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ABSTRACT

A new wind tunnel apparatus has been developed and
constructed for the determination of moment cross-derivatives
due to pitching and yawing on models at moderate angles of
attack and sideslip. The apparatus can also be used to
determine the direct moment derivatives in pitch and yaw.
Experimental results were obtained at Mach 2 on a cone-wing-
fin configuration at angles of attack and sideslip up to
15°. Although at small values of these angles the cross-
derivatives were always negligibly small, measurable effects
were sometimes observed, at all angles of attack included
in this investigation (i.e. up to 15°), when the angle of
sideslip was 10° or 15°., For dynamic cross-derivatives
(Cag*Ce &) (Cmr-Cmgcosog) and (Cng+Cng) [which represent the
coupling between the lateral and the longitudinal degrees of
motion] these effects were of the order of up to 5 percent
of the direct damping derivative in the pertinent equation of
motion and can probably be expected to be even larger for
higher values of angles of attack and sideslip and for con-
figurations more prone to asymmetric vortex shedding (such
as a winged configuration with a long forebody). If so, it
may be desirable to include such derivatives in the flight
mechanics analysis of aircraft flying at moderate angles of
attack and sideslip, such as may be encountered during certain
high performance maneuvers, when using direct lift or side-
force control, or during certain phases of spin motion. To
the best knowledge of the present authors, the three cross-

derivatives in question have never been determined before.

(1)



SYMBOLS

All stability derivatives are referred to the body axis system.
Ab base area of the model

c cosa

M /(B L)

My/(qAbE)

M,/ (@A 2)

H 0O 0O N
8 B

moment of inertia around the pitch axis

<

angular stiffness
model length
Mach number
rolling moment

2 RRer
-

pitching moment

<

yawing moment

N

angular velocity in roll
angular velocity in pitch
dynamic pressure

angular velocity in yaw
time

freestream velocity

<cdrROQmg X

Q

angle of attack; angular deflection in pitch
mean angle of attack

Q
o

time rate of change of angle of attack
angle of sideslip
mean angle of sideslip

™ W Re
o}

time rate of change of angle of sideslip
angular deflection in pitch, 0=qa

damping coefficient

angular deflection in roll

angular deflection in yaw, ¥=-8
(circular) frequency

E€OST O

Subscripts:

refer to oscillation in pitch

refer to oscillation in roll

refer to oscillation in yaw

refer to model position for direct derivative measurement
in the plane indicated

II refer to model position for cross-derivative measurement in
the plane indicated

H <6 O
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Derivatives
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Note: For oscillation around a fixed body axis at an angle of
attack, oo, the dynamic derivatives appear in the following
combinations:

where ¢ = cosao.
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1. INTRODUCTION

As ghown by Tobak and Schiff in Referencel, the nonlinear
moment system for arbitrary motions of both axisymmetric and
nonaxisymmetric bodies may be completely specified by moment
contributions resulting from four characteristic simple motions.
In a body-axis system, these four motions are: (a)steady flight,
(b)coning motion, (c)oscillation in pitch, (d)oscillation in yaw -
all of these al a combination of a constant angle of attack and
angle of sideslip. For each of these motions the pitching, yawing
and rolling moments are required. The moments aschiated with (a)
can be obtained from static wind tunnel measurements, and the
moments associated with (b) from measurements on a special coning
apparatus such as the one described in Reference 2. The moments
associated with (c) and (d) consist partly of pure damping-in-pitch
and damping-in-yaw derivatives (and their static counterparts)
which can be obtained from one-degree-of-freedom oscillatory
experiments, and partly from static and dynamic cross-derivatives,
such as yawing and rolling moments due to pitching, and pitching
and rolling moments due to yawing.

Of the above dynamic cross-derivatives, the only one that
has been considered in the past is the rolling moment due to
yawing. The remaining three derivatives all represent a cross-
coupling between the longitudinal and the lateral degrees of
freedom and up to now have always been considered negligible. To
the best knowledge of the present authors no attempt has ever been
made to determine them either theoretically or experimentally.

Of course, in the past there was no real need to know these



derivatives, since in most low angle-of-attack and low angle-
of-sideslip flight conditions they were, in fact, extremely small
if not zero. However, as discussed in References 3 and 4, with the
present~-day high performance maneuvers and the possible use of
direct 1ift and side-force control, this situation has now

changed. Separated flows and asymmetric vortex shedding, which
occur at higher angles of attack and sideslip, are known to cause
severe flow asymmetries, which in turn may introduce non-
negligible cross-coupling derivatives.

