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WIND-TUNNEL INVESTIGATION OF THE LOW-SPEED AERODYNAMIC
CHARACTERISTICS OF A HYPERSONIC GLIDER CONFIGURATION*

By Mark W. Kelly
SUMMARY

A wind-tunnel investigation was made of the low-speed aerodynamic
characteristics of an airplane configuration designed to obtain high
lift-drag ratios at hypersonic speeds. Six-component force data were
obtained for a range of Reynolds numbers from 5.35x108 to lO.YXlOG.
Calculations were made of the power-off landing flare of a hypothetical
airplane having this configuration, and the results are compared with
landing flares obtained in flight of an airplane having lift-drag ratios
of the same order of magnitude.

The results of the investigation indicate that the power-off landing
of such an aircraft would be a difficult task, primarily because of the
high sinking speeds inherent in such a design. If power were provided
for use in the landing approach to reduce these sinking speeds to normal
values, landings could be accomplished in a more conventional manner.

INTRODUCTION

An airplane configuration designed to obtain high lift-drag ratios
at hypersonic speeds by utilizing favorable interference of the fuselage
pressure field on the wing is proposed in references 1 and 2. The con-
figuration employs a low-aspect-ratio arrowhead plan-form wing mounted
on top of the fuselage. The wing tips are bent down to provide directional
stability and to decrease the effective dihedral.

Since it was relatively difficult to estimate the low-speed aero-
dynamic characteristics of such a configuration, a wind-tunnel investiga-
tion to determine these characteristics was undertaken. The main purpose
of the investigation was to determine whether or not the low-speed
stability and control characteristics of such an airplane would be
adequate for landings.

*Title, Unclassified
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The investigation covered a range of Reynolds numbers (based on
fuselage length) from 5.4 million to 10.7 million, corresponding to a
dynamic pressure range from 25 to 100 pounds per square foot. Six-
component force data were obtained over an angle-of-attack range from,
0° to 32° and an angle-of-sideslip range from 0° to 10°. In addition,
the effects of changes in the amount of wing-tip droop and changes in
wing plan form, and the effectiveness of flap-type controls were
determined.

The data obtained from this investigation were used to compute the
landing flare path of an aircraft of this type, and a comparison was made
with actual flare paths obtained from flight tests of the X-U4 airplane.

NOTATION
Be
AR aspect ratio, =
b wing span with & = 0, ft
Cp drag coefficient, 95%5
1 L% 1HEG
Cr, 1lift coefficient, =
Cy rolling-moment coefficient, TOLling moment
aSb
ClB rate of change of rolling-moment coefficient with sideslip angle
Cn pitching-moment coefficient, pltch;gglmoment
Cn yawing-moment coefficient, i e
aSb
Cnla rate of change of yawing-moment coefficient with sideslip angle
Cy side-force coefficient, Elac foree
aS
h altitude, ft
1 fuselage length, ft

q free-stream dynamic pressure, lb/sq ft
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R Reynolds number, g;

S wing area, sq ft

it wing maximum thickness, ft
U free-stream velocity, fps
Ve sinking speed, fps

a angle of attack, deg

B angle of sideslip, deg

9% flight path angle, deg

or flap deflection, deg

Or1, deflection of left flap, positive to increase 1lift, deg
O¢R deflection of right flap, positive to increase 1lift, deg
Op rudder deflection, deg

B¢ wing-tip droop, deg (see fig. 1(a))

0 airplane attitude referred to horizontal, deg

ATR sweepback of wing leading edge, deg

v kinematic coefficient of viscosity, sq ft/sec
Subscript
u uncorrected for wind-tunnel wall effects

MODEL AND APPARATUS

The geometric characteristics of the models are shown in figure 1.
The wing of plan form A was constructed of Fiberglas molded to an aluminum
spar. The wing of plan form C was obtained by bolting l/32-inch aluminum
alloy sheet to the surface of the original wing. (The terminology "plan
form A" and "plan form C" corresponds to that used in ref. 1 for these
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same configurations.) The vertical fins and wing-body fillets were also
cut from sheet metal. Both the single-cone fuselage (figs. 1(a), (Db),
and (c)) and the 3/L-power fuselage (fig. 1(d)) were made of wood. The
delta wing shown in figure 1(c) was made of 1/4-inch plate with the
leading edges beveled to a sharp edge at about a 30° angle.

