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ABSTRACT 

A forced-oscillation test mechanism for measuring the dynamic 
stability derivatives in pitch or yaw on lifting configurations has been 
developed at AEDC-VKF.   The mechanism will support models with a 
combined loading up to 1200-lb normal force and 300-lb axial force. 
Wind tunnel verification tests were conducted on AGARD Calibration 
Models B and C and Model B body alone at Mach numbers of 2. 5,  3.0, 
3. 5, and 4.0 and at angles of attack from -4. 5 to 11. 5 deg.    A descrip- 
tion of the apparatus, testing technique, data reduction equations 
(including effects of sting bending), and the results from the laboratory 
bench and wind tunnel tests are included.    The results of these tests 
were in good agreement with previous experimental data and theory. 

m 
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A Reference area, model wing planform area, 0. 974 ft^ 

b Reference length for lateral coefficients, wing span, ft 

Cm Pitching-moment coefficient, pitching moment/q^Ac 

Cn Yawing-moment coefficient, yawing moment/q^Ab 

Cm Pitching-moment coefficient due to pitch velocity, 

'm' 

.  ^^ —■„*■— ~~—*«.*«,„ 

q 8(Cm)/a(qc/2VaD), radian"1 

Cm. Pitching-moment coefficient due to rate of change 
tt of angle of attack,  8(Cm)/8(ac/2VJ, radian-1 

Cm Pitching-moment coefficient due to angle of attack, 
a d(Cm)/da, radian-1 

Cn Yawing-moment coefficient due to yaw velocity, 
r 3<Cn)/8(rb/2V(D), radian-1 
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Cnß Yawing-moment coefficient due to sideslip angle, 
P 8(Cn)/8ß, radian'1 

CnA Yawing-moment coefficient due to rate of change of 
P sideslip angle, 8(Cn)/B(/3b/2Vj 

c Reference length for longitudinal coefficients, wing mean 
aerodynamic chord, 0.866 ft 

]„ Model moment of inertia about the cross-flexure pivot 
axis (y body axis), slug-ft^ 

KQ Cross flexure strain-gage-bridge calibration constant, 
radians/volt 

K^ Moment-beam strain-gage-bridge calibration constant, 
ft-lb/volt 

Kg Sting strain-gage-bridge calibration constant, ft-lb/volt 

M Aerodynamic pitching moment, ft-lb 

Mjj Moment applied by the balance to oscillate the model, 
ft-lb 

Mg Moment applied to the sting as measured by the sting 
strain-gage bridge, ft-lb 

Mp Moment applied to the sting at the cross-flexure pivot, 
ft-lb 

Mq Pitching moment due to pitch velocity, 9 M/3 q, 
ft-lb-sec/radian 

Mff Pitching moment due to angle of attack,  3 M/da, 
ft-lb/radian 

M. Pitching moment due to rate of change of angle of 
a 

attack, öM/öd, ft-lb-sec/radian 

MQ„ Cross-flexure stiffness (with no static force loads unless 
otherwise specified), ft-lb/radian 

6M0 M0   (underload) - Mg   (no load), ft-lb/radian 

MQ„ Cross-flexure damping moment, ft-lb-sec/radian 

Ma Free-stream Mach number 

p0 Tunnel stilling chamber pressure, psia 

q Pitching velocity, radians/sec 

Vll 
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qa Tunnel free-stream dynamic pressure, lb/ft*2 

r Yawing velocity, radians/sec 

Rea> c Tunnel free-stream Reynolds number based on c 

T0 Tunnel stilling chamber temperature, °R 

t Time,  sec 

V,,, Tunnel free-stream velocity, ft/sec 

W Model mass, slugs 

xcg Location of model center of gravity with respect to the 
pivot axis, ft 

xD Location of the pivot axis with respect to the model nose, 
P ft 

z Translation of the pivot axis normal to the sting (Fig.  5), 
ft 

a Angle of attack measured from the reference condition, 
ajfl,  radians 

»M Mean angle of attack, deg 

ß Sideslip angle, radians 

r Phase angle between sting oscillation angle, 0S, and 
flexure oscillation angle, 0f (positive when 0S leads), 
radians or deg 