Except for the forced oscillation apparatus in the Full Scale
Tunnel at NASA Langley (with which many of the required cross-
derivatives can be measured at Mach numbers up to 0.1l) and the
recently modified forced-oscillation apparatus (Reference 3)
in the High Speed Aircraft Division at NASA Langley (with which
it may be possible to measure the rolling moment due to yawing
at Mach numbers from 0.2 to 4.6), no operational apparatus seems
to exist at the present time with which any of the required cross-
derivatives could be obtained in the wide range of Mach numbers
which is of interest for present-day flight operations. It was
the purpose of this project to develop and construct a pilot
model of such an apparatus and to assess its sensitivity and
accuracy by conducting a preliminary series of experiments on a
simple model in a supersonic wind tunnel. This report gives a
brief description of the apparatus and of the specially-developed
instrumentation system, a discussion of the calibration and
testing procedures, an account of the method for data reduction
and analysis, and includes some experimental results obtained
on a cone-wing-fin configuration at Mach 2 and at angles of attack

and sideslip up to 15°.



2. BASIC PRINCIPLES OF APPARATUS

The apparatus provides a forcing oscillatory motion in pitch
with resulting forced oscillatory motions in yaw and roll or,
alternatively, with the model rotated 90° around its longitudinal
axis, a forcing oscillatory motion in yaw with resulting forced
oscillatory motions in pitch and roll. In each case the torque,
the amplitude and the frequency of the forcing motion, as well
as the in-phase and quadrature components of the two forced
motions with respect to the forcing motion are measured.

The characteristic features of the apparatus are (1) that
all moments and motions are taken around a system of three
body axes which intersect at one point, (2) that the forcing
motion is not affected by deflections in the planes of the two
forced motions, (3) that the system is fairly rigid in the
planes of the two forced motions, thus reducing the effect of
unsymmetrical deflections under load and alleviating the requirement
for a very small static margin in the plane of the non-rolling
forced motion and, (4) that semiconductor gages and lock-in
amplifiers are used for obtaining outputs representing the two forced
motions, permitting the extlraction of even very weak signals as
long as they are synchronous with the forcing motion.

A set of two experiments is required to obtain, from the
in-phase and quadrature components of the iwo forced moliions, a

complete set of 4 static cross-derivatives (C c ., C and C,,)

mB’ Tnoa Lo LB

C c, +C

and 4 dynamic cross-derivatives (Cm na’ CaqtCed

—Cmécosqa,cnq+

and Clr-Clécosqo). The same two experiments also provide a

r

complete set of direct, one-degree-of-freedom, derivatives, namely



the two static derivatives Cma and CnB’ and the two damping

derivatives C_ +C_+ and C__-C_scosa . This latter information is
mqg nr "mfB o

mo
obtained from the torque, amplitude and frequency characteristics
of the forcing motion, using methods described in Reference 5.
All defivatives are defined in the body system of axes and
represent the aerodynamic moments due to small deflections and

small rates of change of the deflections from an arbitrary set

of a nominal angle of attackc%)and a nominal angle of sideslip BO.

3. MECHANICAL ARRANGEMENT

3.1 Design Considerations

The basic part of the apparatus contains three cruciform
flexures to provide degrees of freedom in pitch, yaw and roll
(Figure 1). A one-piece construction is used to eliminate the
effects of mechanical joints. The axes of the flexures are
orthogonal, the origin being fixed with respect to the supporting
sting. The model is attached to a flange on the front end of the
flexure unit which in turn is secured rigidly to the sting.

An electromagnetic exciter drives the unit at an amplitude
of up Lo 2° in pitch (or yaw). The required restoring moment
in this plane is provided by a pair of auxiliary cantilever springs
fastened to the moving part of the balance and altached Lo the
sting through flexural pivots.

With the exception of the cruciform flexures the balance
unit was manufactured using conventional machining methods. For
reasons of inaccessibility and complexity the cruciform sections
proper were made by electrical discharge machining (EDM). The
material used was 17-4 PH stainless steel, heal-treated to

Rockwell C-38 prior to the EDM operation. This malerial was



selected because of its well-known structural and fatigue
charécteristics.

The balance unit is designed to accept a modei that under
static conditions and in an upright position can be exposed to the
foliowing load limitations: normal force 80 1lb, side force 80 1b,
axial force 20 1b, pitching moment 4.7 lb.in, yawing moment 5.5 lb.in
and rolling moment 5.4 1lb.in. The above moment limitls are
compatible with a maximum angular deflection of 1.5° in pitch
and 0.5° in yaw and in rxoll. Mechanical stops are incorporated
in the model to prevent overstressing due to excessive angular
deflections, which may occur in the presence of negative damping
or very large dynamic cross-derivatives as well as during the
starting or stopping of the wind tunnel.

The present balance unit requires a model cavity in the form
of a truncated cone with diameters 3.06 in. and 1.55 in. and
height 4.35 in. The actual flexure unit, however, is considerably
smaller, and it is possible that with a different driving mechanism
the required model cavity could be reduced to a cylindrical space,
1.9 in. in diameter and 4.3 in. long.

The balance unit, completely instrumented and mounted on the

sting, is shown in Figure 2.