A photograph of plan form A mounted in the Ames T7- by 10-foot wind
tunnel is shown in figure 2. The forces and moments were measured with
a conventional mechanical balance. The moments for plan forms A and C
were referenced to a point at 73 percent of the body length. (The data
of ref. 1 indicate that with this center-of-gravity position, plan form A
has a static margin of about T percent at M = 5 and plan form C has a
static margin of about 13 percent at M = 5.) The moments for the delta
wing were referenced to a point at 56.6 percent of the body length to
give the same stability at low lift coefficients as that obtained with
plan form C to facilitate comparison.

CORRECTIONS

The data were corrected for the effects of wind-tunnel wall inter-
ference by the following equations

(1=Q,U_+O.88CLu
Cp = Cp, + 0.015 Cr, 2

No corrections for the effects of support interference were made.

RESULTS AND DISCUSSION
Longitudinal Characteristics
Effects of Reynolds number.- Lift, drag, and pitching-moment data

for plan form A tested at various Reynolds numbers are presented in fig-
ure 3(a). No significant Reynolds number effects are indicated.

Effects of wing-tip droop.- It was proposed that wing-tip droop be
used to provide directional stability, and it was shown in reference 1
that relatively large amounts of wing-tip droop gave only small reductions
in lift-drag ratio at high supersonic Mach numbers. (For example, the
use of 30° of wing-tip droop on plan form A reduced the maximum lift-drag
ratio only about 5 percent at M = 5.) The main purpose of varying the
wing-tip droop in this investigation was to determine the effect of wing-
tip droop on the lateral and directional stability and control charac-
teristics and, in particular, to determine whether such a configuration
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could be flown as a two-control airplane without the addition of some

type of vertical fin. This is discussed more completely in the section
entitled "Lateral Characteristics." The following discussion is limited
to the effects of wing-tip droop on longitudinal characteristics only.
Figure 4(a) shows the effects of varying the amount of wing-tip droop on
the longitudinal characteristics of plan form A. Figure 4(b) presents
similar data for plan form C. For both plan forms the trends are similar,
although the effects for plan form C are more pronounced since more wing
area is contained in the drooped tips.

Effect of configuration on static stability.- The pitching-moment
curves on both figures 4(a) and (b) indicate a reduction in stability
with increasing 1lift. This was believed to be due to a reduction of 1lift
near the wing tips as the angle of attack was increased, and to investi-
gate this tests were made of a configuration with the tips cut off flush
with the base of the body. Results of these tests, presented in figure 5,
show that the reduction in static stability of plan form C at 1lift coef-
ficients above 0.2 was eliminated by removal of the portion of the wing
aft of the fuselage base. According to reference 2, this change in wing
plan form will result in a reduction of about 10 percent in maximum L/D
at hypersonic speeds.

Figure 6 presents results of a series of tests directed toward
preventing the reduction in static stability of plan form C by relatively
minor changes in geometry. (These tests were made with the single-cone
fuselage replaced by the 3/h-power fuselage and afterbody shown in fig-
ure 1(d). This change had negligible effects on the longitudinal charac-
teristics of the model.) The data presented in figure 6 indicate that
it is possible to eliminate the instability at high Cp by filling in
the area between the fuselage and the wing trailing edge, and by the
addition of simulated landing gear and wheel well doors.

Control effectiveness.- The effectiveness of flap-type controls on
the characteristics of plan form C is shown in figures 7(a) and Y.
These results show that control effectiveness was maintained throughout
the angle-of-attack range and control deflection range investigated.

Lateral Characteristics

Lateral-directional stability.- The static lateral-directional
stability characteristics of plan form A are presented in figure 8, and
those of plan form C are presented in figure 9. Similar data are pre-
sented in figure 10 for plan form C equipped with two vertical fins. A
summary plot of the effective dihedral, ClB, and directional stability,

CnB, as a function of angle of attack with various amounts of wing-tip

droop is presented in figures 11 and 12. These results show that, for
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most of the configurations, directional stability at zero,sideslip
increased with increasing angle of attack. As would be expected, effec-
tive dihedral decreased and directional stability increased with
increasing wing-tip droop.

