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NOMENCLATURE

A axial force

b wingspan

c mean aerodynamic chord

CiB static derivatives due to sideslip, aCi/as (i = A,N,Y,%,m,n)

Ci dynamic rotary coefficients due to coning, aCi/a(wb/2V) (i = A,N,Y,2,m,n)
w

Ci dynamic rotary coefficients due to combined coning and sideslip, 3Ci /38
wB (i = A,N,Y,2,m,n) w

Ca axial-force coefficient = A/qS

CN normal-force coefficient = N/qS

Cy side-force coefficient = Y/qS

Cy rolling-moment coefficient = 2/qSb

Co pitching-moment coefficient = m/qSc

Ch yawing-moment coefficient = n/qShb

L rolling moment

M Mach number of free stream

m pitching moment

N normal force

n yawing moment

Py static pressure of free stream

Py total pressure of free stream

q dynamic pressure of free stream

Re,Rn Reynolds number of free stream, based on mean aerodynamic chord

S effective wing area
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static temperature of free stream

Total temperature of free stream

free stream velocity

side force

angle of attack

angle of sideslip

angle of pitch

angle of roll of rotary rig about rotary rig axis
angle of roll of model about model axis

rotation speed of rotary rig, )
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SUMMARY

A wind-tunnel test has been conducted on the Standard Dynamics Model (a
simplified generic fighter-aircraft shape) undergoing coning motion at Mach 0.6.
Six-component force and moment data are presented for a range of angle of attack,
sideslip, and coning rates. At the relatively low nondimensional coning rates
employed (wb/2V < 0.04), the lateral aerodynamic characteristics generally show a
linear variation with coning rate.

1. INTRODUCTION

The NASA Ames Research Center is conducting an ongoing program of research into
the aerodynamics affecting aircraft maneuvering in the high-angle-of-attack
regime. A major thrust of this research has been the development of mathematical
models describing the aerodynamic response of aircraft to arbitrary maneuvers (cf.,
refs. 1-3). Models have been developed that are applicable to the wide variety of
nonlinear phenomena observed on aircraft at high incidence, including aerodynamic
hysteresis and dynamie stall.

Models encompassing a more restricted set of aerodynamic phenomena suggest that
the response to a general maneuver can be built up from the known aerodynamic
responses to a limited number of so-called characteristic motions (ref. 1). The
restricted models were derived under the assumptions that: (1) the aerodynamie
response to a steady motion is itself steady; (2) the response is a single-valued
(although allowably nonlinear) function of the orientation of the body; and (3) the
responses are linear in the motion rates. The form the models take depends on the
coordinates used to describe the motion. In the conventional body-fixed axis system
shown in figure 1, the orientation of the body relative to the flight velocity is
specified by the angles of attack and sideslip. The characteristic motions in this
axis system are steady motion where the angles of attack and sideslip are held
fixed, small-amplitude pitch and yaw oscillations about the steady motion, and
coning motion (fig. 1). An equivalent model is obtained if the motion of the body
is described in the aerodynamic axis system shown in figure 2. In the aerodynamic
axes the orientation of the body is specified in terms of the resultant angle of
attack, o, and roll angle . In these axes the characteristic motions are steady
motion with the resultant angle of attack and roll angle held fixed, small-amplitude
pitch and roll oscillations about the steady motion, and again, coning motion
(fig. 2).



This report describes an experiment carried out in 1984 in the 6- by 6-Foot
Supersonic Wind Tunnel to measure the aerodynamic response of a representative
aircraft shape to one of these characteristic motions, namely, a steady coning
motion. The response of the same aircraft shape to the other characteristic motions
has been measured in geparate forced-oscillation experiments (refs. 4 and 5).

2. EXPERIMENTAL TECHNIQUE

2.1 Description of Model

Figures 3 and 4 show the model used in this investigation. The model is desig-
nated the "Standard Dynamics Model" (SDM) and follows the basic planform of a cur-
rent high-performance aireraft configuration. It was deliberately designed for
manufacture by simple machining techniques to encourage its widespread use as a
standard model for testing in different wind tunnels and on different dynamic test
rigs. The model was designed and manufactured by the National Aeronautical
Establishment (NAE), Canada. A more complete description of its geometry and char-
acteristics is contained 1in reference U.

2.2 Rotary Rig and Tunnel Installation

Figures 5 and 6 show the experimental apparatus used in this investigation and
how it was mounted in the wind tunnel. The rotary rig uses a hydraulic motor to
turn a shaft aligned with the central axis of the wind tunnel, to which any one of a
series of interchangeable bent stings can be attached. The stings are designed to
support a model on a strain-gage balance at pitch angles ranging from 0° to 30°
while keeping the same axial model station on the axis of rotation. The center of
rotation was located at 0.35 of the wing mean aerodynamic chord. This point was
also chosen as the moment reference center. The rig follows the same basic concept,
and uses the same bent stings, as an earlier rotary-balance apparatus (described in
ref. 6), but it is considerably more sophisticated in that it uses speed and posi-
tion sensors and the corresponding feedback control loops to give the operator close
control of either the speed or angular position of the rotating shaft.