3.2 Driving Mechanism

The model is oscillated with constant amplitude at its
mechanical resonant frequency in the plane of forcing motion. A
feedback system (described in Reference 6) provides the necessary
power for the electromechanical driving mechanism, which consists
of two semi-circular permanent magnets anchored to the supportiing

sting and a rigid, high-current (up to 50 A),single-turn coil free



to move within the air gaps between the magnets. The coil is
attached to the balance in a manner that permits it to impart to

the model a forcing motion in one plane, but is not subject to the
resulting forced motions in the other two planes, thereby eliminating
problems of lateral displacement within the narrow air gaps. A
torque of up to 0.4 1lb.in can be generated, which has proven to

be sufficient to drive the model at resonance in all test conditions.

4. INSTRUMENTATION

The signals corresponding to the angular deflections around
all three axes are obtained from strain gage bridges mounted on
+ the respective cruciforms. Semiconductor gages are employed in
the planes of the two forced motions in order to improve the
signal~to-noise ratio of the pertinent output signals which
usually represent amplitudes of the order of a tenth of a degree
only.

A special effort was made, with considerable success, to
minimize the induced and common-mode noise by using balanced
lines in conjunction with suitable shielding and grounding
techniques. These precautions are particularly important in
view of the large current at the critical frequency flowing
through the diiving coil, which is unavoidably located near the
sensing elements. The signals are nonetheless contaminated by
noise of aerodynamic origin to such an extent that conventional
filtering methods are rendered ineffective for the extraction of
the necessary information.

However, the small amplitude of the mechanical oscillation of
Lthe model permits to assume that, for a given model atltitude, the

system is linear around its equilibrium position, in which case



the forced motions are sinusoidal and of the éame frequency as
that of the forcing motion. The a priori knowledge of the nature
of these motions allows the use of more sophisticated signal
extraction methods to obtain the information necessary for the
eventual determination of aerodynamic derivatives. Figure 3
shows a block diagram of the system used to acquire the pertinent
data. The system is centered around a two-phase lock-in amplifier
system capable of extracting signals coherent with the reference
one that are deeply buried in noise. The signal corresponding to
the displacement of the forcing motion is used as the reference by
virtue of its high signal-to-noise ratio. The in-phase and |
quadrature components of the forced motions relative to the forcing
motion can thus be obtained.

Although the signal-to-noise ratio of the output signal of
a lock-in amplifier can be improved by increasing the time constant
of its RC post-detection filter, the run duration in an intermittent
wind tunnel imposes an upper limit on the usable integration time.
To permit the use of a longer time constant, the signals representing
all three angular deflections are stored on a magnetic tape loop,
so that they can be played back during a longer period of time.
Although this subterfuge does not improve the accuracy of the
results (which is only a function of the total time during which
the data are collected), it provides easily-observable average
values for a particular wind-tunnel run, which - if necessary -
can then in turn be avefaged with those of other runs. This

problem, of course, would not exist in continuous-flow wind tunnels.



The additional instrumentation for measurement of the direct
derivatives consists of a monitor of the driving coil current,
a frequency counter, two RMS/DC converters and a divider module,
to obtain the ratio of the forcing torque to angular amplitude,
in a manner described in Reference 5.

A photograph of the instrumentation system employed is shown
in Figure 4.

5. EXPERIMENTAL PROCEDURES

5.1 Bench Calibrations

The torque capability of the driving mechanism as function of
coil current is determined by loading the end of a light beam
attached to the coil and pivoting on a ball bearing. The current
required to null the deflection is measured. Repeaiing the
experiments for different positions of the coil within the air
gap proved that the magnetic field within the region of interest
is completely uniform.

The sensitivities and stiffnesses of the balance are obtained
by static calibration, which is accomplished by suitably loading a
calibration fixture (Figure 5) attached to the front flange of the
balance. Deflections are measured with a cathetometer. Maximum
calibration loads correspond to deflections of 2°,

The natural frequencies in the three degrees of freedom are
found by measuring the oscillation frequency of the model after
releasing it from a deflected position in each of its planes of
motion. For this calibration the model is mounted (at 0° roll and

also at 90° roll) on the actual balance-and-sting combination. It



is convenient to attach the sting to the support that is used in
the wind tunnel,this support in turn being clamped rigidly to a
large surface table. The natural frequencies together with the
corresponding direct stiffnesses are then used to determine the
moments of inertia of the system about the 3 axes.

The accuracy of the complete system is assessed by applying
a known external torque in the planes of forced motion at the
forcing frequencies. This is accomplished by means of the loading
arrangements shown in Figures 6 and 7, for which the model is
mounted on the surface table on its actual balance-and-sting
combination. The frequeﬁcy response of the system in yaw and in
roll is determined by means of a variable-speed motor-driven
external oscillator. An eccentric coupling driving a pair of
calibrated strain-gaged cantilevers provides a known moment in
vaw to the model; a moment in roll is imposed with another pair
of cantilevers combined with a change in orientation of the
driving motor.

5.2 Calibrations in the Wind Tunnel

The direct mechanical damping of the balance is obtained
after installation in the wind tunnel, and is determined from
the logarithmic decrement as the model is allowed Lo damp freely
from a deflected position of about 2° in each of its planes of
motion. These measurements are made in near vacuum (=10 mm Hg)
and used for data reduction. Similar, more-easily made measurements
are performed in air and are repeated from time to time in the
course of the experiments in order to detect any changes in the

values obtained in vacuum.



