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PREFACE 

The work reported herein was conducted by the Arnold Engineering Development 
Center (AEDC), Air Force Systems Command (AFSC), as an in-house development project 
at the request of the Director of Analysis and Evaluation (DOA), Arnold Air Force Station, 
Tennessee. The model was funded by the Air Force Armament Test Laboratory 
(AFATL/DLJC). J. M. Rampy, DOA, was the Air Force project manager. The results of 
the tests will be used to support the AEDC Dynamic Stability Analysis Project P43C-03. R. 
W. Butler and (3. H. Saunders, Jr., of ARO, Inc., were the Dynamic Stability Analysis 
project monitors. The results were obtained by ARO, Inc., AEDC Group (a Sverdrup 
Corporation Company), operating contractor for the AEDC, AFSC, Arnold Air Force 
Station, Tennessee. Tests were conducted in the Propulsion Wind Tunnel (16T) of the 
AEDC Propulsion Wind Tunnel Facility, under ARO Project Numbers P41T-00, P41T- 
DOE, and P41T-02 in two phases: roll-damping (June 5 through June 8, 1978), and pitch- 
and yaw-damping (May 18 through 25, 1979). This manuscript was submitted for 
publication on February 4, 1980. 

AEDC-TSR-79-P50, written by T. D. Buchanan, S. M. Coulter, and E. J. Marquart in 
July 1979 documents the complete set of results obtained from the wind tunnel tests. 

The authors wish to acknowledge the efforts of Messrs. W. E. Carelton, P. (3. Lucas, R. 
R. Turney, R. W. Butler, and W. H. Comer during the development of these balances. The 
authors also acknowledge R. (3. Butler, S. P. Northcutt, H. C. Hall, Jr., K. D. Carter, J. 
W. Wilson, G. R. Mattasits, R. D. Morris, Jr., and others who significantly contributed to 
the accomplishment of this task. 

Messrs. Buchanan, Coulter, and Marquart are currently employed by Calspan Field 
Services, Inc., AEDC Division. 
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1.0 INTRODUCTION 

Researchers in flight characteristics of aircraft at high angles of attack have expressed the 
view that the lateral and longitudinal degrees of freedom may be coupled (Ref. 1). A recent 
conclusion by the Advisory Group for Aerospace Research and Development (AGARD) 

Fluid Dynamics Panel (Ref. 2) was that these coupling effects have been found to be very 
significant at high angles of attack. The panel also voiced concern about all the dynamic 

stability parameters of an aircraft operating at high angles of attack. Recommendations of 

the panel included obtaining a complete set of aerodynamic data to determine the 
importance of cross-coupling for the same test conditions in the same wind tunnel with the 
same support geometry. 

Although the need for a dynamic stability test system Zo accomplish this task was 
anticipated by AEDC early in the 1970's, the development of systems based on new concepts 

generally requires several years, as exemplified by Fig. 1. A set of balances was designed to 
obtain the static and dynamic data, including cross and cross-coupling derivatives. The set 

comprises 4,000-1b (normal-force) and 'l,500-1b pitch or yaw (P/Y) and roll forced- 
oscillation balance systems. This report describes the 4,000-1b balance systems. The response 

characteristics of the balances to static and dynamic loads were investigated in the 
laboratory, and wind tunnel tests with a l/9-scale F-16A model were conducted in the 
AEDC Propulsion Wind Tunnel (16T). 

The objectives of the wind tunnel tests were to obtain pitch, yaw, and roll-damping 
coefficients by means of the forced-oscillation technique on the F-16A model with external 

stores, and to investigate the requirements for measuring dynamic cross and cross-coupling 

derivative moments on an aircraft at high angles of attack. Data were obtained at Mach 
numbers from 0.2 to 1.4 at Reynolds numbers per foot of  1.2 x 106 and 2.4 x I06. The angle- 

of-attack range was -5 to 45 deg for the roll test and -3 to 50 deg for the pitch and yaw tests. 

The reduced frequency ranged from 0.014 to 0.120 for the pitch-damping, 0.054 to 0.319 for 
the yaw-damping, and 0.040 to 0.360 for the roll-damping tests. Representative results will 
be presented. This report will emphasize the balance performance rather than analyze the 
aircraft flight characteristics. 