The balance used was a standard six-component Task Corporation 1.50 in. MK XIXA
balance, with all power and signal lines routed through the bent sting and the shaft
of the hydraulic motor. A set of gold slip rings and brushes was used to transfer
the signals to the nonrotating part of the rig. Model attitude was set by adjust-
ment of the pitch and roll angles of the model. Pitch angles were determined by the
choice of bent sting, and roll angles by choice of a fixture located between the
balance and the model which maintained a set roll angle. A set of such roll fix-
tures was available, including one for use with all bent stings giving zero sideslip
angle, and one for each of the bent stings to obtain sideslip angles of either -5°
or +5°,



The rig is capable of being driven at rotation rates from O to 63 rad/sec
(600 rpm) in either direction. Since the rotating parts are neither statically nor
dynamically balanced, the centrifugally induced oscillatory loads generated on the
nonrotating structures at maximum rotation rate are quite large. The rig itself is
designed to withstand these loads, but some additional measures, shown in figure 5,
were necessary to prevent excessive deflection of the rig support structure in the
tunnel. The tunnel's body of revolution, normally supported only by lead screws
vertically and restrained laterally by rollers, was clamped rigidly to the vertical
strut. Brass pads were installed between the body of revolution and the vertical
strut to distribute the load and prevent damage to the strut surface. In addition,
a pair of diagonal braces, extending from the leading edge of the vertical strut to
the tunnel floor, was installed to restrain lateral movement of the rig support.
Vibration amplitudes, both vertical and lateral, were monitored by accelerometers
clamped to the body of revolution, and these confirmed that no excessive vibration
occurred at any running condition.

An additional feature of the rotary rig is the camera enclosure shown in
figure 5. This is capable of accepting either a miniature video or movie camera,
with power and signal lines routed through the previously mentioned slip ring set.
So mounted, the camera views the upper surface of the model, and since the camera
and model rotate together the model image remains steady regardless of the motion of
the rig. This feature was included to enable vapor-screen investigations of the
behavior of the vortex wake of the model in response to coning motion.

2.3 Data Acquisition and Reduction

Data were taken with a stand-alone, microcomputer-based, data acquisition and
reduction system. The balance signals, shaft tachometer output, and output from a
shaft position encoder were sent directly to the data acquisition system. 1In addi-
tion, tunnel conditions were sent to the system by paralleling the conventional
tunnel data acquisition sensors.

In coning motion at constant rotation rate, the flow field surrounding the
model is steady with respect to an observer fixed in the rotating body. Since the
balance in this apparatus rotated with the model, it experienced steady aerodynamic
forces and moments, in addition to steady centrifugally induced inertial loads. The
only nonsteady forces seen by the balance were due to the change in orientation of
the mass of the model relative to gravity as the rig rotated. For data taken when
the apparatus was rotating, these oscillatory signals were eliminated by use of a
low-pass filter. The centrifugally induced inertial loads on the balance were
accounted for by rotary tare measurements. These tare loads were stored in the
computer and subtracted from the wind-on balance data at each data point, thus
permitting on-line computation of the aerodynamic force and moment coefficients.
The plotted coefficients were typically available less than 30 sec after the data
point was taken.

For data taken while the model is stationary, the weight of the model must be
accounted for. This was accomplished by a series of static tare measurements taken



with the model at various values of the shaft rotation angle. Whether the wind-on
data were treated as rotating or nonrotating data was governed by the value of the
shaft tachometer reading.

2.4 Experimental Procedure

The experimental results presented in this report were all obtained from a test
using the rotary rig and the Standard Dynamies Model, and conducted in the 6- by
6-Foot Supersonic Wind Tunnel at the NASA Ames Research Center. All runs were
performed at a Mach number of 0.6 and a Reynolds number of approximately 0.88x10
based on mean aerodynamic chord. These test conditions were chosen to match those
of complementary forced-oscillation tests which were conducted at the NAE, and
reported in references U4 and 5.

The test consisted of many separate experimental runs, each of relatively short
duration and each following a common pattern, as described below.

1. The rig was first fitted with the appropriate bent sting and roll angle
fixture to obtain the desired model attitude.

2. The wind tunnel was closed and partially evacuated to reach normal tunnel
starting pressure.

3. During the evacuation procedure, all data acquisition instrumentation was
adjusted. Once the tunnel reached its starting pressure, static tares (i.e., data
with the rig stationary at four equispaced rotation angles to measure gravitational
effects of the model mass) and rotary tares (i.e., data with the rig rotating over
the whole range of test speeds to measure centrifugal effects)'were taken.

4. The wind tunnel was started and brought to operating conditions.

5. Static aerodynamic data were taken with the model stationary at four equi-
spaced rotation angles, ¢ = 0°, 90°, 180°, and 270°,

6. Rotary aerodynamic data were taken over the full range of rotational
speeds, usually following a routine of: w = 600 rpm to ~-600 rpm, data at 100 rpm
spacing, then « = -550 rpm to 550 rpm, data at 100 rpm spacing. This procedure was
adopted to permit detection of possible aerodynamic hysteresis caused by coning
rate,

7. The tunnel was shut down, and access to the model obtained enabling its
adjustment to the next required attitude.

Some runs were also conducted in which a laser vapor-screen technique and the
rig-mounted video camera were used to examine the vortex wake of the model and its
response to coning rate, Video recordings were made of runs at various attitudes
and coning rates. This report, however, is limited to consideration of the force
and moment data and does not specifically address the vapor-screen results.



2.5 Accuracy of Results

Sources of error are identified below, together with an estimate of maximum
uncertainty levels and, where appropriate, a short discussion of the derivation
and/or consequences of that uncertainty.

2.5.1 Flow Conditions-

Mach number - The maximum observed variation in Mach number in any one run was
+0.005.

Reyno%ds number - The Reynolds number was held within the range from 0.87x106
to 0.89x10Y (based on mean aerodynamic chord).