The directional stability of plan form C with two vertical fins was
of the order of two to three times that obtained by drooping the wing
tips 60°. Also, the reduction of Cp, with increasing B obtained for

plan form C with drooped tips (shown in fig. 9) was eliminated by the
addition of the vertical fins. However, the addition of the vertical
fins represents about a 30-percent increase in wetted area of the model
so that these improvements in stability characteristics would be obtained
only at the expense of significant reductions in high-speed lift-drag
ratio.

Lateral-directional control.- The effectiveness of the wing trailing-
edge flaps as lateral-directional control devices is shown in figure 13
for wing-tip droop angles of 30° and 60°. These results show no serious
deterioration of roll or yaw control with increasing angle of attack.
Changing the wing-tip droop from 30° to 60° resulted in a large increase
in maximum yaw control and a relatively small decrease in roll power.
These results indicate that the use of the wing-tip flaps for rollicontrol
would result in favorable yawing-moment inputs, the magnitude of
Cle/Cnﬁf being about 1 with 30° of wing-tip droop, and less than 1/2

with 60° of wing-tip droop. Unpublished analog computer investigations
and free-flight tests of dynamically similar models (ref. 3) have shown
that the airplane can be flown with these controls alone, although the
free-flight tests (made with a model having 415° of wing-tip droop) indi-
cated that the amount of favorable yaw from the ailerons might lead to
undesirable flying qualities. Figure 14 presents similar data for plan
form C with two vertical fins (see fig. 1(b)), and it is seen that the
rudders on the vertical fins provided about three times the directional
control provided by the wing-tip flaps.

Landing Considerations

Since this configuration does not obtain its maximum 1lift coefficient
in the angle-of-attack range of interest in the landing approach, the
landing approach speed will probably be chosen from considerations of
pilot's ability to control rate of sink and avoid reduction in longitu-
dinal stability, and the maximum ground angle of the airplane (about 10°
with a conventional length landing gear) .

Previous research (refs. 4 and 5) has shown that the ability of a
pilot to control the rate of sink of an airplane is related to the flight
speed for minimum glide angle. As the speed is reduced below that for
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minimum glide angle, the ability to control rate of sink generally is
also reduced. A plot of glide angle as a function of flight speed is
presented in figure 15 for a hypothetical airplane having a configuration
similar to plan form C and a wing loading of 20 pounds per square Foot.
(This value of wing loading was selected from considerations of* high-
speed, high-altitude flight as well as from landing requirements.) Also
shown in this figure for comparison are curves for the X-15 and Xk
airplanes (from the data presented in refs. 6 and 7, respectively). It
is seen that the glide-angle versus flight-speed curves of the arrowhead
configuration and the X-15 are quite similar, from which it might be
inferred to a first approximation that control of rate of sink of these
two configurations would be comparable. The glide-angle versus flight-
speed characteristics of the X-4 airplane are of interest because a fairly
thorough flight investigation of the landing approach characteristics of
this airplane has been made (ref. 6). While landings were made with the
X-4 airplane for values of glide angle and speed of the same order as the
arrowhead and X-15 configurations, it should be noted that the speed for
minimum glide angle was never approached in the X-4 landing approaches,
and that, in general, the shape of the glide-angle versus speed curve

for the X-4 suggests a much higher level of speed-altitude stability than
do those for the arrowhead qr X-15 configurations.

Plots of glide angle, angle of attack, and attitude angle as a
function of steady-state sinking speed are shown in figure 16 for the
arrowhead-wing configuration. It is seen that, at the minimum sinking
speed, control of steady-state rate of sink with either angle of attack
or airplane attitude is completely lost.