5.3 Wind Tunnel Experiments

Tunnel runs of about 13 sec. duration are taken, during
which the balance provides an'amplitude—stabilized motion in the
plane of the forcing motion (pitch or yaw). Outputs from the
pitch, yaw and roll bridges are recorded on a closed loop of
magnetic tape of such a length that the starting and stopping
shock effects are eliminated. At the same time the ratio of the
driving torque to the amplitude (~1.2°) as well as the driving
phase angle are recorded on two strip-chart potentiometer recorders.
Corresponding tare readings before each run are taken at a pressure
of about 30 mm Hg and recorded on a separate loop of tape. The
model is tested in the pitch attitude and, by rotating it 90° on
the balance, also in the yaw attitude.

For the determination of cross-derivatives, the in-phase
and quadrature voltage outputs of the roll and yaw (or pitch)
bridges, referenced to the pitch (or yaw) bridge output are
obtained by playing back the tape loops into the lock-in amplifier.
Because of the short tunnel runs two or three runs are usually
required at each model attitude (given as a combination of angle
of attack and angle of yaw) for averaging purposes.

The direct derivatives are obtained from the forcing motion
using the strip-chart recorder readings together with the frequency

of oscillation as measured with a commercial counter.

6. DATA REDUCTION

6.1 General
Each wind tunnel test provides sufficient data to determine
the direct derivatives associated with the forcing motion in pitch

(or yaw) and part of the information necessary for the determination

- 10 -



of the pertinent cross-derivatives. The remainder of such
information is obtained from another test where the model is at
the same aerodynamic attitude but oscillating in yaw (or pitch).
A pair of such tests shall be denoted "complementary tests" in
the following discussion. A flow diagram describing the data
reduction is shown in Figure 8, although it should be noted

that the data generated from a complementary pair of tests leads
to the use of two such charts [e.g. Test A (précedure I) coupled
with test B (procedure II) and Test A (procedure II) coupled
with test B (procedure I)].

Procedure I yields the direct derivatives and the aero-
dynamic moments required in the determination of the cross-derivatives.
Procedure II combines the data originating from the forced planes
(induced or secondary motions) with the moments obtained from
procedure I to determine the cross-derivatives.

Vector notation is used to represent sinusoidal time
variations of deflections, moments, etc. All phases are referred
to the deflection in the forcing plane.

6.2 Direct derivatives

The direct aerodynamic static and dynamic derivatives are
obtained by the well-known single-degree-of-freedom constant-
amplitude oscillation technique. The data obtained from the
test are (for oscillation-in-pitch):

- Oscillation amplitude, 0, and frequency,
- Amplitude of forcing torque, My

- Phase angle, Y%, between forcing torque and deflection in

the forcing plane.

- 11 -



The aerodynamic moments in the plane are given by (Reference 7)

. Myslnx _ My,051nxo (1)
e} w0 wOOO
2 2 1141 M o)
- - - - Y ¢
M, = Iy(w wo) 5 cosx eo cosx, (2)

where subscript "o" denotes vacuum tare conditions. This leads
to the following direct derivatives:

1

“ng = ga Mo
_2v
cmq+cm& B QAbZZ My

Similar expressions are used for the direct derivatives in

yaw, CnB and (Cnr-Cnécosao).

6.3 Cross-derivatives

The model is oscillated in yaw (or pitch) at an attitude
a=0,, B=B, (therefore in the complementary test the model
oscillates in pitch (or yaw) at a=ao, B=B8p).

The approach followed for the processing of the data is
based on the following assumptions:

(i) The aerodynamic and mechanical interactions between the
forced motions can be neglected by virtue of the very small
deflections in those planes (relative to that of the forcing
motion) resulting from the high associated stiffnesses. Likewise
the primary motion is not affected by the secondary ones.

(ii) The vacuum tare and wind-on amplitudes of the forcing
oscillation are approximately equal due to the high stiffness of
the driving servo system. In a few cases where the wind-on
amplitudes were slightly lower, the output data were multiplied

by the amplitude ratio.

- 12 -



The experimental data required for procedure II are the
sinusoidal components coherent with the forcing oscillation, of
the vacuum tare and wind-on deflections in the planes of forced
motion in pitch (or yaw) and roll.

By subtracting the tare vectors from the corresponding
wind-on ones, the deflections due to aerodynamic effects are
obtained (aerodynamic vectors).

These deflections are assumed to represent the response of
second order systems to an excitation by sinusoidal forcing
moments synchronous with the primary motion. It is therefore
necessary to convert the measured deflections into such forcing
moments before the aerodynamic moments associated with the desired
cross-derivatives can be determined.

