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By Henry C. Lessing and James K. Butler

SUMMARY

Results are presented of a wind-tunnel investigation to evaluate the
static and dynamic stability derivatives of a model with a low-aspect-
ratio unswept wing and a high horizontal tail. In addition to results
for the complete model, results were also obtained of the body alone,
body and wing, and body and tail. Data were obtained in the Mach number
range from 0.65 to 2.2, at a Reynolds number of 2 million based on the
wing mean aerodynamic chord. The angle-of-attack range for most of the
data was -11.5° to 18°. A limited amount of data was obtained with
fixed transition.

A correspondence between the damping in pitch and the static stabil-
ity, previously noted in other investigations, was also observed in the
present results. The effect observed was that a decrease (or increase)
in the static stability was accompanied by an increase (or decrease) in
the damping in pitch. A similar correspondence was observed between the
damping in yaw and the static-directional stability.

Results from similar tests of the same model configuration in two
other facilities over different speed ranges are presented for comparison.
It was found that most of the results from the three investigations
correlated reasonably well.

Estimates of the rotary derivatives were made using available pro-
cedures. Comparison with the experimental results indicates the need
for development of more precise estimation procedures.

*¥Title, Unclassified
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INTRODUCTION

The field of dynamic stability of aircraft has in recent years become
one of major importance. Advances in the fields of propulsion, structure,
and aerodynamics have each lead to such a reduction in dynamic stability
that, at least for highly maneuverable types of aircraft, the dynamic
stability of the configuration must be considered in the design from its
inception. -

In keeping with the growing importance of this field, added emphasis
has been put on theoretical and experimental methods for obtaining those
quantities which determine the principal aerodynamic contribution to the
stability of an aircraft, the dynamic stability derivatives. Exact solu-
tions for most dynamic stability derivatives are extremely difficult to
obtain, primarily because of the complicated interference effects between
the various components of a given configuration. For this reason experi-
mental results and empirical estimation procedures provide the major
gsource of dynamic stability derivatives for new configurations. At the
Ames Research Center, equipment now exists for measuring the dynamic
stability derivatives in several wind tunnels whose combined speed range
provides effectively a continuous Mach number spectrum from 0.25 to 3.5 !
inclusive.

References 1 and 2 present results of such investigations for the
configuration of the present report in the Mach number ranges 0.2> to 0.9%
and 2.5 to 3.5. The purpose of the present investigation was to obtain
data in the Mach number range between these two sets of results to
determine the degree of correlation of data obtained in the various
facilities, to compare the experimental results with available estimation
procedures, and to contribute to the store of experimental results which
must be assembled if more accurate empirical estimation procedures are
to be developed in the future.

NOTATION

, Definitions of the symbols used in the report are as follows. Symbols
used only in the appendix are defined in the appendix.

B2
A wing aspect ratio, =
b wing span

wing mean aerodynamic chord

© ol

C,1 distance from body nose to oscillation axis
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drag

1 2
5 pvVES

drag coefficient,

1ift coefficient, —ift
% oVEs

rolling-moment coefficient, rolling moment
% oV2Sh

pitching moment

Ll 2cx
§pV ST

pitching-moment coefficient,

t, normal force
% pVZS

normal~force coefficien

yawing-moment coefficient, yewing moment

1 2
5 pV=Sb

gide force

side-force coefficient,
£ ov23

derivatives with respect to subscript

C

derivatives with respect to i

X subscript

derivatives with respect to g% X subscript

oscillation fregquency, cycles per unit time

body length
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horizontal-tail length
vertical-tail length

Mach number

rolling velocity

piteching velocity

Reynolds number

yawing velocity

wing area

body cross-sectional area at base
mean cross-sectional area of body
velocity

distance from wing apex to moment center, positive for moment center
behind wing apex

height of center of pressure of wvertical tail above x axis
angle of attack, radians unless noted otherwise

angle of sideslip, radians unless noted otherwise

dihedral angle, positive for tip chord above root chord, deg
horizontal-tail deflection, deg

effective angle of downwash at horizontal tail, radians unless other-
wise noted

wing leading-edge-sweep angle, positive for sweepback, deg

wing taper ratio, CLiP_chord
root chord

alr density

effective angle of sidewash at vertical tail, positive for velocity
component along negative Y axis, radians unless otherwise noted

CONFIDENTTIAL



CONFIDENTTAL >

w circular frequency of oscillation, 2nf, radians per unit time

ry o al)
() ==

Subscripts attached to a coefficient in parentheses indicate the contribu-
tion to that coefficient by the component indicated, as follows:

B body

W wing

I horizontal tail
v vertical tail

MODEL AND APPARATUS

Description of Model

The sting-mounted model was geometrically similar to the one used in
the investigation reported in references 1 and 2, and consisted of an
unswept wing of aspect ratio 2.4k4, a horizontal tail mounted in a high
position on a vertical tail, and a body with a circular cross section
modified by the addition of a canopy and protuberances simulating side
inlets. A photograph and a dimensional sketch of the model are shown
in figures 1 and 2. The airfoil sections for the wing, vertical tail,
and horizontal tail were elliptical over the forward 50 percent of the
chord and biconvex over the rear 50 percent. The forward 2.5 percent of
the elliptical wing cross section was modified to form a sharp leading
edge. Thickness ratio of the wing was 3.4 percent, of the horizontal
tail 5 percent, and of the vertical tail 5 percent at the root tapering
to 3.4 percent at the tip.

Except for the brackets which attached the horizontal tail to the
vertical tail, the entire model was constructed of magnesium. The brackets
were made of aluminum, and provided a range of tail deflections from
+6° to -16° in approximately 2° increments.

In some tests the location of boundary-layer transition was fixed by
means of 0.0l0-inch-diameter wire at the 1O0-percent chord of the wing and
horizontal tail, and circling the body 2 inches from the nose. The wire
size was selected on the basis of the results of reference 3.

CONFIDENTTIAL
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Static tests were made with a 2-1/2-inch-diameter, six-component,
strain-gage balance. Dynamic oscillatory tests were made with balances
similar to those described in reference i, The principal differences
between the balances used in the present investigation and those described
in the above reference were:

(1) A reduction in diameter from 4 inches to 2-1/2 inches.

(2) The addition of the rolling-moment gage on the inclined axis
balance for the purpose of measuring the rolling moment in phase with
angular velocity.

(3) The use of the accelerometers which were used to cancel electri-
cally the output of the rolling-moment gages due to products and moments
of inertia. Pictures of the dynamic balances are shown in figure 3. The
oscillation axis of the disassembled balance is normal to its longitudinal
axis, and the oscillation axis of the other balance is inclined at 45° 4o
its longitudinal axis.

Test Facility

This investigation was conducted in the Ames 6- by 6-foot supersonic
wind tunnel which is a closed-circuit variable-pressure type with a Mach
number range continuously variable.from.0.65 to 2.22. The test section
has a perforated floor and ceiling and a boundary-layer-removal system to
ensble uniform flow to be maintained at transonic and low supersonic speeds.

TEST AND PROCEDURES

Range of Test Variables

Mach numbers of 0.65, 0.90, 0.9%, 1.00, 1.10, 1.30, 1.50, 1.70,
1.90, and 2.20 were covered in the investigation. The test Reynolds
number based on the mean aerodynamic chord was 2 million.

For the static tests the angle-of-attack range was from -6° to 21°;
the deflection of the horizontal taill was 0.1° for tests made throughout
the range. For the dynamic tests, it was necessary that the pitching
moment be small in order that the balance not deflect under static loads
and prevent oscillation of the model. Hence, for dynamic tests of the
complete configuration, the deflection of the horizontal tail was varied
in the range from -11.8° to %.1° and tests were made at the angle of
attack where the static pitching moment was approximately zero for each
tail deflection. The angle of attack was always within the range from
-11.5° to 18°. For the body-tail configuration, the tail deflection
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was fixed at 0.1° and data were obtained only at one angle of attack at
each Mach number. The various tail deflections and corresponding angles
of attack used during dynamic tests of the complete configuration were
also investigation during static tests of the complete configuration to
permit comparison of the data obtained by the two technigues.

The oscillation amplitude of the dynamic test was 1.5°. The oscil~
lation frequency varied from 8 to 12 cycles per second, depending on the
moments of inertia and the aerodynamic restoring moments of the various
_configurations. The reduced frequency w%/2V varied from 0.008 to 0.03.
The center of oscillation was at a point corresponding to either 25 or
35 percent of the wing mean aerodynamic chord, the major portlon of the
investigation being conducted at the forward locatlon.

Reduction of Data

The methods and instrumentation used in obtaining the forces and
moments from the oscillation measurements of the balance during the
dynamic tests are completely described in reference 4. All force and
moment coefficients were reduced to standard form as defined in the
Notation. The two force coefficients, Cp, and Cp, are referred to the wind
system of axes and the remaining coefficients are referred to the body
system of axes shown in figure 4. For both systems, the origin is at
the center of moments at a point on the fuselage reference line corre-
sponding to 25 percent of the wing mean aerodynamic chord.

Factors which may affect the accuracy of the wind-tunnel results and
corrections made thereto in reducing these results to the coefficients
presented herein are discussed below.