7 Phase angle between input moment, M^, and flexure 
oscillation angle, Of (positive when Mb leads), radians or 
deg 

0 Angular displacement in pitch, radians 

w Model angular osculation frequency, radians/sec 

UQ. Model-flexure natural frequency at vacuum conditions 

(= \-M0jIy), radians/sec 

wn Natural frequency of the model-sting system, radians/sec 

("), (" )        First and second derivatives with respect to time, t 

( ) Amplitude 

A( ) Probable error 
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SECTION I 
INTRODUCTION 

The advent of high performance,  supersonic,  military airplanes and 
lifting reentry bodies such as the F-15,  B-l,  and space shuttle has 
created the requirement to develop new dynamic stability test mechanisms 
for the AEDC von Ka'rmän Gas Dynamics Facility (VKF) continuous flow 
wind tunnels.    To meet the requirements for large lift loads,  relatively 
large damping moments,  and to maintain compatibility with expected 
model configurations,  the forced-oscillation technique was selected. 
This is a proven technique currently being used at the VKF for measur- 
ing damping coefficients due to pitch and yaw rate on configurations with 
relatively small lift forces (Ref.   1).    This report covers the development 
and checkout,   including wind tunnel verification testing,  of a mechanism 
to measure these coefficients on lifting configurations.    This mechanism 
can support models with a combined loading up to 1200-lb normal force 
and 300-lb axial force.    These large lift forces,   when combined with 
slender stings required for testing airplane configurations,  can create 
sting oscillations that must be accounted for in the data reduction 
equations. 

The mechanism was designed primarily for use in the VKF supersonic 
and hypersonic wind tunnels (Mach 1. 5 to 10) but can be used in the 
Propulsion Wind Tunnel Facility '(PWT) transonic and supersonic tunnels 
(Mach 0. 2 to 4. 75).    The wind tunnel verification tests were conducted in 
the VKF Supersonic Wind Tunnel (A) at Mach numbers from 2. 5 to 4. 0 on 
AGARD Calibration Models B and C and on Model B with the wings re- 
moved. 

A test mechanism to measure the dynamic stability derivatives in 
roll on lifting configurations has also recently been developed at 
AEDC-VKF, Ref. 2.   A description of the testing technique, apparatus, 
and verification wind tunnel test results obtained on the AGARD Cali- 
bration Model B is reported in Ref. 2. 
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SECTION II 
APPARATUS 

2.1 TEST MECHANISM 

The pitch/yaw damping test mechanism (VKF l.B) shown in Fig.   1 
utilizes a cross-flexure pivot,   a one-component moment beam,  and an 
electric shaker motor.    The motor is coupled to the moment beam by 
means of a connecting rod and flexural linkage which converts the trans- 
lational force to a moment (70-in. -lb maximum) to oscillate the model 
at amplitudes up to ±2 deg and frequencies from 2 to 20 Hz.    The cross 
flexures,  which are instrumented to measure the pitch/yaw displacement, 
support the model loads and provide the restoring moment to cancel the 
inertia moment when the system is operating at its natural frequency. 
The existing cross flexures are composed of three 0. 170-in. -thick 
beams with single unit construction and produce a restoring moment of 
-938 ft-lb/radian.    Additional cross-flexure units can be fabricated with 
different thicknesses to produce restoring moments from -50 to -1700 
ft-lb/rad and still support the required loads and allow for ±2-deg 
deflection.    Since the moment beam which is used to measure the forcing 
moment is not subjected to the static loads,   it can be made as sensitive 
as required for the dynamic measurements.    Presently, two beams exist 
which can measure up to ±25 and ±70 in. -lb.    A pneumatic- and spring- 
operated locking device is provided to hold the model during injection 
into or retraction from the tunnel or during tunnel starts.    The sting 
cross section is elliptical (Fig.   la) to optimize strength and clearance 
for oscillating slender models.    It is not water cooled,  but it is inter- 
changeable with the 1. 75-in. -diam,  water-cooled sting for the roll 
dynamic stability mechanism (Ref.  2) which permits tests to be con- 
ducted in the hypersonic tunnels.    The water-cooled sting is 6. 1 in. 
shorter than the elliptical sting. 