The equation of motion for a second order system can be
written

mX + cX + kX = P sinwt (3)

which rewritten for a pitching moment, is

v [vaMg)] . (koM M
0 + © @] 0 + o O]O = L sinwt (4)
I I I
Yy y y
. . , .
or O + ugd + wg = (M/Iy) sinwt

Therefore to obtain the damping coefficient Mg the aerodynamic

damping derivative Mg is required, which is obtained from the

complementary test. Yo and Iy are determined separately. Likewise

M., is obtained from the complementary test and combined with

0
ko and Iy to generate the proper wind-on resonant frequency (wo).
It. should be noted that the resonant frequency, mechanical damping
and moment of inertia in pitch depend on the position of the

model relative to the balance unit and are therefore subscripted

in Figure 8 to denote the pertinent test conditions. A similar

- 13 -



procedure is followed to obtain uw and ww in the yawing plane.
In the case of the rolling plane, a theoretigal value of
Lp (obtained by procedures described in Reference 8) must be
used since the damping-in-roll cannot be determined experimentally
with the present apparatus. Furthermore, the undamped resonant

frequency in roll,(wn) , is used because the aerodynamic restoring

¢
moment in roll for the relatively small angles of attack and side-
slip of the present -tests can be assumed negligible, particularly
in view of the fact that the rolling resonant frequency w¢ is
considerably higher than the forcing frequency w and, consequently,
small changes in the rolling frequency have no effect on the final
result.

The modulus'of the forced moment in pitch (Myin Egn. 4),
when the model is oscillated in yaw with the forcing frequency w,

is given for an underdamped system, such as the one under con-

sideration, by (Reference 9)

2,.2

212 MW
M,= Ak 1- 9|74 28 (5)
Y 0 w2 w®
0 0

where A is the modulus of the aerodynamic pitch vector, and w,, as
before, is the resonant damped frequency in pitch with the model
mounted in the proper position (i.e. for oscillation-in-yaw).

The phase angle between Myand A is obtained as

Ho
2
) w

(6)

€ = arc tan
w

- 14 -



All the terms on the right-hand side of the equations are
known and therefore the aerodynamic moment vectors can be de-
termined. The corresponding static and dynamic cross-derivatives
are then readily obtained from the in-phase and gquadrature
components (real and imaginary parts) of these vectors, by reducing

them to standard non-dimensional forms (Figure 8).

7. WIND TUNNEL AND MODEL

The experiments were performed in the NAE 30 in. x 16 in.
intermittent suction wind tunnel at a Mach number of 2.0. Tunnel
stagnation pressure was approximately atmospheric (14.0 psia) and
the stagnation temperature was close to ambient (averaging about
80°F). The intake air was dried to a specific humidity of about
0.001. The Reynolds number per foot was 3.6 x 106. Transverse
variation of Mach number at the model lbcation in the empty tunnel
was less than #0.01 and the longitudinal variation was *0.02.

The model was made of aluminium alloy, the body and wing
being machined in one piece. The fin was brazed on the body in a
final operation. The rear half of the body was hollowed out to a
constant wall thickness of 0.055 in. to provide room for the driving
mechanism. Mass balancing was achieved by drilling out the solid
portion of the body forward of the attachment point.

Figure 9 gives the geometric characteristics of the model,

while Figure 10 shows the model installed in the wind tunnel.

8. EXPERIMENTAL PROGRAM AND RESULTS

8.1 Program

The experiments consisted of oscillation-in-pitch and

oscillation-in-yaw at the following combinations of the mean angle

- 15 -



of attack oy and the mean angle of sideslip BO:

B [+ [+ [+]
o N 0 5 10 15
O
L B —————
0 X X X X
50 X X X X
10° X X X X
15° X X X

Each cross denotes two separate wind tunnel experiments,
to provide forcing motion partly in pitch and partly in yaw. For
oy and Bo not exceeding 10°, the oscillation-in-yaw was arranged
by turning the sting and its support by an angle oy sidewise and
by an angle Bo in a vertical plane, with the wings and the plane
of oscillation oriented vertically. For a, = 15° the oscillation
in yaw was arranged by rotating the sting 90° and turning it,
together_with its support, by an angle Bo sidewise and by an
angle aq in a vertical plane, with the wings and the plane of
oscillation tilted 15° to the horizontal. Similarly, for BO = 15°
the oscillation-in-yaw was performed in a vertical plane and the
oscillation-in-pitch in a lateral plane. In all other cases

the oscillation (in pitch) was performed in a vertical plane in

an attitude normal for wind tunnel tests. Since the sting and its

- 16 -



support could not easily be turned sidewise by more than 10°, no
experiments were undertaken for the case a, = 15°, Bo = 15°.

In most cases the amplitude of the forcing motion was 1.2°
and the frequency 35 - 40 Hz. Apart from some studies of
repeatability of the results, most experiments were repeated
twice or three times, to compensate for the very short duration
of the wind tunnel runs. | |

8.2 Results

The results of all the individual experiménts carried out
are presented in Table 1. Both the direct derivatives and the
cross-derivatives are shown for pitching experiments as well as
for yawing experiments. Both the static and the dynamic data
are included. When calculating the cross-derivatives for an
individual experiment, the average value of the direct derivatives
from the complementary experiment was used. It was observed that
for the frequencies and damping factors involved in this in-
vestigation, the effect of the direct derivatives on the resulting
cross-derivatives of the complementary experiments was not
negligible, although in most cases it was small.