Stream variations.- Surveys of the stream characteristics of the Ames
6- by 6-foot supersonic wind tunnel showed that in the region of the test
section, stream curvature was negligible and axial static-pressure varia-
tions were usually less than *1 percent of the dynamic pressure. This
static-pressure variation resulted in negligible longitudinal-buoyancy
corrections to the drag. Therefore, no corrections for stream curvature
or static-pressure variation were made in the present investigation.

From tests of various models in the normal and inverted attltudes,
the stream angle in the pitch plane was found to be less than 0. 3
throughout the Mach number range, and no corrections to the data were
made for these angles.

Support interference.- The effects of model support interference on
the aerodynamic characteristics obtained during the static tests were
considered to consist primarily of a change in the pressure at the base
of the model. However, the drag data presented herein contain no base
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drag component since the base pressure was measured and the drag adjusted
to correspond to that in which the base pressure was equal to the free-
stream static pressure. Therefore no corrections were made to take into
account support interference on the static test data.

Another aspect of what might be termed support interference, which.
must be considered for the dynamic tests, is translation of the model
center of oscillation due to operation close to the support resonance
frequency. In general, such a coupling of model and support causes an
apparent change in both the static aerodynamic restoring moments and
the damping of the model. In anticipation of this difficulbty, the dynamic
apparatus was provided with a variable-length sting. A series of tests
was made with systematically varied sting lengths from the one extreme
of sting length sufficiently long that the support resonant freguency was
close to model oscillation frequency, to the other extreme of sting length
so short that support aerodynamic interference was excessive. Examination
of these data enabled a sting length to be chosen such that both coupling
and. aerodynamic interference effects were reduced to acceptable values.

Tunnel-wall interference.- The effectiveness of the perforations in
the wind-tunnel test section in preventing choking and absorbing disturb-
ances at transonic and low supersonic speeds has been established experi-
mentally. Unpublished data from the wind-tunnel calibrations indicate
that reliable static data can be obtained throughout the Mach number range
if certain restrictions are imposed on model size and attitude. The
configurations and method of testing used in the present investigation
conform to these restrictions so that static data obtained at transonic
and low supersonic speeds are reasonably free of interference effects.

Tunnel-wall interference effects on the dynamic data are very difficult
to determine. As discussed in reference 5, aerodynamic resonance can very
strongly influence the results of a two-dimensional wing oscillating in a
tunnel with solid walls. However, because of the three-dimensional nature
of the present investigation plus the disturbance-absorbing characteristics
of the tunnel-wall perforations mentioned above, it is believed that tunnel
resonance effects were negligible, and no corrections to the data were
made.

Internal damping of oscillation mechanism.- The damping measured by
the oscillation apparatus was the sum of the serodynamic damping of the
model and the internal damping of the oscillation mechanism. Although
the internal damping was always a very small quantity, its value was
determined prior to each run by oscillating the model in still air with
the tunnel evacuated and subtracting this value from the measured damping
under test conditions.
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EXPERIMENTATL RESULTS

All moment data from the static test and all force and moment data
from the dynamic test are presented for a center of moments and center
of oscillation corresponding to 25 percent of the mean aerodynamic chord.

Longitudinal Test Results

Static test results of angle of attack, pitching-moment coefficient,
and drag coefficient are shown as a function of 1ift coefficient in
figure 5 for each of the configurations tested. Additional data not
shown in the figure were obtained for the complete configuration for a
range of horizontal-tail deflection angles from +4.1° to -15.8°. These
data were obtained for a limited range of 1ift coefficients near trim
for each tail deflection for purposes of comparison with the data at
trim conditions obtained during the dynamic tests and to calculate the
downwash angle at the horizontal tail and the horizontal-tail
effectiveness.

The rate of change of effective downwash angle, de/da, at the hori-
zontal tail on the complete configuration is shown in figure 6, together
with the horizontal-tail effectiveness parameter CmB' The values shown
are approximr.ice wecause of the limited amount of data obtained for the
various tail deflections. The values of Cm6 were computed by dividing

the tail deflection into the pitching-moment increment trimmed by that
deflection; that is,

[‘(Cm)BWVH:L = 0.1 (l)

C =
"o S¢rim - 0.1

Ctrim

Results indicated Cm6 to be independent of angle of attack. The values

of € were obtained as follows: The pitching-moment contribution of
the horizontal tail on the complete configuration is

(Cm)H = (Cm)BWVH - (Cm)BW = Cm6(@~€+5)

. CONFIDENTTAL
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in which it is assumed *that the contribution of the vertical tail is
negligible. When

(Cod gy = (Cm) gy

then
and
€=oa+ 0 (2)
At trim
(Cn) gy = ©.
so that
and
(Cm)
€=a+ O + __'BW (3)
Cma

Because of the aspproximate nature of the tail effectiveness, Cms,
the average downwash angles computed by means of equation (3) were also
approximate. Wherever possible, the true average downwash angle given
by equation (2) was computed, and comparison of results from the two
equations showed good agreement. The available data generally restricted
the use of equation (2) to the lower angles of attack, and the high angle
of attack results of figure 6 were therefore obtained primarily from
equation (3).