2.2 INSTRUMENTATION 

The forced-oscillation instrumentation described in Ref.  1 was modi- 
fied to produce better control and monitor systems and more accurate 
data with less computer time required.   These changes were made possi- 
ble by using an electronic analog system with precision electronics.   The 
control, monitor, and data acquisition instrumentation are contained in a 
portable console (Fig. 2) that can be easily interfaced with the instru- 
mentation of the various wind tunnels.   The same basic instrumentation 
system is used for the forced-oscillation, roll test mechanism (Ref. 2). 
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Fig. 2   Instrumentation Console 

The control instrumentation provides a system which can vary the 
oscillation frequency,  oscillation amplitude,  and position of the model 
within the flexure and balance limits.   An electronic feedback loop is 
used to control the oscillation amplitude which permits testing both 
dynamically stable and unstable configurations. 

Data are normally obtained at or near the natural frequency of the 
model-flexure system; however, electronic resolvers permit data to be 
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obtained off resonance.   A schematic of the data acquisition system is 
shown in Fig. 3.   The gages on the flexures, balance, and sting are ex- 
cited by d-c voltages, and outputs are increased to optimum values by 
d-c amplifiers.   Typical outputs from an osculating model are com- 
posed of oscillatory components (OC) superimposed on static compon- 
ents (SC).    These components are separated in the data system by 
bandpass and lowpass filters.   The SC outputs are sent directly through 
the tunnel scanner to the computer which calculates the static pitching- 
moment coefficient, Cm, and sting deflections.   The OC outputs are in- 
put to the resolver instrumentation (Fig. 3b) and precise frequency 
measuring instrumentation which was developed at the VKF.   The re- 
solvers process the OC signals and output d-c voltages which are pro- 
portional to the amplitude squared, the in-phase and quadrature (90 deg 
out of phase) balance components, and the in-phase and quadrature sting 
components.   The resolver and frequency instrument outputs are input 
to the tunnel scanner and sent to the computer which reduces the data 
to the aerodynamic coefficients, Cm   + Cm. and Cm , as discussed in 
Section 3. 1,   The frequency instrument controls the length of the data 
interval in increments from approximately 2 to 25 sec during which the 
scanner reads each input approximately ten times per second. 

2.3   MODELS 

The three models used for the wind tunnel verification tests included 
an AGARD Calibration Model B,  an AGARD Calibration Model C which 
was made by adding a tail assembly to the Model B (Fig. 4), and the 
Model B without wings.    These models were furnished by the Cornell 
Aeronautical Laboratory.   The body is a tangent ogive-cylinder 
(4. 5-in.-diam) with a fineness ratio of 8. 5.   The 60-deg delta wing has 
a symmetrical circular-arc cross section with a thickness ratio of 0.04 
and a span of four body diameters.    The tail assembly for the Model C 
consists of a cylindrical body that is 1. 5 body diameters long on which 
is mounted a T tail.   The horizontal tail is a 60-deg delta which is located 
1. 42 body diameters above the body centerline and has a span of 1. 63 
diameters.   The vertical tail is swept 60 deg and tapered to produce a 
trailing-edge angle of 45 deg.   The cross section of the horizontal and 
vertical tails is also a symmetrical circular arc with a thickness 
ratio of 0.04.   The model body was constructed of aluminum with a 
steel section at the wing mounting location.    The wings were aluminum, 
and the tail assembly for Model C was steel.   The model was mounted to 
the test mechanism such that there were 3. 1 body diameters from the 
model base to the sting flare for Model C. 
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2.4  WIND TUNNEL 

Tunnel A is a continuous, closed-circuit, variable density wind 
tunnel with an automatically driven flexible-plate-type nozzle and a 
40- by 40-in. test section.   The tunnel can be operated at Mach num- 
bers from 1. 5 to 6 at maximum stagnation pressures from 29 to 200 
psia, respectively, and stagnation temperatures up to 750°R (M,,, = 6). 
Minimum operating pressures range from about one-tenth to one- 
twentieth of the maximum at each Mach number.    Mach number changes 
may be made without stopping the tunnel in most instances.   The model 
can be injected into the tunnel for a test run and then retracted for 
model changes without stopping the tunnel flow. 