The number of individual experiments belonging to the same
set of nominal test conditions (ao,Bo)varies greatly, depending
on the scatter of the results; in some cases a larger than normal
number of experiments was employed simply to investigate in more
detail the repeatability of results. In no case is the number
of individual experiments less than two. These repeated experi-
ments were part of the acceptance procedure for the new apparatus
and were made necessary due to the very short run time of the
intermittent wind tunnel used. It is envisaged that in a con-

tinuous-flow facility no such repeats would be necessary.

- 17 -



The final results of the experimental program are pre-
sented in Table 2. These results were calculated by averaging
the aerodynamic vectors determined during the individual
experiments and by applying the data reduction procedure to
the resulting average values. The final results are therefore
not necessarily equal to the average of the results of individual
experiments, previously given in Table 1, although in most cases
they are quite close.

Both the direct derivatives and the cross-derivatives are
plotted in Figures 11 and 12 as functions of oy with Bo as
parameter and in Figures 13 and 14 as functions of Bo with ey
as parameter. Figures 11 and 13 show the dynamic derivatives

and Figures 12 and 14 show the static ones.

8.3 Additional Experiments on Cones

It was initially planned to include in the program some
experiments on a 10° cone with a nose asymmetry. Preliminary
tests, not reported here, were performed both on a pointed cone
and on a cone with two different nose asymmetries. It was
found that even at angles of attack of the order of 35° (but
at zero sideslip) the cross-derivatives remained very small, and
therefore of no particular interest. It was therefore decided
to extend instead the initial program on the cone-wing-fin
configuration to also include some experiments at a6= 15° and
at Bo = 15°, where. larger variations in some of the derivatives

could be expected.
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9. SUMMARY AND CONCLUSIONS

A new wind tunnel apparatus has been developed and con-
structed for the determination of moment cross-derivatives
due to pitching and yawing on aircraft models at moderate angles
of attack and sideslip. The apparatus can also be used to
determine the direct moment derivatives in pitch and yaw.
Experimental results were obtained at Mach 2 on a cone-wing-fin
configuration at angles of attack and sideslip up to 15° in a
30 inch intermittent wind tunnel. Even if in most cases the
dynamic cross-derivatives measured were very small, quite
satisfactory repeatability of results was in general obtained.
On that basis it appears that dynamic cross-derivatives as small
as 0.002 in the case of those due to pitching and as small as
0.001 in the case of those due to yawing can be determined with
the present experimental set-up. These figures may, however,
depend strongly on the various experimental quantities, such as
frequency ratios, signal-to-noise ratios and the duration of the
experiments, all of which may vary significantly with the model,
balance stiffness, sting support and the wind tunnel used.

Although in most cases investigated the dynamic derivatives
were very small, measurable effects were sometimes observed, at
all angles of attack included in this investigation (i.e. up to
15°), when the angle of sideslip was 10° or 15°. For dynamic
cross-derivatives (C +C2d)’ (C

Lq
represent the coupling between the lateral and the longitudinal

mr—Cmécosuo) and (qu+cnd) [which

degrees of motion] these effects were of the order of up to 5
percent of the direct damping derivative in the pertinent equation

of motion and can probably be expected to be even larger for

- 19 -



higher values of angles of attack and sideslip and for con-
figurations more prone to asymmetric vortex shedding (such as

a winged configuration with a long forebody). If so, it may

be desirable to include such derivatives in the flight mechanics
analysis of aircraft flying at moderate angles of attack and
sideslip, such as may be encountered during certain high per-
formance maneuvers, when using direct lift or side-force control,
or during certain phases of spin motion. To the best knowledge
of the present authors, the three cross-derivatives in question

have never been determined before.
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Results of individual runs (mean values of direct derivatives from complementary testsused in calculations)

OSCILLATION-IN-YAW

%, Bo OSCILLATION~IN-PITCH

deg deg C2q+C£& qu+Cn& Cza Cna cmq+cmd Cma Czr'cczé Cmr chB Clﬁ cmB Cnr-ccné CnB
0 0 -.0011 .00006 -.0137 -.006 -1.33 .027 .0016 .0024 .203 -.007 -.253 .044
.0003 -.00045 -.0141 .001 -1.28 .026 .0050 .0028 .211 -.010 -.255 .042
' .0025 .0023 .206 -.008 ~.260 .041
0 S .0011 .0062 -.196 ~-.036 -1.01 .036 .0037 .0013 .126 -.0059 -.384 . 040
.0014 .0056 -.196 -.036 -1.01 .032 .0038 .0021 .125 ~.0029 -.366 .047
.0030 .0049 -.193 -.037 -1.01 .031 .0053 .0009 .125 -.0092 -.382 .035
.0029 .0047 -.192 ~-.041 -1.04 .027 .0050 .0029 .121 -.0060 -.392 .037
.0028 .0047 -.174 -.055 - .95 .034 .0045 .0019 .121 -.0060 -.380 .036