The slope of the pitching-moment curve, Cmd; obtained from both the
static and dynamic tests and the damping-in-pitch parameter Cmq + Cm&

are shown in figure 7 as a function of angle of attack and in figures 8
and 9 as a function of Mach number. The static and dynamic data are for
conditiong at or near trim because of the previously mentioned restrictions
imposed by the oscillation technique.

The static force derivative, Cpy,, obtained from the dynamic tests
and the dynamic force derivative, CNq + Cpgs are shown for the complete
configuration in figure 10. The derivative Cy, Wwas obtained by means

of the transformation equation (A3) given in the appendix and the data
obtained at oscillation centers at both 25 and 35 percent of the mean
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aerodynamic chord. Data obtained at both oscillation centers together
with equations (A2) and (A4) were used to compute Cn, + CN&. These
latter data may be combined in equation (A4) with the data of previous
figures to compute the damping in pitch about any arbitrary center-of-
gravity position.

Lateral Test Results

The static lateral-directional derivatives, CZB, Cn.» CYB’ obtained

from the static and dynamic tests are presented in figure 1l as a function
of angle of attack. The data for the complete configuration at zero

angle of attack are plotted as a function of Mach number in figure 12.

The derivatives obtained from the static test are approximate in that

they were computed as the coefficients at a constant sideslip angle divided
by the sideslip angle. The sideslip angle was chosen to be 1° in order

to eliminate as much as possible the effect of any nonlinearity of the
coefficient with angle of sideslip, and thus to obtain derivatives com-
parable with those obtained from the dynamic test which was run at 1.50
amplitude. The dynamic test values of CYB for the complete configura-

tion were cobtained from results at oscillation centers at both 25- and
35-percent mean aerodynamic chord using equation (A7) of the appendix.

The yawing-velocity derivatives, Czr - CZB cos « and Cn, ~ Cnp cos a,
are presented as a function of angle of attack in figure 13 for each of
the configurations tested. These data for the complete configuration at
zero angle of attack are presented as a function of Mach number in fig-
ure 14. Equations (A6) and (A8) of the appendix were applied to the
damping in yaw obtained for the complete configuration oscillated at the
25- and 35-percent mean aerodynamic chord in order to compute the
derivative Oy, - CYé cos o shown in figures 13 and 1h4.

The rolling-velocity derivatives, Czp + Clé sin o and Cnp‘+ Cné sin o,

are presented as a function of Mach number for the complete configuration
at zero angle of attack in figure 15. It was found that these derivatives
were sensitive to the support vibration mentioned earlier, and were more
affected by support aerodynamic interference for a given sting length than
the longitudinal derivatives. In an attempt to eliminate these difficul-
tieg, the data shown in figure 15 were obtained by oscillating the model
in the maximum stiffness plane of the support on a sting sufficiently
long to eliminate aerodynamic interference; for these tests only, there-
fore, the model was oriented so that the wing was in the vertical plane.
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ESTIMATES OF ROTARY STABILITY DERIVATIVES

The rotary derivatives were estimated by available estimation pro-
cedures where possible. For those quantities for which no published
theory or estimate was available, estimates were derived.

Iongitudinal Stability Derivatives

Estimate of Cmq + Cma.— The damping in pitch of a body of high

finéness ratio is given by slender-body theory (see, e.g., ref. 6) as

LSy 2
(Cog + Cmg)y = - = (2 - Ca) (&)
The damping contributions of the wing at subsonic speeds were
estimated from the following equation given in reference 1.
_ _ 9x 1+ M 1 (5)

Cg ) 5
(Cung )y 32 [1+a-(N/1+0) 17 J1E

At supersonic speeds the damping contribution was estimated from the
expression for a rectangular wing given in reference 7 which, for a center-
of-gravity position of 25-percent chord, becomes

c Ce). = = —I 1 5 _ _2(MB41) 6)
(Cng * Cnaly 6VB-1 i La(MP-1) ' 3(-1)%%  3p(2-1)® (

This equation is valid for A,ﬁF~l 21.

The damping in pitch of the horizontal tail was calculated from the
expression (ref. 8)

(Cmg + Cug)y = (218/3) [1+(de/da) I0ny (7)

The horizontal-tail contribution to the damping in pitch of the complete
configuration was estimated using the values of de/da and Cmy from

figure 6. The tail contribution to the damping in pitch of the body-tail
combination was estimated on the assumption that de/da was zero for
this configuration at small angles of attack. The values of Cm8 used

in the estimate were again obtained from figure 6.
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Estimate of CNq + CNg.- The normal force due to pitching velocity

given by slender-body theory is (see, e.g., ref. 6)

(ch + Cygly = (4/88) [(1-Ca) Sp+18y] (8)

The normal-force contribution for a rectangular wing at supersonic
speeds due to pitching about the quarter chord can be obtained from
reference 7.