Flow angularity - From static normal-force data, flow angle on the tunnel
centerline was estimated to be less than 0.3° in both the vertical and horizontal
planes. This had a significant effect on the measured static data, but rotating
data were taken via low-pass filters so that, for rotating data, the effective
average flow angle was zero.

Blockage and wall interference - These effects are assumed to be negligible,
since the model was small (solid blockage of less than 0.1% in a slotted test
section).

Sting interference - The sting diameter was rather large (75% of the body base !
diameter) and almost certainly had a significant effect upon the flow structure near
and over the model base, particularly at the higher angles of attack. No attempt
has been made to correct this, however, since the data are intended primarily for
combination and comparison with other experimental data obtained using the same
model on a similarly sized sting support (refs. 4 and 5). The presence of a fairly
massive sting base and rig body farther downstream of the model (approximately 0.4%
blockage at 4 wing chord lengths from model base) may have influenced the vortex
wake structure behind the model, particularly at the higher angles of attack, but
any resultant effect upon the model forces and moments is expected to be small.

2.5.2 Model Attitude and Rates-

Pitch angle - Uncertainty in the quoted pitch angles arises from a combination
of manufacturing errors in the stings, balance, and model mount, plus effects of
sting and support deflections produced by centrifugal and aerodynamic loadings. No
attempt has been made to measure these effects, but it is estimated that with rea-
sonable manufacturing tolerances, and bearing in mind the relatively light loading
and rigid support structure, quoted pitch angles should be correct to within *0.2°.

Roll angle - A measurement was made of the roll angle and mechanical tolerances
obtained with each roll fixture. Quoted roll angles may be in error by up to #0.2°.

Angle of attack and sideslip angles - Since model angle of attack and sideslip
_were obtained by setting appropriate pitch and roll angles, a reasonable estimate of
the maximum uncertainty in these angles is the same as for pitch and roll, *0.2°.



Coning rates - The rotation rate of the rig shaft (coning rate) was measured by
a DC tachometer, which during calibration showed a maximum error of less than
0.5 rpm (*0.05 rad/sec).

2.5.3 Force and Moment Coefficients and Derived Coefficients-

Basic coefficients - By assuming that errors in the balance calibration and in
data system resolution combine to give an overall accuracy of 0.5% of full-capacity
loads for rolling moment and 0.2% of full capacity for all other components, an
estimate of the uncertainty in measured aerodynamic coefficients was obtained. A
check of this estimate was obtained by conducting a standard data measuring run with
the model set at 30° angle of attack and 5° angle of sideslip, but with no airflow
and with the tunnel evacuated (i.e., with negligible aerodynamic loads). Results
indicated that the initial estimate of uncertainty was adequate for all parameters
with the exception of side force, which showed variations up to twice those esti-
mated. In the uncertainties given below, therefore, the side-force coefficient
uncertainty is based on the larger errors observed in the wind-off test.

Cy 0.01

Cy 0.01

Cy +0.005

C, +0.0005

Cp £0.01 .
C, #0.0005

Note that these estimates only reflect the ability of the system to read aerodynamic
loads and convert them to coefficient form, and should not be considered the accu-
racy of measurement of clean-model aerodynamics. As explained in the Flow
Conditions section, the large sting diameter/base diameter ratio will influence the
near-base flows, making the aerodynamic coefficients given here specific to this
particular model/sting combination. Since clean-model aerodynamics were not specif-
ically required, no attempt has been made to assess or correct for sting effects.
Further, no base-pressure measurements were obtained, and no base-pressure correc-
tions made.

Derived coefficients - The derived coefficients presented here have been
obtained by curve fitting and differencing between various groups of coefficient
data. Estimates of uncertainty in these procedures are very subjective, depending
upon the scatter of the source data and how well it conforms to the assumed rela-
tionship. A proper assessment of uncertainty would require an examination of the
source data in each specific case, but a reasonable estimate of maximum uncertainty
levels may be taken as



C *10%

Ca +30%

wh

3. PRESENTATION AND DISCUSSION OF RESULTS

Table 1 provides a complete listing of the measured aerodynamic coefficients
given in both aerodynamic and body-fixed axes. Tables 2 and 3 list the static
aerodynamic coefficients and derivatives, respectively, obtained as explained in
section 3.2 below, and given in body-fixed axes only. Table U4 lists the dynamic
rotary coefficients, obtained as explained in section 3.3 below, and again given
only in the body-fixed axis system. Where required, conversion to aerodynamic axes
can be achieved by using the following equations, where quantities on the left-hand
side of the equations are those in the aerodynamie axes, while quantities on the
right-hand side are in the body-fixed axes.

CN = CN cos ¢ - CY sin ¢
CY = CY cos ¢ + CN sin ¢
CA = CA
Cm = Cm cos ¢ - Cn sin ¢
Cn = Cn cos Y + Cm sin ¢
Cz = Cl

Selected data are presented in plotted form in figures 8-13, all of which are
referred to the body-fixed axis system shown in figures 1 and 7.

3.1 Rotary Aerodynamic Data

The term "rotary data" as used here refers to the measured six-component aero-
dynamic coefficient data produced by the data acquisition system, and normally



output as plots of aerodynamic coefficients versus the coning-rate parameter,
wb/2V (b/2V).

Figure 8 shows a set of data obtained at each available angle of attack and
zero angle of sideslip as a function of the coning-rate parameter. Note that
although data were taken at zero coning rate, they have not been included in
figure 8 because a small misalignment between the rotary rig axis and the local
free-stream direction on the tunnel centerline made this static data dependent upon
the angular position of the rotary rig. However, for the data obtained with the
apparatus rotating at coning rates greater than 10 rpm, low-pass filtering of the
data signals averaged the influence of flow angularity and yielded a steady output
signal.