SECTION III 
PROCEDURE 

3.1   DATA REDUCTION 

The test mechanism was intended to operate as a one-degree-of - 
freedom system in pitch or yaw; but since the sting had to be slender to 
test aircraft configurations which transmit relatively large oscillatory 
normal forces to the sting as the model oscillates in pitch, the system 
had to be analyzed as a two-degree-of-freedom system.    Figure 5 
shows a schematic of a model oscillating in pitch about the cross- 
flexure pivot and translating normal to the sting.    It should be noted 
that as the mechanism is pitched, static forces and moments are 
applied which deflect the sting and balance.   These static deflections 
affect only the mean angle of attack, a^, and for clarity are not shown 
in Fig.  5.   The moment equation-of-motion of the system shown in 
Fig.  5, written in body axis about the cross-flexure pivot and allowing 
for model unbalance (normally models are balanced before testing, but 
some slender configurations cannot be accurately balanced), is 

■A - Wxcg-z - MqÖm - Mä« - Möd( - \\aa - (Möf + SMöf)0f = Mb (1) 

The 6MQ term is included because the flexure stiffness varies (slightly 
for the existing flexures) with axial and normal force (Ref. 3).    öMQ. is 

determined in the data reduction from known or estimated force data. 
Bench tests have shown that M§  is essentially unaffected by static loads. 

10 
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Pivot and Moment Reference Point 

Fig. 5 Schematic Illustrating Model and Bent-Sting Orientation 

The measured displacements with this system are the flexure rotation, 
%, and the sting deflections, 0S and z.   From Fig. 5 the following 
identities can be obtained: 

K = öf + es (2) 

a = e. 
(3) 

Substituting in Eq.  (1) gives: 

Iy(öf + Ös)  - Wxcg"z - Mq(öf+Ös)   - ^+l+y^^-^-^ + '*+yz£n$ 

-(*VS\)0f=  Mb (4) 

The solution of the preceding equation for a model undergoing a steady- 
state oscillation at an amplitude, ~Bm,  is 

0f  = Of cos (wt) 

6S = 6S cos (tut + D = 0s[cos (cjt) cos r - sin (OJO sin V] 

z = — 1 cos (o>t + D = - z[cos (tit) cos r - sin (tut) sin T] 

Mjj = M|j cos (wt + y) = Mb[cos (cat) cos y - sin (<ut) sin y] 

(5) 

11 
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If the frequency of osculation is not near the natural frequency of the 
sting (un   > 1. 5u) and the system is rigidly mounted, the phase angle, 
T, will be near zero or 180 deg, depending on the variation of normal 
force with 0m.    The phase angle is measured by the resolvers (divide 
Output 4 by 5,  Fig.  3b) to verify this premise.    Substituting Eq.  (5) 
with sin T = 0 (cos r terms are left primarily to obtain the correct sign) 
into Eq.  (4) and solving for the aerodynamic moments gives 

•|TJ - ■] • {< 
(6) 

Yf If I     ""       • Mg ■ C°S r M-\//      h™I\ "n + *u = —— sm y + ^ =— - MA i /n + 1 «      a    \»o( *--—«    e( °j/[      e,    ) (7) 

where -MQf/un^   has been substituted for IY and the term 

M.,  which is very small, has been omitted in Eq.  (6). 
0f   V8 cos o-M      <* 

MQ. is determined during the balance calibration, and the model 
unbalance Wxcg,  can be obtained from the balance static outputs.    The 

Mb 
ö M 

terms —— cos y and -=— sin 7 can be obtained from the resolver Outputs 
flf of 

1, 2, and 3 (Fig. 3b), along with the balance calibration constants. 
MQ. and 1%. can be determined by evaluating the system at vacuum con- 

ditions similar to that discussed in Ref.   1. 