- 1 _ L | 2(MP+1)
(CNQ_ + CN(_X,)W ].\'12—1 3A(M2—l) (M2—1)3/2 + 3A(M2—l)2 (9)

The horizontal-tail contribution to the normal force is

(ch + CN&)H = —2[l+(de/da)]0m6 (10)
Lateral Stability Derivatives

é cos d.- No exact theory exists for the rolling

moment due to yawing velocity for a wing. Estimation procedures have been
published (see, e.g., ref. 9) but none appear to be applicable at all
speeds. An estimate was therefore developed, based on a strip theory
assuming an elliptical span load distribution, which takes into account
wing sweep, dihedral, oscillation-center position, and variation of

angle of attack and dynamic pressure across the span, but neglects the
effect of spanwise Mach number variations. The estimate was developed

in such a manner that static test data could be incorporated. The result-
ing expression is, for a given angle of attack,

Estimate of Czr - C3y

_ ((32e+3smh (CN)W
(Coply = (Fopme (OMody + —— (11)

where
ve o cos I' = sin Asin T
h Xocos Asin I
g aB(cos2l' - cos®A) + cos2A
The contribution of the vertical tail to the yawing velocity deriva-

tives was estimated in a manner similar to that .for the contribution of
the horizontal tail to the pitching derivatives. If it is assumed that
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for the angle-of-attack range of interest cos a = 1, the vertical-tail
contribution to the rolling moment due to yawing velocity is

(Czr - CZé cos a)V = —2(Zv/b)(lv/b)[l—(dﬁ/dﬁ>](CYB)v (12)

where (CYB)V is the static stability contribution of vertical tail in the
absence of sidewash. It was assumed that
(Cng) ]
[ Bl

ZV___ (CZB)V ) _ (CnB)V do _ a 1
v e e | st E—
( R =0 ( YB) a=0 [(CDB)VJ

: =0

<
Q

!

o

which is equivalent to assuming a center of pressure independent of angle
of attack, and that any apparent decrease in tail effectiveness is due to
sidewash. With these assumptions equation (12) becomes

(CZB)V
(Ci, - Ci4 cos a)y =2 (CYB)V 2[(CnB)V}a:O - [(Cnﬁ>v}q;q (13)

=0

The static derivatives for the vertical tail were obtained from static
test results as the increment of derivative due to adding the vertical and
horizontal tails to the body-wing configuration. Although the horizontal-
tail contribution to Czr - Czé cos o was not accounted for explicitly,

its effect is included in equation (13) in the static derivatives.

é cos o.— The contribution of the body to the

damping in yaw was assumed to Dbe

Iistimate of Cnr -~ Cn

(Cny - Cng cos a)p = (Cmg + Cng) (2/b) (1k)

The yaw damping of the vertical tail was estimated in the same manner
as the pitch damping of the horizontal tail. If the same assumptions noted
in the estimate for (Ci, - Czé cos a)y are used, the damping of the tail
is

(Cl’lB)
(Cpn, - Cng cos @)y = 2 f5§g7§ _ 2[(CnB)V]a;O - [(CHB)V]Q:Q

(15)
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The damping contribution of the wing was estimated and found to be
negligible.

Estimate of Cy,. - CYB cos a.- The body contribution to the side

force due to yawing velocity wasg assumed to be
(Cy, - Cyp cos @)y = (CNq + CN&)B(G/b) (16)

The tail contribution was computed using the same assumptions used
for other yawing derivatives.

(Cyy - Cyj cos a)y = 2{?[(CnB)V] - {(CHB)V] }' (17)
o=0 a=a \
Estimate of Czp + Clé sin a, Cnp + Cné sin a.- The theoretical

incompressible-flow results of reference 10 were used to estimate the
damping in roll due to the wing at subsonic speeds. Static test data
extrapolated to zero Mach number for the body-wing configuration were
used to form the compressibility correction

' (CNe)
ew)] - [(CZP)WLO o, (18)

The linearized theory of reference 11 was used to compute the roll damping
of the wing at supersonic speeds. Although the results of this reference
are not valid for the present wing at a Mach number of 1.1, they were
extrapolated to that Mach number in order to aid in fairing the estimated
results.