At zero angle of sideslip, symmetry conditions dictate that the lateral aerody-
namic coefficients (Cy, Ch» Cl) should be odd functions of the coning rate, while
the longitudinal aerodynamic coefficients (Cy, Cp, C,) should be even functions of
the coning rate. This is demonstrated by the data presented in figure 8. For all
angles of attack tested, the lateral aerodynamic coefficients are seen to be very
closely linear with coning-rate parameter over the range of coning rates achieved in
the test. The longitudinal aerodynamic coefficients are seen to be even functions
of the coning rate. At the lower angles of attack (a < 15°), the longitudinal
aerodynamic coefficients are almost independent of coning rate. At the higher
angles of attack (a 2 20°), the axial-force and pitching-moment coefficients show a
parabolic variation with coning rate. Some of this parabolic variation is undoubt-
edly real, and 1s probably caused by increased velocities and dynamic pressure on
the tail resulting from the coning motion, which produces increased tail lift.
However, limitations of data resolution at these low levels of C, and C,, and in
particular the choice of the moment center position, may also be responsible for
exaggerating the scale of the variation.

The effects of variation of sideslip angle are shown in figure 9, which pre-
sents data obtained at B8 = -5° and B8 = +5° for all angles of attack as functions
of the coning-rate parameter. Once again, the linear variation of the lateral
aerodynamic coefficients with coning rate is apparent, and also the nonlinear varia-
tion of the longitudinal aerodynamic coefficients with coning rate. The longitudi-
nal aerodynamics also show an effect due to sideslip which, as expected, introduces
a reasonably symmetric and linear component with coning rate, In general, the
results show a reasonable symmetry with direction of sideslip, but with some offsets
possibly introduced by small asymmetries in the model and/or the effects of combined
centrifugal and aerodynamic loading.

3.2 Static Aerodynamic Data

Statie aerodynamic data are presented in figures 10 and 11. These data were
obtained from the intercepts, at wb/2V = 0, of the low-coning-rate data shown in
figures 8 and 9. As explained above, the actual static data taken at w = 0 were
not used because of the scatter caused by flow angularity relative to the rotary
rig's axis of rotation.



Figures 10 and 11 show the effect of variations in the angle of attack and
sideslip angle on the longitudinal and lateral aerodynamics, respectively.
Figure 11 also presents lateral aerodynamic derivatives obtained by differencing
between the results measured at +5° and -5° sideslip. Also plotted in figures 10
and 11 are the static data given in reference U4, obtained at the NAE using the same
model on a similarly sized sting support. In most respects the two sets of data
match well, with the exception of the normal-force and pitching-moment coefficients
measured at the larger angles of attack. It is suggested that this discrepancy is
probably attributable to wall- and strut-interference effects in the small
(0.75 m x 0.38 m) solid-wall tunnel used for the NAE tests. Such effects should be
negligible for measurements made in the 6- by 6-ft tunnel, where blockage and
chord/height ratios were approximately 0.1% and 5%, respectively.

3.3 Dynamie Rotary Coefficients

The rotary coefficients presented here were obtained by least-squares fitting
of straight lines through the data presenting the aerodynamic forces and moments as
functions of the coning-rate parameter (e.g., figures 8 and 9). The coefficients
presented in figure 12 are the slopes of these lines; those presented in figure 13
are obtained by differencing between the slopes observed at +5° and -5° sideslip.

The results show a gradual change with increase in angle of attack up to about
15°, then a more rapid change as the angle of attack reaches and exceeds 20°. 1In
particular, the rolling-moment coefficient changes from anti-spin to pro-spin,
indicating a significant change in flow characteristies within the angle-of-attack
range from 15° to 20°. This is in agreement with the static aerodynamiec data which
also show a major change in lateral aerodynamics within the 15° to 20° angle-of-
attack range. In addition, the vapor-screen flow visualization studies indicated a
major change in the vortices shed from the wing leading-edge strake. At 15° angle
of attack these vortices passed over the wing surface and remained intact well
downstream of the wing trailing edge, but at 20° they burst while still above the
Wwing surface.

The coefficients given in figure 13, particularly C, 8 and C, , should be
w wB
treated with some caution as they represent a double differentiation of low level
data and thus may contain large introduced errors.

i, CONCLUDING REMARKS

As part of an ongoing research program at the NASA Ames Research Center to
investigate aerodynamic phenomepa affecting high-angle-of-attack flight, rotary-
balance tests were conducted on the Standard Dynamics Model in coning motion in the
6- by 6-Foot Supersonic Wind Tunnel. Aerodynamic force and moment coefficients were



measured on the SDM at Mach 0.6, at coning rates ranging up to 600 rpm (nondimen-
sional coning-rate parameter wb/2V ranging up to 0.04) in both directions. Over
the angle-of-attack range investigated (0° < a < 30°), the lateral aerodynamic
characteristics show a linear variation over the full range of coning-rate parameter
achieved in the tests. Although no discontinuous changes in the aerodynamiec charac-
teristics of the SDM were observed with changes in attitude or coning rate, evidence
exists of a significant change in flow characteristics between 15° and 20° angle of
attack. This is believed to be associated with forward movement of the burst point
of the wing-strake vortices with increasing incidence; from behind the wing at
angles of attack < 15°, to above the wing at angles of attack = 20°.