.0019 .0043 -.176 -.050 - .99 .021

.0010 .0054 -.172 -.051 -1.01 .026
0 10 .0062 .0146 -.354 -.093 -1.12 .038 .0024 .0033 .117 -,012 -.299 .048
.0062 .0143 -.354 -.085 -1.19 .031 .0020 .0029 .113 -.016 ~.294 .049
.0004 .0033 .110 -,013 -.290 .050
0 15 .043 .0020 -. 90 .017 -1.32 -.209 .0037 .0057 .168 .059 - -.189 .161
.026 .0024 -. 90 .019 -1.31 -.190 .0073 .0051 172 .041 -.197 .175
.028 .0018 -. 89 .018 -1.32 .198 .0059 .0064 .165 .042 -.156 .161
5 0 -.00006 -.0009 -.013 .016 - .93 .064 0056 -.0001 .239 +016 -.375 .038
-.00016 0 -.014 .018 - .98 .069 .0051 -.0001 .241 .013 -.367 .041
~.00010 -.0007 -.010 .017 - .95 .063 .0049 -.0004 .244 .015 -.366 .034

-.00012 -.0033 -.021 .027 - .95 .067

-.00011 ~.0035 -.019 .027 - .89 .070

.00019 -.0029 -.019 .026 .89 077

.00032 -.0017 -.017 .017 - .93 .068
5 5 .0040 ~.0060 -.193 .029 -1.13 .070 .0022 -.0006 .283 -,010 -.374 .040
.0032 ~.0062 -.196 .025 -1.12 071 .0031 .0020 .303 -.008 -.346 .036
.0033 ~.0041 -.198 .027 -1l.11 .050 .0040 .0021 .302 -.009 ~.366 .034
.0042 -.0055 -.199 .028 -1.12 .053 .0034 .0005 .300 -.010 -.350 .038
0041 ~.0055 ~.195 .032 -1.14 .064 .0048 .0014 .298 -.004 -.347 .035
.0032 ~-.0067 -.193 .032 -1.12 .055 .0053 .0015 .305 -.006 -.351 .034
.0040 .0003 .300 -.001 -.372 . 037
.0041 .0015 .307 .003 ~.369 .036
.0053 .0003 .302 .010 ~-.357 .040
.0028 .0018 .296 .002 -.363 .035
5 10 -.0040 ~.015 .233 .143 - .83 .046 ~-.0029 .0029 .33 -.015 -.351 .046
-.0031 -.015 .233 .142 - .77 .039 -.0027 .0033 .36 -.016 ~.322 .045

-.0039 -.009 .222 .114 - .83 .053

-.0023 -.013 .230 .110 - .83 .055

c = sQa
co o




TABLE 1 (concluded)
Results of individual runs (mean values of direct derivatives from complementary testsused in calculations)

a Bo OSCILLATION-IN-PITCH OSCILLATION-IN-YAW

deg deg C2q+c2& qu+cn& Ca Cha cmq+cm& Crna Clr-cclB Cmr-ccmé czs CmB Cnr-can CnB
5 15 -.0032 -.0068 -.323 -.203 -1.70 -.21 .0037 .0140 .42 .213 -.239 .143
-.0013 -.0090 -.317 -.201 ~1.64 -.18 .0036 .0139 .42 .211 -.217 .161
10 0 .0002 .0009 -.003 -.025 - .76 .077 .0030 -.0038 .37 .011 -.386 .047
-.0007 .0004 -.006 -.023 - .70 .080 .0025 -.0027 .32 .006 -.380 .043
-.0004 .0010 -.003 -.025 - .68 .074 .0012 ~-.0025 .33 -.001 -.396 .040
.0021 -.0020 .36 -.,010 -.423 .059
.0034 -.0021 .29 .014 -.378 .049
10 5 .0009 -.0037 -.034 -.023 - .55 .056 .0046 .0039 .375 -.018 -.342 .038
.0004 -.0035 -.,035 -,020 - .58 .053 .0060 .0031 .371 -.022 -.327 .046
.0017 -.0052 -.033 -,025 - .58 .050 .0068 .0022 .375 -.020 -.315 .044
.0068 .0024 .375 -.021 -.304 .046
10 10 .0038 .0033 -.323 -~-.208 - .60 .026 .0076 .0265 .40 .009 -.320 .064
.0018 .0021 -.328 -.,205 - .60 .022 .0072 .0273 .38 .010 -.334 .074
10 15 -.0021 .0037 .39 .218 -.189 .227
.0024 .0038 .40 .220 -.179 .217
.0026 .0031 .42 .223 -.162 .189
15 0 .0005 -.0030 -.0023 ,0044 -~ .75 .044 .0024 .0004 .45 -.007 -.341 .009
.0001 -.0022 -.0014 .0044 - .76 .046 .0006 .0003 .46 -.006 -.419 -.013