Figure 17 shows computed power-off landing flare paths of the arrow-
head configuration and an actual landing flare path for the X-4 airplane
(obtained from the data presented in ref. 6). The theory of reference 8
was used to compute the flare path for the arrowhead configuration with the
assumption that the 1lift coefficient used in the flare did not exceed that
for maximum IL/D. This restriction on 1lift coefficient limits the angle of
attack used in the flare to values below those for which the longitudinal
stability deteriorates, and also limits the angle of attack at the end of
the flare to a value less than the assumed tail bumping attitude of 18°,

Tt was also assumed that the normal acceleration used in the flare varied
as sin2mwt/t, (wvhere t 1is the time from the start of the flare and t»
is the time required to complete the flare) and that the maximum normal
acceleration used was 1.75g. Other normal-acceleration programs would,
of course, give different flare paths, but it is believed the one shown
gives an indication of the main features of the flare. The computations
indicate that, as with the X-4 airplane, the flare would be started at

an altitude of about 400 to 500 feet and would be essentially completed
at an altitude of 50 feet. The horizontal distance estimated to complete
the flare is about 3200 feet, and the flight speed decreases from 218
knots at the start of the flare to 173 knots at the end of the flare.
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In summary, these results indicate that the power-off landing of
such configurations will be a difficult task to be undertaken only by
skillful pilots and under ideal conditions. The main source of difficulty
is the high power-off rate of sink resulting from the low values of maxi-
mum L/D inherent in these low-aspect-rati¢ configurations. If power
were used in the landing approach to reduce the rate of sink to a more
reasonable value, it is believed that landings could be accomplished in
a more conventional fashion.

CONCLUDING REMARKS

The following low-speed longitudinal aerodynamic characteristics of
arrowhead-wing configurations will be of particular importance in the
landing of such aircraft: (1) low values of lift-curve slope, (2) low
values of maximum lift-drag ratio, and (3) reduction in static stability
at high angles of attack. Low values of lift-curve slope and lift-drag
ratio are inherent in low-aspect-ratio plan forms of this type, and there
is little possibility of significantly increasing either by minor fixes.
Preliminary results indicate that the reduction in static stability can
at least be reduced or possibly eliminated by relatively minor configura-
tion changes. It is anticipated that power-off landings of these config-
urations will require ideal conditions and skilled piloting, primarily
because of the high rate of sink. The use of power to reduce the rate
of sink prior to the flare should allow landings to be made in a more
conventional manner.

The configurations investigated were generally both laterally and
directionally stable at zero sideslip over an angle-of -attack range from
4O to 20°. The lateral and directional stability was, of course, strongly
affected by the amount of wing-tip droop. Trailing-edge flaps at the
wing tips were capable of supplying both roll and yaw control inputs, and
preliminary analysis indicates that it should be possible to fly such a
configuration as a two-control airplane. However, if this were done, a
careful selection of wing-tip droop would have to be made to obtain the
most favorable combination of Clbf’ Cn&f’ Czﬁ, and CnB. The use of

vertical fins near the wing tips increased the directional stability and
essentially eliminated the cross-coupling between the roll and yaw
controls.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., June 3, 1958
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Figure 2.- Model of plan form A installed in Ames 7- by 10-foot wind tunnel.



122 6 /Cf/}D Qx: =
1.0 o o N el
© 5.3 o B
gl © 756 ,@) /g
A 10.7 /}5r/i3/ //Xf/ﬁff, %§2
.6 : i
oL K : i
0 ;§¢£f§7' G ~
21
2 A 7 %
év/‘j/%%ﬁéﬁ{ . uéi
0
0 L 8 12 16 20 2l 28 .3? .gu % =.0f =08
a 0 el 2 3 . :
Cp

Figure 3.- The effects of Reynolds number on the longitudinal characteristics of plan form Al

Br= 30

9T

€0dgGV W VOVN



€0dgGY W YOVN

61} Py deg /D %\G{%\
¥
30 A

60 /Béf 4 f:

AT

(a) Plan form A.

Figure 4.- Effects of wing-tip droop on longitudinal characteristics.

4T



18

16

ilie)

12

0

)

o)

n O © W) IO

2 oy = AND

[’e]
©O 8 & d
&) (c0)
—

NACA RM AS58F03

(b) Plan form C.

Figure 4.- Concluded.
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(a) 8¢ = 0°

Figure 8.- Lateral characteristics

of plan form A.
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Figure 9.- Concluded.
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Figure 10.- Lateral characteristics of plan form C with twin vertical fins; Ot = B2
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