Calculations based on the method of reference 12 indicated that, at
least at low subsonic speeds, the damping contribution of the vertical
tail was negligibly small as a result of the rolling flow caused by the
wing. This was assumed to be the case at all Mach numbers. The roll
damping of the horizontal tail can be considered to be the result of the
effects of the rolling wing wake, the sideslip angle generated by place-
ment of the tail high above the roll axis, and the damping-in-roll of the
tail. The first two effects were assumed to cancel, and the roll-damping
contribution of the horizontal tail was estimated by scaling the wing
contribution according to the relative sizes of the wing and tail.

At zero angle of attack the wing and horizontal-tail contribution to
Cnp + Cné sin @ was assumed to be zero. The vertical-tail contribution,

due to the rolling wake of the wing, was again found to be negligibly small.
CONFIDENTIAL
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DISCUSSION

Longitudinal Results

Aerodynamic characteristics.- One of the more significant features
of the static longitudinal characteristics was the loss in static stability
of the complete configuration at the higher angles of attack throughout
the Mach number range of the investigation and the reduction in stability
at low angles of attack at the high Mach numbers (figs. 5 and 8). The
loss in stability at high angles of attack was due to the increase in
rate of change of downwash angle with angle of attack, de/da, at the
horizontal tail. This downwash characteristic, shown in figure 6, was
caused primarily by the vortices generated by the fuselage. The powerful
effect of the vortices on the downwash at the horizontal tail, and hence
the 1ift of the tail, is shown in figure 5 by the sharp reversal in the
static stability of the body-tail configuration in contrast to the rela-
tively constant stability of the body alone at high angles of attack.
That this effect persisted even in the presence of the wing is indicated
by the correspondence between the angles of attack of the complete con-
figuration and that of the body-tail at which static instability occurred.
Toss of horizontal-tail 1ift due to stall would also produce the observed
characteristics. However, the similarity of the wing and horizontal tail
would tend to indicate similar stall characteristics, and it may be observed
(fig. 5) that wing stall and loss of stability occurred at widely different
angles of attack.

In contrast to the stability loss at high angles of attack resulting
from the body-induced flow field, the reduction in stability at low angles
of attack and Mach numbers of 1.9 and 2.2 was assoclated with wing-tail
interference. At these conditions a substantial portion of the high
horizontal tail was enveloped by a flow field bounded by Mach lines from
the leading and trailing edges of the wing. In this region the value of
de/da. was large, theoretically unity, so that the stability contribution
of the horizontal tail was small. With increasing angle of attack the
horizontal tail moved below the wing-induced flow field, resulting in a
reduction of de/da and an increase in stability. This effect, altered
at the high angles of attack by the effect of the body vortices, is seen
in figures 5 and 6.

The damping in pitch for the complete configuration was stabilizing
throughout the Mach number range of the investigation and varied smoothly
with angle of attack for Mach numbers below 0.90 and above 1.1 (fig. 7).

In the transonic speed range, however, large variations in damping occurred
through the angle-of-attack range. As noted previously in references 1,
13, and 1k, there is a close correspondence between damping in pitch and
the static stability, Cm,, wherein an increase (or decrease) in damping
accompanied a decrease (or increase) in static stability. This effect is
particularly pronounced at transonic speeds.
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The effect of fixing transition (flagged symbols, fig. 7) was not
consistent at subsonic and transonic Mach numbers. At a Mach number of
1.3 and above, the effects were negligible.

Comparison of static and dynamic test results.- In addition to the
rotary derivatives, some static derivatives were also obtained during
the dynamic tests, enabling a comparison of these quantities to be made
for the two different test conditions. The static stability derivative
Cmy,, DPresented in figure T from the static and dynamic tests in general
agrees very well. The exception is at a Mach number of 1.0 where the
data obtained dynamically deviated from those obtained in the static test
in a manner which tended to smooth the erratic variations exhibited by
the static test data. It is believed that support aerodynamic interference
on the horizontal tail was the primary reason for the deviations. Because
of the oscillating-1ift force tending to excite vibrations of the support
structure, it was necessary to use a much shorter sting length than for
the static test, and some aerodynamic interference possibly existed through-
out the transonic speed range.

The comparison of CN@ from the static and dynamic tests (fig. 10)

shows the greatest discrepancy at transonic speeds where, as mentioned
previously, some aerodynamic support interference probably existed during
the dynamic tests. Because of the manner in vwhich it was obtained from
the dynamic test data, this coefficient provides a sensitive indication
of such interference. At a Mach number of 1.3 and above, the agreement
with the static test data is good.