The ratio of the in-phase sting deflection amplitudes to the flexure 
amplitude can be determined from the moments measured by the cross 
flexures and the sting gages, 

öacoSr fde\    /M.C..A/,W \ 

where the partial derivatives are determined from sting calibration 
and [(Mg/'fff) cos Ij is determined from resolver Outputs 1 and 5 

12 
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(Fig. 3b),  along with calibration constants.   If the sting is not instru- 
mented and static-force data are available [(Ms/0f) cos rj can be de- 
termined from the force equation of motion.   The aerodynamic moments 
can be expressed in dimensionless form as: 

a 

(.VI    + M-)(2V   1 
c    + c 

1 « q^Ac2 

The preceding analysis has been written for a model oscillating in 
pitch, but the mechanism can be rolled 90 deg with respect to the model 
and used to determine the yaw derivatives.   The preceding equations 
also apply for yaw, although the oscillatory sting deflections are usually 
considerably smaller.   For yaw, the pitch coefficients, Cm   and 

Cm   + Cm., are replaced by -Cn~ cos a-^ and Cn   - CnI cos a^, 

respectively.    The cos Q-^ term is a result of expressing the coefficients 
in the body-axis system. 

In the preceding analysis the balance input torque,  M^,, signal has 
been assumed to be the first harmonic of the oscillation frequency, w. 
Because of nonlinear aerodynamics, tunnel noise, flow perturbations, 
etc., the signal is often composed of higher and lower harmonics. 
However, the resolver system {Fig. 3b) eliminates the higher harmonics, 
and the lower harmonics can be eliminated by averaging the data over a 
sufficiently long interval. 

3.2   CALIBRATION AND BENCH TESTS 

The cross-flexure stiffness, Mg„, and calibration constant, KQ, 

were determined by applying known moments and measuring the deflec- 
tion across the flexure and the strain-gage output.   The sting deflection 
constants,  80s/aMp, 90S/8MS, 3z/aMp and 3z/8Ms, and calibration con- 
stant, Ks, were obtained by applying Toiown loads at different axial 
locations.   The moment-beam calibration constant, K]_, was deter- 
mined at assembly by applying steady loads (various levels up to the 
beam capacity) with the motor and measuring the outputs of the moment 
beam and the flexures.   The applied moment is known from the flexure 
output. 

13 
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Bench tests were conducted with the system to determine its capa- 
bility for measuring the damping moment.   A two-arm magnetic cali- 
brator, developed at the VKF, was used to produce known damping 
moments.   A signal coil, input coil,  and feedback loop were used in the 
calibrator which could produce both stable and unstable moments.   The 
tests were conducted with the calibration body balanced about the pivot 
axis and also with a large unbalance.   This unbalance caused osculations 
of the sting when conventionally mounted, but the sting could also be 
rigidly supported during the bench tests to eliminate these osculations. 

3.3  WIND TUNNEL TESTS 

Verification tests were conducted at Mach numbers of 2. 5,   3. 0, 
3. 5,  and 4. 0,  at a Reynolds number of 4 x 10 ,  based on the mean 
aerodynamic chord,  and at angles of attack from -4. 7 to 11.5 deg. 
A summary of test conditions is presented in Table I.    Before testing, 
the models were balanced about the pivot axis within 0. 1 in. -lb,  and 
the still air contributions were measured (Ref.   1).    The data were 
obtained primarily at an osculation amplitude of ±0. 9 deg and at the 
natural frequency (y = 90 deg); however, some data were obtained at 
other conditions to check the instrumentation.   Wind-off data were ob- 
tained before and after testing each model to evaluate Mg.and w^. 

TABLE 1 
SUMMARY OF TEST CONDITIONS 

Mach Po. To> q». v 
»  CD* r> 

aM, 
C onf igur at ion'1" No. 