10
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0 388 xi0¢%
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53CTD
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500 4 oR
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657 8 ft/s
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TABLE 2.- STATIC AERODYNAMIC COEFFICIENTS

BODY AXES, M =06, R, =0.88x10°

«, deg 8,deg o,deg Y, deg Cn Cy Ca Cm Ch o
00 00 0.0 00 0.00 0002 | 0047 | -0.013 0.001 0 000
50 00 50 00 0.37 -0.001 0.036 | -0013 0.001 | -0.002
75 00 75 0.0 053 -0.002 | 0036 0.008 0.001 | -0.001

100 00 100 00 0.68 0.000 | 0.033 0.028 0 001 0.000
150 00 150 00 1.01 0.002 | 0029 0.077 0.001 0.001
200 00 200 00 122 -0.004 | 0.029 0.063 0.000 0002
250 00 250 00 1.41 0.001 0.038 0015 | -0.001 0 002
300 00 300 00 1.65 -0.003 | 0.037 0.026 | -0.001 0.002
00 50 50 90.4 0.00 -0112 | 0044 | 0011 0021 | -0008
56 50 75 420 0.M -0.112 | 0.033 | -0003 0018 | -0.012
87 5.0 100 298 058 -0.106 | 0031 0.030 0015 | -0.012
142 5.0 15.0 195 093 -0.111 | 0029 0060 0015 | -0.015
194 438 200 14.1 1.18 0077 | 0031 0.040 0 003 0.001
245 50 250 118 134 -0.062 | 0.038 0021 | -0.011 0.003
296 5.0 300 100 160 -0053 | 0039 0017 | -0019 0004
00 50 50 -90 4 0.00 0.108 0044 -0007 | -0.018 0 008
5.6 50 75 -420 0.41 0.103 | 0032 | -0.004 | -0.014 0.011
8.7 50 100 -298 0.60 0.099 | 0.034 0020 | -0.012 0.012
142 5.0 150 -195 094 0.105 | 0.028 0.065 | -0.010 0017
194 -4.8 200 -141 1.19 0076 | 0.031 0046 | -0.001 0003
245 5.0 250 -118 1.36 0067 | 0038 0.020 0010 0.001
296 50 30.0 -100 159 0066 | 0038 0023 0014 0.003
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TABLE 3.- STATIC AERODYNAMIC DERIVATIVES

BODY AXES, M =06, R,=0388 X 108

«, deg C Ch o

vp B B

0.0 -126 023 -0.09
5.6 -1.23 0.18 -0.13
8.7 -1.19 0.16 -0.14
142 -124 0.15 -0.18
194 -0.92 0.02 -0.02
245 0.74 -0.12 0.01
29.6 068 -0.19 0.01
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TABLE 4.- DYNAMIC ROTARY COEFFICIENTS

BODY AXES, M =06, R, =088 x 108

o, deg 8,deg g,deg Y, deg ch va CAw me an C'w
0.0 0.0 00 00 0.01 -0.09 0002 0.04 0.05 -027
5.0 0.0 5.0 00 -0.08 0.13 0.009 0.05 -0.03 036
75 0.0 75 00 -0.01 0.19 0.006 0.02 -0.05 -0.17

100 0.0 100 00 0.10 028 0.000 000 -008 -0.18
150 00 150 00 -0 02 048 | -0.002 0.02 -0.16 -0.25
200 00 200 00 0.12 0.82 0012 | 005 -0.31 0.1
250 00 250 00 -004 0.73 0.016 0.03 -0.35 0.05
30.0 00 300 00 0.1 057 0.026 0.04 -0.38 0.12
0.0 50 50 904 0.19 -0.14 0.001 -0.09 0.05 -0.27
56 50 75 4420 0.11 015 | 0006 | 000 -0.03 -0 33
87 50 100 298 022 0.17 0028 | -036 -0.03 -0.17
142 50 150 195 0.17 0.44 0.000 | -0.10 -0.15 018
19.4 48 20.0 14.1 -0.04 0.79 0063 | 025 -0.30 -0.00
245 5.0 250 118 -0.16 0.76 0.040 0.01 -0.38 0.04
296 50 300 10.0 0.36 032 | 0035 001 -0 31 -0 06
0.0 5.0 50 -90.4 022 -0.10 | 0001 0.13 007 -028
5.6 50 75 -42 0 028 0.12 -0.015 008 -003 -0 31
8.7 50 100 -298 021 023 | -0006 021 -0.07 -0.17
142 50 15.0 -195 -024 0.43 | -0021 018 -014 020
194 -48 200 -14.1 0.05 084 | 0035 024 -0 31 0.03
245 5.0 250 -118 0.05 072 | -0020 0.10 -0 36 0.04
29.6 5.0 30.0 -10.0 007 055 0.011 025 -0 36 0.07
o, deg CNwB CAwB meB

00 24 001 -12

5.6 22 0.05 05

87 25 0.19 -33

142 24 0.12 -1.6

194 05 059 -29

245 -1.2 0.3 0.1

29.6 25 -0.26 -1.3
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Figure 1.- Characteristic motions in body-fixed axis system; linear dependence of
responses on motion rates.



En

STEADY ANGLE OF ATTACK

247

s

#
4“’

.

ROLL OSCILLATIONS CONING

Figure 2.- Characteristic motions 1n aerodynamic axis system; linear dependence of
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Figure 3.- Standard Dynamics Model.
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Figure 4.- Standard Dynamics Model in tunnel on 30° bent sting.
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Figure 5.- Standard Dynamics Model, rotary rig and rig support 1in 6- by 6-Foot
Supersonic Wind Tunnel.
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Figure 6.- Main features of the rotary rig apparatus.
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Figure 8.- Variation of aerodynamic coefficients with wb/2V.
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Figure 8.- Concluded.