Comparison of experiment and estimate.- The estimated damping of the
complete configuration as calculated herein is a function of angle of
attack only through the experimentally determined variation of de/dm
shown in figure 6. At other than transonic speeds the estimate gave
approximately the correct values and trends with angle of attack (fig. 7).
At Mach numbers 0.90 through 1.1, however, since de/do was a smoothly
varying function of angle of attack, the estimated values also varied
smoothly, rather than following the erratic variations of the experimental
results. The lack of agreement between estimate and experiment at tran-
sonic speeds appears to be due to the inadequacy of the damping estimate
of the wing. That the erratic variations appear to be due to the wing
is evidenced by the damping for the body-wing combination also shown in
figure T. Although the data for this configuration are rather limited,
they are of sufficient extent to show damping variations of the same order
of magnitude as for the complete configuration. A further inadequacy of
the wing estimate is shown in the lower part of figure 9, which presents
the damping in pitch of the various configurations as a function of Mach
number. Whereas the linearized theory for the rectangular wing indicates
an unstable trend as the Mach number decreases toward 1.0, the experimental
results show increasingly stable damping. The same type of discrepancy
was found in reference 15 for a wing of somewhat similar plan form for an
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oscillation center at 35 percent of the mean aerodynamic chord, whereas
results obtained at 20 percent of the mean aerodynamic chord followed the
unstable trend indicated by the theory. At Mach numbers of 1.0 and 1.1,
the estimated damping values for the complete configuration are the
contributions only of the body and horizontal tail, because of the lack
of a suitable wing estimate.

The suggestion was made in references 13 and 1k that the correspondence
between the damping in pitch and the static stability could possibly be
used as a basis for damping estimates. The correspondence between the
contribution of the horizontal tail to the static stability and the damping
in pitch is well known. Whereas the static stability contribution of the
horizental tail when written as

(Cmg)g = Cmgll-(de/da)]

indicates a destabilizing effect of increasing downwash with increasing
angle of attack, the damping-in-pitch contribution given by equation (7
indicates a stabilizing effect. The reason for the correspondence in the
case of the wing is not so clear. A simple analysis presented in ref-
erence 15 led to the conclusion that a decrease in static stability should
be accompanied by a decrease in damping. Although this conclusion appeared
to explain some of the results of reference 15, it contradicts the observed
effect in references 13, lh, and the present results. The phenomenon
evidently is not a simple one, and more investigation must be carried out
in order to use it as a means of estimation.

The variation of Cpy, + CNg with Mach number is shown in figure 10.
For this derivative the negative trend of the estimate as the Mach number
approaches unity, as a result of linearized rectangular-wing theory, was
borne out by the experimental results.

Correlation of data with those from other facilities.- The comparison
of the static stability Cmg and damping in pitch Cmq + Cpg, with data
from references 1 and 2 (figs. 8 and 9) tends to show the greatest dis-
crepancies at transonic speeds. The over-all agreement between the data
from the three facilities is good, however.

Lateral Results

Aerodynamic characteristics.- Except for radical variations of CZB
and Cp, at high angles of attack at Mach numbers of 0.90 and 0.94

(fig. El), the static derivatives varied relatively smoothly with angle
of attack. In the supersonic speed range, increasing angle of attack was
generally accompanied by a reduction of directional stability. The
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reduction of stability with angle of attack, coupled with the reduction
of stability at low angles with increasing Mach number, resulted in
directional instability of the complete configuration at Mach numbers
of 1.9 and 2.2 at the higher angies of attack.

There was a tendency for the damping in yaw and the static direc-
tional stability of the complete configuration to be related in the same
manner described earlier for the damping in pitch and the static longi-
tudinal stability. This can be seen from a comparison of figures 11
and 13, although the absence of large fluctuations makes the correspondence
less striking than for the longitudinal data.

Comparison of static and dynamic test results.- The agreement between
the static and dynamic test data shown in figure 11 is fair. OSome of the
discrepancies between the static and dynamic test results can probably
be attributed to inaccuracies in the static test data because of the small
sideslip angle used. Aerodynamic support interference effects in the
dynamic test data are believed to be negligible since they were obtained
with the maximum sting length available. It is also possible that some
sting vibration existed during these tests, although none was observed.

At Mach numbers of 0.90 and 0.94% the extreme fluctuations noted in the
static test data made it impossible to test dynamically the winged con-
figurations at the higher angles of attack. The side-force derivative
Cyny Which was computed from dynamic data obtained at two oscillation
positions, agrees reasonably well with static test results. However,
the scatter in some of these data indicate that the distance between
oscillation centers should be greater in order to obtain more consistent
results.