2.50 

psia 

24 

°R 

560 

lb/ft2 

885 

ft/sec 

1933 

Re, ,, c * 10"b deg 

2 3.98 -3.5to   2.5 
3 2.50 24 560 885 1933 3.98 -3.0to   9.9 
1 3.01 32 562 784 2085 4.05 -2.7to  2.8 
2 3.01 32 784 2085 4.05 -4.7to   4.8 
3 3.01 32 784 2085 4.05 -3.4 to 11.3 
1 3.50 42 680 2189 4.11 -3.2 to   3.3 
2 3.50 42 680 2189 4.11 -4.5 to  4.5 
3 3.50 42 i ■ 680 2189 4.11 -3.8toll.5 
1 4.02 55 583 574 2313 3.88 -3.5to   3.7 
2 4.02 55 583 574 2313 3.88 -4.0to   5.5 
3 4.02 55 583      574 

HD Model B 

2313 

Body Alone 

3.88 -3.7toll.3 

■A» 

'■^Configuration 1: AGA 
2: AGARD Model B 
3: AGA JRE ) Model C 
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SECTION IV 
PRECISION OF MEASUREMENTS 

The uncertainty in the measurements is a function of the precision 
of the calibration and sting deflection constants, instrumentation accu- 
racy, repeatability of the flexure characteristics (wind-off data), and 
the phase relations.   The uncertainties in the dynamic data as a result 
of the propagation of these errors (Ref. 4) can be written: 

ma = <(0.005Ma)2 + Me' W)+ f03 6f) + Wx^2(i)H+ ^ 5Mö4 
A(M„+M,={(j8iny)L(^y 'qT,,a' ■]-(HP' + (0.0148)1 + hr1 ■=- +  (0.03)' 

[AK)]2 + (°-01 M*)2} 
where the following uncertainties have been used: 

AMfl/Mfl  = 0.005 

A(Mb)/Mb = 0.01 

A(0,)/0f = 0.01 

AQ/z = 0.03 

A(0s)/0s = 0.03 

Ay  =   0.009 radians (0.5 deg) 

*(SMöf)/(
SMö) = o-i 

It is apparent that the most accurate damping data are obtained at the 
resonant frequency (7 = 90 deg), but the precision is not significantly 
affected if 30 < 7 < 150 deg. The uncertainty in measuring Mq at 
7 = 90 deg during the bench tests was the larger of 1. 5 percent of the 
value measured or 0. 001 ft-lb-sec/radian and was 5. 2 percent of the 
value measured when 7 = 5 or 175 deg. 
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Measurement of the tunnel model-support system attitude in pitch 
is precise within ±0. 05 deg based on repeat calibrations.   Model atti- 
tude corrections were made for balance and sting deflections under air 
load, and the precision of the final model mean angle of attack, am, is 
estimated to be ±0. 07 deg.   The uncertainty in the static pitching 
moment is determined from a statistical analysis of the data obtained 
during calibration where loads were applied to simulate the range of 
model loads anticipated for the test. 

The preceding uncertainties were combined with uncertainties in 
the tunnel parameters to obtain the probable error in the aerodynamic 
coefficients.   The maximum uncertainties are: 

A<cmq + CmJ 

M0  A(MjRea))Cxl0-6A(BeO)CX10'6)    S + Cm«     A(Cmff)   A(Cm) 

2.50 0.004 3.98 0.024 0.020 0.0075 0.00045 
3.01 0.006 4.05 0.024 0.020 0.0085 0.00050 
3.50 0.005 4.11 0.022 0.020 0.0098 0.00058 
4.02 0.010 er 