LS

1.5

CN
.5

-.85

JRun =@B6CTD M = B.688 A Run =@28CTD
Rn =B.8848 Axss= Body Rn  =@,8853
Rlpha= -,83 Beta= 5.00 Rlpha= -.83

I ! ]
L + 4

. CY
o 4 4

Fo—a—814-r06loa10—oro -8—a

wbs2V

. A W i ) A -—
@4 -.03-.82-.801 © .81 .82 .83 .94
wb/2V
! 1 {
Cn
. . - ___L _*__ -
meaoapAad sl ~7]
00 0o p oo o -
i — - i L L -
g4-.83~.82-.81 @ .81 .82 .23 .@4

(a) = a = 0°.
Figure 9.- Variation of aerodynamic coefficients with B8 and wb/2V.

M = @.608
Axes= Body
Bata= -5.00
.15[——‘—1———1————1—‘- — 1T .85 1 e 1 T T -
L& 8 a8 a8 ABlAn A A a A B R g RER B BERERQEQG
.24} - ;
.asL + .
.83} + 1
e+ +— -+ 4 + -+ —+— —CAH
.02} + i
.es} { 4
. 1 | et} + ;
0 0 ooopltoooogaoa
L |
.18 —r -J_._-J_-..;A-_L.. U W—— A i et N S Y A
-.g4-.¢3-.02-.01 @ .81 .@2 .83 .B4 -.04 -.03-.02-.81 B8 .Bl .82 .83 .04
wh72V wb-s2V
.94 r ' r . . . .03 ' r r r —
.03} + :
ez}, + :
oo
.22}y g o o o o0joog 0 00O ; 8,
et} A At -
.e1t T 1 Aa
A
a A A
2 o —— } t } Cl @ Pt "
D A
o DD
et} 4 1
A A A -.B1} -kDD a 4
@2Fa a & & & aplsd &b | 8o,
o
—.azL - -
.e3} + 1
.84 A i 1 1 1 L -.83 L L L 1 L i
-.04-.23-.22-.80t @8 .81 .e2 .23 .B4 ~-.04-.03-.82-.01 8 .81 .82 .@3 .e@d
wb/2V wb/2V



8%

CJRun =B12CTD M = 2.593 A Run =BI14CTD M = 2,508

Rn =0.8878 Axes= Bady Rn  =0.8838 FAxes= Body
Alpha= 5.53 Beta= 5.01 Alpha= 5.59 Beta= -5.81
2 T . . ' r . .15 . ' ' . — .@s . T . ——
.1_AAAAAAAAAAAAwﬁAAAAAAAAAAA.
1.5} + 1 @4t T :
.est J 1 ngngagBgEa 7 & B
L 1 ) r aa»ée angagfg u_LnEgEuEwn a?
CN CY ® } o e s CA
.5} . 1 .82 + 1
éd4hdbhasa808 | aaaonasasaan | .| 1 i
2 it 4 ot -1k L j et + :
"I goonogooooona | 0e0gfodoooad
-.5 1 A A I e s -~. 15 1 [ A l A I N %] I ' i 5 A i
.04 -.03 -.82-.@1 @ .9l .22 .83 .@4 ~ -.@4-.93-.82-.01 @ .91 .22 .23 .@4 ~-.@4-.83-.92-.91 @ .4l .82 .@3 .@4
wbs2V wb/2V wb 2V
-1. Ls L . v L] T CB4 T L T L L) T .93 T LS L) LA L L]
.@3} + . A
.e2} AAAAA 1 1
L i B AAA
82} ponooaoogoon 0000nonogaag Ay
.est + 4 et} T84, 1
.01t T : Ap
AIXA
A4
Cm Cn @ + e B Cl! efpg—t—t } } t o
Op
Op
L Oa
-.a1 + 1 0o
B PR L LG e aafasAMALALA AMAAAASALAAA [ =-BLF oot ]
Op
-.g2h . - Og
Og
03 -.82+ <+ DQDD 4
- o - -
Og
_‘% Lo A 1 A L. 1 _‘a4 1 | — L L A y - —-aa - . . L L i -
-.24-.03-.¢2-.81 @ .81 .82 .83 .24 ~-.@4-.@3-.82-.21 © .81 .82 .83 .84 ~-.@4-.83-.82-.81 @ .01 .@2 .03 .04
wbs2Vv wb2V wb 2V

(b) = a = 5.6°.
Figure 9.- Continued.



64

D Run =018CTD M = 2,682 A Run =822CTD M = B.599
Rn  =0.,8843 Axes= Body Rn =0.8798 Axes= Body