Comparison of experiment and estimate.- The experimental and estimated
results are compared in figures 13, 14, and 15. Each of the estimates is
deficient in one respect or another, and the indications are that the
estimate of the tall contribution is the primary cause. The greatest
discrepancies appear in the side-~force derivative Cyr'— Cys cos o shown
in figures 13 and 1k, ‘and in the yawing-moment derivatives Cnp + Cné sin o

shown in figure 15. In the case of the side-force derivative, the erratic
variations with angle of attack make the accuracy of the data suspect.
However, although the absolute values may be somewhat in error, the
similarity between the variation of this derivative with Mach number

(fig. 14) and that of Cy. + CN& shown in figure 10 indicates the trend
of the data to be correct. The vertical tail provides the primary con-
tribution to the side-force derivative, and the type of tail estimate
commonly used 1s inadequate to predict the behavior exhibited by the
experimental results. More sophisticated estimates utilizing wing theory
are evidently needed. /
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The yawing-moment derivative Cpy + Cpg sin o (fig. 15) is also
caused primarily by the vertical tail. In addition to the spanwise!
variation of angle of attack due to rolling, the vertical tail is also
subjected to the flow field from the rolling wing, and up to the present
time no estimate of these effects suitable throughout the speed range has
been developed. -

Correlation of data with those from other facilities.- Results of
the present investigation and those of references 1 and 2 presented in
figures 8 and 9 have shown good correlation. This is also true of the
static derivatives compared in figure 12, In figure 14 the values of
Czr - CZB cos o obtained in the present investigation varied relatively

slowly with Mach number. This characteristic is confirmed also by the
data of reference 1, whereas the data of reference 2 indicate a sizable
change between a Mach number of 2.2 and 2.5, as well as a reversal in
sign. The reason for such a change is not known. There may be some
question as to the accuracy of the Mach number 2.5 data inasmuch as the
Mach number 3.0 and 3.5 data of reference 2 appear to follow the trend
of a gradually decreasing value of Czr - Czé cos o with increasing
Mach number.

In figure 15 the comparison of C;_ + C;s sin a with the data of

references 1 and 2 is fair, although the trend of the present results at
low Mach numbers appears less reasonable than the data of reference 1,

and maintains too large a value at high Mach numbers to falir smoothly
with the results of reference 2. The present results for Cp + Cpy sin

show good agreement with those of reference 1 at a Mach number of 0.65
but depart considerably at transonic speeds, even though the trend of
the data is the same. The comparison at high Mach numbers 1s very poor,
the results of the present investigation and those of reference 2
exhibiting a similar trend with Mach number which, in conjunction with
the opposite signs of the derivative at Mach numbers of 2.2 and 2.5,
makes the two sets of data appear incompatible. It seems probable, since
the maximum variation appears to be in the transonic and low supersonic
speed ranges and small almost everywhere else, that the two data points
in question are in error, and that above a Mach number of 1.5 the value
of the derivative is essentially zero.

CONCLUSIONS

This report presents results of static and dynamic wind-tunnel
measurements of a model with a low-aspect-ratio unswept wing and a high
horizontal tail. The results of the investigation showed that:
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1. A correspondence between the damping in pitch and the static
stability, previously noted in other investigations, was also observed
in the present results. The effect observed was that a decrease (or
increase) in the static stability was accompanied by an increase (or
decrease) in the damping in pitch. A similar correspondence was observed
between the damping in yaw and the static-directional stability.

2. Comparison of estimated and experimental results in general showed
inconsistent agreement, indicating the need to develop more precise esti-

mation procedures.

3. Comparison of the data from the present investigation with
similar results from investigations of the same model configuration in
two other facilities in general showed good agreement.

Ames Research Center
National Aeronautics and Space Administration

Moffett Field, Calif., Mar. 12, 1959
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APPENDIX

TRANSFORMATION OF STABILITY DERIVATIVES FROM ONE CENTER OF
OSCILIATION TO ANOTHER
Oscillation center "1" is the axis about which the original deriva-

tives were measured. They will be transferred to a new oscillation
center "' which is ¥ feet forward of position "1."

Longitudinal
CNag = CNal (A1)
(Cig + Omg)p = (Owg + COng), + Oy & (2)
Cmy, = Cmgyy - CNOL% (A3)
) % o% 2(x)®
(Cng + Omglz = (Cmg + Cmg)y - (Ong + Ongly 5 * Omgy T 7 OMg (2)®
(Ak)
Lateral
Cvp, = Otpy (#2)
(Cy.. - Cyj cos «)z = (Cy, - Cyg cos )y - Cyg %? (46)
X
Cog, = Cng, ~ g 3 (1)
(Cp, - Cné cos &)z = (Cn, Cog cOS a1 - (Cy,. - Cyy cos @)1 % -
2% 2(%)” A8
ng, T+ Crp = (A8)
CZBZ = CY’Bl (A9)
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A-23975

Figure 1l.- Photograph of model mounted in wind tunnel.
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Horizontal reference
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Figure 4.- The body system of axes. All moments, forces, angles, and
angular velocities are shown in the positive sense.
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‘Figure 13.- Continued.
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Figure 13.- Concluded.
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complete configuration, 8 = 0.1°, a = 0°,
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