.aZO Zcr 
3.88 0.032 0.022 0.0116 0.00069 

SECTION V 
RESULTS AND DISCUSSION 

The results obtained in the bench tests are presented in Fig. 6.   The 
damping measurement (Mq) shows excellent agreement with the calibrator 
input (Mq        ) over a large range of magnitudes (Fig. 6a) and phase angles 
(Fig.  6b).   The uncertainty in the calibrator is 2 percent of the input value. 
Figure 6a also shows the effect of the sting osculation (caused by an un- 
balance) on the damping measurement and indicates that good data can be 
obtained if the sting oscillations are included in the data reduction.    For 
the bench tests there were no corrections because of the z movement which 
only affects aerodynamic measurements (see Equation (7), Section 3.1). 
The legend of Fig. 6 shows that the natural frequency (uw) of the  model- 
flexure system can be determined very accurately if the sting osculations 
are considered (53. 92 as compared with 53.45) but is considerably in 
error if the sting oscillation corrections are omitted (49. 72).   The model 
moment of inertia, Iy, which was constant for all three unbalanced cases 
(Wxc„ = 0. 328) would have been calculated erroneously if the sting oscil- 
lation corrections had not been applied. 
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WX_ eg V V 
Sya    slug-ft*    slug-ft*    rad/sec        Sting 

9 
0 0 .312 54 85 

0 .233 0 328 53 45 
0 .233 0 328 49 72 

0.233 

1.2 

1.0 

0.8 

i 
oP    0.6 

0.328 

0.4 

0.2 

53.92 

AL 

Rigid 
Rigid 
Oscillating (Sting Bending Effect 

Not Included in Data 
Reduction) 

Oscillating (Sting Bending Effect 
Included in Data 
Reduction) 

TT 

6t  - ±1.0 deg 
y  - 90 deg 

"e. . -938 ft-lb/rad 

0.001 

1.2 r 

1.0 

0.8 

0.01        0.1 
-M    , ft-lb-sec/radian 

Tnag 

1.0 

a.  Variation with Damping Magnitude 

* 
JP    0.6   - 

0.4   - 

0.2 

0 

0. - ±1.0 deg 

'mag 
-0.242 ft-lb-sec/radian 

2 I    - 0.312 slug-ft 

Resonance 

X X 

I 
I 
t 

X_L X X J 
20     40        60     80      100    120    140    160    180 

Phase Angle, 7,   deg 
 I I I I LJ  

53  54 54.85    55 56 57 
Angular Frequency, a>,  rad/sec 

b.  Variation with Phase Angle and Frequency 
Fig. 6 Comparison of Pitch-Damping Measurement to Magnetic Calibrator Input 
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The stability derivatives obtained in the wind tunnel verification 
tests for the AGARD calibration Model C at M,,, = 2.5 are presented in 
Fig.  7 to show the effect of sting oscillations on the data.   Omitting the 
sting oscillations from the data reduction results in measurements 
which indicate too much dynamic stability and too little static stability. 
The static stability derivative, Cm , obtained from the slope of the Cm 

versus a%/i measurements is also presented in Fig. 7 and is in excellent 
agreement with the oscillatory data which have been corrected for sting 
oscillations. 

Sym 

o 
Data 

Corrected for Sting Oscillations 
•  Not Corrected for Sting Oscillations 
O  Obtained from Slope of C versus CL, Data 

-10.0 

Pig. 7   Effect of Sting Oscillations on the Pitch Stability Derivatives 
of Model C at Mach 2.5 
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The experimentally measured dynamic and static stability deriva- 
tives at zero angle of attack are presented in Fig. 8 as a function of 
Mach number.   The dynamic stability of Model C decreases slightly 
with increasing Mach number, whereas the dynamic stability of 
Model B and Model B body alone is practically invariant with Mach 
number.   Estimates of C—,   + Cm . for Model B were obtained from mq a 
Refs.  5 (wing) and 6 (body) and are in good agreement with the present 
data.   The trend of the static stability derivative,  Cm , with Mach num- 

ber varies considerably with the model configuration.    The largest 
gradient of Cm   with M8 is obtained with Model C which changes from 

stable to unstable at M,,,« 2. 8.   The data obtained from the slope of the 
Cm versus ttM are presented and are in excellent agreement with the 
oscillatory data. 