Alpha 8.78 Bata= 4.95  RAlpha= 8.70 Bata= -4.95
2 ¥ L) na T LA T 015 v L L L T L] las L L L L T L
1}t A & aataa & & 8 8 4]
1.5} T 1 - @4} 1 .
A
.85} + . A A AA|RR 4 A 4
A A
ik 1 | @3} _ g @O g o nD_FDuugﬁﬁg_
CN CY 8 +—t— —- t -+ CcA
] -1-] a aaa
.5*-6 L) ] |88 8 ] 'QET 1 ]
-.8s} i :
2 po—ep—t e et} + .
- 4 .
‘'l oogoogfocooaond
-.5 n . L i 't 1 -.15 1 A —t ', 1 S T ] i i L i - 1 -
.04 -.03-.2-.81 @ .81 .2 .e3 .94 ~ -.@4-.@3-.82-.81 ® .81 .82 .83 .84 -.04-.83-.82-.81 © .81 .@2 .03 .B4
wb/2V wbs2V wb/2V
01 L L L L L A L .a‘ L v L3 L v L .aa La L L L L] L
-e3r T I o2} 4
. a4,
.2} + . A A Aa
05| + ] 0 oo0o00ooooogg .BIL 188 & 4 ]
0og .o1f + 1 4 2
oo g
Cm C!B2 B af & alCh of——t—+ ——dc1 e ———+ —
A A s & 28 o
o
-.01FA & + - 0 g
o R —— et a 8 a4 A 2ATAA A 5 4 4 -.e1} 0o .4 1
A o Og
-.e2| + 1 B g,
0 g
-.e2 + 1
-.83} 4 1 [
- 1 L I s i i -.04 N 1 i I R | i -.23 i I 1 —he, 1 .
-.84-.p3-.22-.81 @ .01 .22 .03 .84 ~-.94-.93-.82-.81 © .01 .92 .83 .@4 = -.p4-.,03-.82-.81 @ .01 .82 .83 .04
wbs2V wb/2V wb/2V
(¢) a = 8.7°.

Figure 9.~ Continued.



09

OORun =824CTD M = 2.558 A Run =826CTD M =~ 0.601
Rn  =2.8809 FAxes~ Body Rn  =0.8863 Axese Body
Rlpha= 14.18 Beta= 4,96 Alpha= 14,18 oata= -4.96
2 —— . r r . .15 r ——— —————— .as ' T T y T v
A A
a & A
.1t A Aajaas .
1.5} 4 4 ! A A A A r .04} 4 4
o5} + .
e aa s aasofaa 6 0 8o o] Ol aoas 8 WEBEEEggo
CN CY ep——+— +— +—1——+— —+— —+——CR
.5} + 1 .e2t + 1
-.e5} # 1
I l
ob—+—t+—+ — .81} .
- 5 g O
_.5 'y A s N i s -.15 1 A A S . - A a . - . - . y - A A
-.04-.23-.02~.81 8 .01 .82 .23 .p4  -.04-.83-.82-.01 © .81 .B2 .83 .84 -.D4-.23-.02-.01 @ .01 .02 .83 .04
wb/2V wb/2V wb2V
I‘ L] L] L) L] L) ¥ .a4 Ll L} L] L) T T -83 L) LS L] Ll L] L
.23} { ; A a ,
AA A A A A A -ear YA AT ]
a
ggi'aaeﬂnun .82+0 g + J AAA
o B g 0 onp A A
05} + 4 0|oo (2 Y .O1F 4 A4
a1t + 0 g g
Cm Cn ¢}4——t+—+——+—4—+—+——+——C1 0 —— e e
A A A
4 A
-.81}F Aal 4
e—t——+——+ — 88 8 a5, -e1t” @ g + ;
Iy - I
- L 4 ] =] s]
.82 Op
- gzL 4 %o 0 g 1
Jr -.e3} + 17 a
-Bs A y . . - . - _.84 o - o e . A _.03 A - A A . A
-.g4-.93-.22-.01 © .01 .P2 .83 .84 ~-.24-.03-.82-.8! @ .81 .92 .93 .4 ~-.B4-.03-.82-.81 @ .8l .82 .@3 .04
wb2V wb2V v wbs2V
(d) a = 14.2°,

Figure 9.- Continued.



19

ORun =B30CTD M =0.602 ARun =832CTD M = B8.681

Rn  =B8.8860 Axes= Body Rn =B.8883 Axes= Body
Alpha= 19.44 Beta= 4.708 Alpha= 19.44 PBeta~ -4.78
2 T — —— .15 . . . — : .85 : — T —r
A
. 4 A 4
t.sf + : 1 a b8 a4 4
A Ab aé ]
B A B A BAAAAAAANEA aska & & 8 1 ] .
1} 4 1 .83} , 4 & Aa&‘.LEEEBEUE-
=
CN CY @ R —— ——t+——+—cAR {o° A
.5F 1 . .82t + -
-.8s} 1+ =
geo’
p{oo®
) e | g oo | et} T l
_.5 i R . A i _‘15 | i - 2. A I a A - - W P S A
-.e4-.23-.22-.81 © .81 .@2 .83 .04 ~-.84-.83-.02-.01 B .o1 .82 .93 .94 -.24-.23-.82-.@1 @ .81 .82 .@3 .04
. wb2V 5 wbr2V 03 wb/2V
. L) Ll L] T Ll T 04 L T T T LS L] - L] L LS L L T
]
.03} + 1
.e2| T 1
a2} + 4
A A
.85t0 + A A A . o a1} + -
Bopggg 4890, saaaf 8alA8 0 00
Cm Cn @ ——t 24 52=2 gt Cl ept-m t + + t 3o
a 9o
A g
-.81} + & °
2 + +—r+ ——t + a -.8t}t + 1
-.e2} + .
-.e2} + -
-.e3} + 1
_‘85 e i A A ) - y _.84 A . . Ao ) - i _‘83 |- s A i - -
-.24-.83-.22-.21 © .8l .@2 .83 .84 " -.04-.83-.82-.81 @ .o1 .92 .83 .94 ~-.24-.83-.82-.81 @ .81 .82 .23 ©4
wbr2V wbs2V wb/2V

(e) a = 19.4°,
Figure 9.- Continued.