15 5 .0002 0 -.009 -,035 - .87 -.079 | -.0125 .0026 .48 -.323 -.459

0 -.0007 -.009 -,042 - .81 -.083 -.0099 .0012 .45 -.336 -.440

15 10 -.0057 .014 -.361 -.203 - .89 -.151 -.542

-.0025 .002 -.369 -~,206 ~ .68 -.110 -.554

-.650

c

cosa
=}




Final results (based on averaged aerodynamic vectors for each test case)

TABLE 2

ag B, OSCILLATION-IN-PITCH OSCILLATION~IN-YAW
(deg) (deg) Czq+czd qu+cnd Cza cna Cmq+cmd Cma CLr—cczé cmr_ccmé czs CmB cnr-ccné an
0 0 <|.o001 | <}{.0005] -.014 -,002 -1.30 .026 .003 .0025  .206 -.008 -.256 .042
0 5 .002 .0050 -.184 -.045 -1.00 .029 .004 .0018  .124 -,006 -.381 .039
0 10 .006 .0144 -.354 -.089 -1.15 .034 .002 .0032  .114 -,014 -.294 .049
0 15 .032 .0021  -~.90 .018 -1.32 .199 .006 .0058  .169 | .047 -.181 .165
5 0 <|.0003] -.002 ~.016 .021 - .92 .067 .005 -.0002  .242  ,015 -.370 .038
5 5 .0038 -.006 -.196 ,029 -1.,12 .06l .004 .0010  ,300 -.003 -.355  .036
5 10 -.0033 -.013 .229  .,127 - .82 048 -.003 .0031 .34 -.,016  -.336 .046
5 15 -.0022 -.008 -.320 -.202 -1.67 .1l92 .004 .0140 .42 .21 -.228 .152
10 0 <|.001 | <|.001 | =-.005 -.024 - .71 .077 .002 -.003 .33 .006 -.392 .047
10 5 .001 -.004 ~.034 -.023 - .57 .053 .006 L0031 .374 -,020 -.322 .043
10 10 .003 .003 -.326 -.206 - .60 .024 .007 .027 .39 .009 -.327 .069
10 15 .001 .0035  .404 .221  -.178 .211
15 0 .0003 -.0026 ~-.002 ,004 - .75 .045 001 .0003 .46 -.007 -.380 -.002
15 5 <|.0003] <}.0003| ~.009 -.039 - .84 ~,081 -.012 .0019 .47 ~-.33 -.449
15 10 -.004 .008 ~.361 -,205 - ,78 -,130 -.58
c = cosa, piregt Direct
Derivatives Derivatives




MAGNET

FIG. 1 - Schematic of Apparatus for Measurement of Cross-Derivatives



FIG. 2 Balance before attachment of model and

permanent magnets.
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FIG. 4 General view of the experimental area showing the model
in wind tunnel and the instrumentation system.



FIG.

5

Loading fixture for static calibration installed

on balance.



FIG. 6 Arrangement for dynamic calibration in yaw.



FIG. 7 Arrangement for dynamic calibration in roll.




COMPLEMENTARY TESTS

I

I. MODEL OSCILLATES IN PITCH
FORCED PLANES : YAW 8 ROLL

II. MODEL OSCILLATES IN YAW
FORCED PLANES : PITCH & ROLL

Q= Q Bzﬁo a = Q, B:Bo
VACUUM & WIND ON
N
TORQUE-DEFLECTION
OSCILLATION OSCILLATION FORCING PHASE TARE PITCH WIND-ON TARE ROLL WIND-ON
AMPLITUDE FREQUENCY TORQUE ANGLE VECTOR PITCH VECTOR VECTOR ROLL VECTOR

D

SECOND ORDER EQUATION
WITH FORCING TERM

AERODYNAMIC
PITCH VECTOR

AERODYNAMIC
ROLL VECTOR

7
M6 Mg
EQUATIONS FOR EQUATIONS FOR .
AMPLIFICATION & AMPLIFICATION & THE(F;RY)
PHASE SHIFT-SECOND PHASE SHIFT-SECOND :
_ ORDER SYSTEM IN ORDER SYSTEM IN
PITCH ROLL
+ (Wn)
AERODYNAMIC AERODYNAMIC ¢
PITCHING ROLLING
MOMENT MOMENT
(wp) VECTOR VECTOR
z REAL IMAGINARY REAL IMAGINARY
PART PART PART PART
| 2v I 2V { 2V
— X X - = o X —— X X e X —
aALL l TWZ dApL l WL l L AL TWe
Crma Cmq+ Cmé Cm,9 Cmr—Cmﬁ- cosa Clﬁ Cer —Cﬂﬁ' cosa
(Cng) (Cnr—Cng cosa) (Cna) (Cng*Cna) (Cpq) (Ceq*tCsq)

F1G.8 : FLOW PATTERN FOR DATA REDUCTION. DERIVATIVES IN BRACKETS SIMILARLY OBTAINED
BY APPLYING PATTERN I TO OSCILLATION IN YAW AND PATTERN II TO OSCILLATION IN PITCH
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FIG. 9  Outside dimensions of the cone-wing-fin model.




FIG. 10 Model mounted in the wind tunnel for yawing oscillation.
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