Ef T Snburneramih iy, R R SRS T e e S 55000
T oy M D IR R e T R i R G SR R o e 89,200
Wiy, shat S Es T e T S LS SRR SR S TR (DT Ol AR R R 8,000
Airplane weight, 1b:
Basic (without Flelhnomat e be m Wp OIS o8 s B L LT T e i 19,662
Total (full fuel, oil water, SERGN i At oot S ISR - 85 Aol 5 s s 24,800
Center-of-gravity location, percent c:
Orell weight e pcar Gownian o lar b it oo faseiiel s oo B G SO GRS el s e 31.80
TS AT o T e o e e RS R  RRE | BRGSO R SO 31.80
Moments of inertia (estimated total weight)
e TR REER R R R S I R R 11,103
o b B TEE SR R e R e e o 59,248
E el R S R R s e R e IR R 67,279
Iy, CITESRIE s e ot e R AR RTINSO | R TR e O O SO 9k1

Tnclination of principal axis (estimated total weight):
Below refevence ‘axis At HOBe, G6E | v ¢ clu el il o e ef w oadB w0 B el e W Rl e el Rh e 0.8

1
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Figure 1.- Three-view drawing of airplane with vertical tail A. All
dimensions in inches.
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QNI AT \\ AR X -‘R\

éfzreo blanketed by fuselage(tail

\— c/4 for tails A and B

c/4

for tail C

Tail A /s A X Area, Span, | Blanketed area,
deg sqi £E £t sq ft
(1) (2)
A u5° 1L 0.428 33,5 6.14 2,11
B Lse 1.49 0.501 37.3 7.L5 2.11
c 158 1.49 0.301 h2.7 793 2.45
(1) Area not blanketed by fuselage

(2)

Span not blanketed by fuseluge

Figure 3.- Sketch of vertical tails A, B, and C.
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Figure 4.- Photograph of two airplanes showing tails A and C.
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(a) M=~ 0.74; hy ~ 30,000 feet.

Figure 5.- Time history of lateral oscillation induced by a rudder pulse

for airplane with vertical tail (B).
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(b) M= 1.56; hp ~ 37,000 feet.

Figure 5.- Concluded.
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(a) Vertical tail A.

Figure 6.- Mach number variation of period and time to damp to half-
amplitude of lateral oscillation for altitudes near 40,000 feet.
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(b) Vertical tail B.
Figure 6.- Continued.
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Figure 6.- Concluded.
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Figure 7.- Mach number variation of directional stability parameter Cn

for three vertical tail configurations at altitudes near 40,000 feet.
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