29

1.5

CN
.5

.BS

Cm

-.85

Figure 9.- Continued.

ORun =@36CTD M = 2.681 A Run =@38CTD M = 2,602
Rn  =@.8844 Rxes= Body Rn  =0,8854 Axes= Body
Alphs= 24.53 Bsta= 4,96 Rlpha= 24.53 Beta= -4.96
T T T T T T .15 T 1 T T T T .05 T T T T T T
.1t T :
5 4+ 4 N .84k 4
aApbL
BABOAARABANA |AAAAAAAAAAA ana|asss? 4088877 | #¥RERRa0 o o
a a
.85 ,aa04484 . 636 4404
- - -4 A3} -~ o
CY @ : t + t + t CAR
L + L .22t <4 g
-.e5} i DUDDUDDD
ood
DD[]UD
L i - 1 . - DDDDUD = =
t t t t + y -1t 1 | .81 E E
y A L i . L -.15 L 1 L . - L [+] 1 A L L e i
84 -.83 ~-.82-.81 @ .01 .82 .83 .84 -.84-.03 -.82~-.81 @ .21 .82 .83 .@4 -.84 -,83-.82-.81 @ .81 .22 .83 .84
wbr2V wb/2V wbs2Vv
T T T T \ T .84 T T T T T T .83 T T Y T T T
.83} + :
.e2f + 1
a2t 284, + -
Baa,
: + 1 a a1t + 1
- Aal
.01 .AAA 4
Aa og | ooogooogn
On . , - YW quAgDAELEE\‘EEAA AAALAAAPEAE.ER
& g e 6 AAAAAé Cn ] g T T T t A C] a > | T T T T
aEoxnEEEEnSD | 88888 AR[000 DDUDD A
-.e1} Bopt -
e —t Og -.8tf + 1
I “%a
~-.@2 + DDUDUU 4
o1 -.e2t T 1
-.03t + .
1 1 1 1 — 1 -.P4 1 L 1 1 1 L -.83 L 1 L i L 1
g4 -~-.83-.802~-.81 © .81 .@2 .83 .@4 ~-.04-.03-.82 -.81 @ .81 .82 .03 .94 -.04-.83-.02-.8! B8 .81 .02 .83 .@4
wb/2V wbr2V whs2Vv
(f) a = 24.5°,



€9

O Run =@52CTD M = 3,683 A Run =@54CTD M = 0.681

Rn  =2.8984 Axes= Body Rn  =2,8888 Axes= Body
Alpha= 29.62 Bsta= 4.38 Alpha= 29.62 Beta= —-4.98
2 T L T T T L -15 T L LB T T ¥ -Bs L L T T T N
1.5 AAaAcANanGON | nonDABABBARA Jaf 1 i 04
: apbdabast : gootRoRf Teags
anaassss [888 gOasds 4 EEEB
.85k aaad 4 1 oosa Q8 a
1k -+ . O3k AA -+ ao
CN CY ef—+—t+—+ +——+——+——— CA
st 4 : oo .e2} 1 1
- § gguoo ]
*85[ ooooogpoopo0oel
B ——t —t——t -l 1 | -etp + 1
-.5 i L. . . A 1 -.15 I A 4 i 1 L %] 1 I i i i A
~.84-.@3-.@82-.¢! 8 .81 .82 .83 .04 ~-.,24-.83-.82-.81 @ .81 .@2 .93 .84 -.@4-.83-.82-.81 © .01 .82 .83 .04
wb/2V wbs2Vv wb/2V
.1 ™ —T— T P4 T T .83['——1—-—1—‘w7 —
.03} 4 4
@2} 4 J
g2} AAAAAAA 4 4
. AAAA
.es} + 1 o1k baa, .e1} + 1
- A -
. A oocaodo And
. aa,, f”gﬂgg paEpedLfdaca
Cm AAAAAL Ap8p82848808 0 Bb——— —4————F— +— +—FRAIC1 pl-lapAapbALATA L T o
Aa opb|o
Ap o8 O0po
appbans 0080Bgg ﬂg,+ Bagg, + )
Bb——+— —+—+ R e o 9004, -.e1} + 1
naz+ D*Dgng .
“8og, -.o2} + :
-.83} JL Ogg *
- . R A A . -.04 . . A — . -.e3 A P
-.84-.03-.22-.21 © .81 .2 .e3 .94 ~-.@4-.93-.82-.81 @ .el .e2 .e3 .B4 ~-.@4-.@3-.82-.81 @ .e! .@2 .83 .@4
wb/2V wb/2V wb/2V

(g) a = 29.6°.
Figure 9.- Concluded.



_02 1 1 1 1 1 ]

201 8
a
(o]
15 Fay
<
0

Cn 10} &°

[~

a

o
T

-025 | f=0
(REF. 4)
-050 |

-075 i 1 1 1 1 1
0 5 10 16 20 26 30

o, deg
Figure 10.- Statiec longitudinal aerodynamics; variation with a« and 8.

64



.15J;
.10 O o (]

O a a
05 -
o
Cy 005505005 o025 o— o
-05 |
n oo °
JaN
-.10
Z#D 4 % o &0
-.15 ! 1 1 1 1 )
-50 g, deg
0-5
O
-75} © 0 0
A B
¢ 0} o
c REF.4
Yﬁ -100F o 5
O
-125% o o)
-150 1 1 ! i 1 1
0 5 10 15 20 25 30

«, deg

(a) Side-force coefficient.

Figure 11.- Statiec lateral aerodynamies; variation with o and 8.
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