All of the data obtained in the wind tunnel tests on the AGARD cali- 
bration Models B and C and Model B body are presented in Fig.  9 as a 
function of angle of attack at Mach numbers of 2. 5, 3. 0, 3. 5, and 4. 0. 
All models were dynamically stable, and the dynamic stability of 
Model C generally increased as |a| increased, whereas the dynamic 
stability of Model B and Model B body decreased slightly with | or]. 
Addition of the tail assembly (Model C compared with Model B) in- 
creased the dynamic stability considerably, but the wings caused only 
a slight increase in the stability (Model B compared with Model B body 
alone). Theoretical estimates obtained from Ref.  5 indicate the wing 
damping to be small (Cm   + Cm.   = -0. 23 at M,,, = 2. 5,  -0. 14 at 

MaB = 4.0). 

The models were shown to be statically unstable at all test condi- 
tions except Model C at M,,, = 2. 5.    The static stability (Cm0) of 
Model B and Model B body alone is practically invariant with angle of 
attack, but the static stability of Model C has some very nonlinear 
characteristics which vary with Mach number.    The static data from 
Ref.  7 are also shown in Figs.  9a, b, and d and are in good agreement 
with the present results. 
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-8.0 

A AGARD Model C 
D AGARD Model B 
O  AGARD Model B Body 

Estimated Using Refs. 5 and 6 
(Model B) 

Closed Symbols Indicate Slope of 
Cm versus aM 

-0.2 

0.2    - 

0.4   - 

0.6    - 

0.8 

Fig. 8 Variation of the Pitch Stability Derivatives at 
OM = 0 with Mach Number 
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lo.o i—i—,—r 

-8.0  - 

•o -6.0  - 

+ 

a* -4.0 

-2.0 

1—I—I—I—i—i—i—i—i—i—r 

B 0.2  - 

-0.02 - 

0.02 - 

0.04 'III 

A  AGARD Model C  " 
D  AGARD Model B 

Closed Symbols Indicate" 
Data from Ref. 7 

a.   M.= 2.5 
Fig. 9  Variation of the Pitch Stability Characteristics with Angle of Attack 
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-6.0  - 

+ 

-2.0 - 

S   0.4  - 

■0.02 - 

0.02 - 

0.04 

T—i—i—i—i—i—i—T 
A AGARD Model C _ 
O AGARD Model B 
O Model B Body  _ 

Alone 
Closed Symbols Indicate 
Data from Ref. 7 

b.   WL = 3.0 
Fig. 9 Continued 
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-8.0 

B       -6.0 

+ 
9 

*      -4.0 

-2.0 

T—i—i—r T—i—i—i—i—i—i—I—r 
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0.2 

0.4 

0.6 

0.8 

-0.04 

-0.02  - 

J I I L J I I I I I I I L 

T—I—I—I—T 

■o- 

J I I I L 

1—i—i—i—r 
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0.02   - 
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■r li a   '    ' —i—i—i—i—i—i—i—i—i— 

^ 

A   AGARD Model C 
a    AGARD Model B 
0   Model B Body Alone   - 

^^J 
i 

i    i    i    i 1    _l lP__l_a_l      1111 
-6 -4 2 4 10 

c.  M00=3.5 
Fig. 9  Continued 
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-8.0 

-6.0 

-4.0 

-2.0 

T—i—i—i—r T—i—i—i—i—i—i—i—r 
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1    I   I ■    I    I   I    I    I 

0.2 
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H   0.4 
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A AGARD Model C 
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O Model B Body Alone 

Closed Symbols Indicate 
Data from Ref.  7 

d.   M« = 4.0 
Fig. 9 Concluded 
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SECTION VI 
CONCLUSIONS 

A forced-oscillation test mechanism for measuring the dynamic 
stability derivatives in pitch or yaw on lifting configurations was de- 
veloped.    Bench and wind tunnel tests on AGARD Calibration Models B 
and C and Model B body alone were conducted to evaluate and verify the 
mechanism design and performance.    Conclusions based on the results 
of these tests are as follows: 

1. The dynamic stability derivatives and slope of the 
pitching-moment curve obtained from oscillatory data 
can be measured precisely by the mechanism providing 
the effects of sting oscillations are included in the data 
reduction equations. 

2. Omitting the sting oscillations from the data reduction 
causes considerable error in the data. 

3. The results of the wind tunnel tests are in good agree- 
ment with previous experimental data and theoretical 
estimates. 
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