2.0 BALANCE SYSTEMS 

The objective of the designs was to build a set of  basic forced-oscillation balances with 

added capability to determine cross and cross-coupling derivatives. A list of the desired 
derivative capabilities is shown in Table 1. The direct derivatives in pitch, yaw, and roll 
would be primarily reduced from the basic balance (P/Y or roll balance) signals. The basic 

balance would also provide the model oscillation. The cross and cross-coupling derivative 
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measurements would be obtained from optional balances. A P/Y balance is shown in Fig. 
2a, and its external five-component can balance is shown in Fig. 2b. A schematic of  this 

arrangement is shown in Fig. 2c. For the roll case, the cross-derivative balance could be 
designed as an integral part of the balance system as shown in Fig. 3. The balances are sized 

for aircraft models typical of the AEDC Tunnels 16T and 16S. 

The P /Y and roll balances use the same principle of operation and control. Each balance 
consists of a cross-flexure pivot connected to a hydraulic cylinder through a force-measuring 
flexure. The hydraulic cylinder is operated with a servo valve to obtain sinusoidal oscillation 

motion at a constant oscillation amplitude, up to _+ 2 deg, and constant frequency from 2 to 
about l0 Hz. The cross flexure is instrumented to measure angular displacement, to support 
the model loads (up to 4,000-1b normal force and 1,000-1b axial force), and to provide the 

restoring moment to cancel the inertia moment when the system is operating at the natural 
frequency of the model/balance assembly. The restoring moment of the P /Y balance can be 

changed by installing leaf springs on the sides of the balance; however, leaf springs were not 
used for these tests. The restoring moment was 6,295 ft-lb/rad for the P /Y balance and 
1,468 ft-lb/rad for the roll balance. The P /Y balance was oriented at 0 deg with respect to 
the model for the pitch tests and at 90 deg for the yaw tests. 

Systems for setting the oscillation frequency and oscillation amplitude and for nulling 
the static torque are provided by the balance control instrumentation. An electronic position 
feedback loop is used to maintain a constant oscillation amplitude and frequency under 
aerodynamic loads and permits testing both dynamically stable and unstable configurations. 

Data are normally obtained at the natural frequency of  the model/flexure spring-mass 

system. Limit circuits are set before the test to provide overload protection for the balance. 
These limit circuits automatically shut the system down when their limits are exceeded. The 
torque-nulling system commands the hydraulic-driven piston in such a way that the force- 

measuring flexure (termed "torque beam") is not subjected to the model static aerodynamic 
moment. This allows the use of a torque beam suitable to the particular model. The 50.0-ft- 
lb-torque beam was used for this test on the P /Y balance, and a 16.7-ft-ib-torque beam was 

used for the roll balance. 

Each load-measuring element of each balance is instrumented with three sets of strain 

gages. Two sets of these strain gages are used in this system for each dynamic measurement. 
A two-phase oscillator provides E sin~0t (a-c) excitation to one set of strain gages to resolve 

the in-phase (with respect to a reference signal) component of  the dynamic signal, whereas E 

cos~0t (a-c) excitation is used to excite the second set of strain gages to resolve the out-of- 
phase (quadrature) component (where ~0 is the oscillation rate of the model). The third set of  

gages is d-c excited to provide readings of static deflections, forces, and moments. An 
LSI-II minicomputer and filter-amplifier chassis are used to provide analog-to-digital 

6 
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conversion and signal conditioning. The gage signals first pass through a 2-Hz passive filter, 
then through a 0.2-Hz active filter. A digital filter routine is performed in the minicomputer. 
The digital filter parameters can be changed easily, depending on the noise of the data. The 
32 channels of data are then sent to the facility computer for on-line data reduction. 

3.0 LABORATORY EVALUATION 

The response characteristics of the balance load elements were investigated in two 
phases: a static calibration and a dynamic evaluation. The static calibrations were performed 
on each balance using standard calibration practices and methods. Those calibrations 
yielded the basic measuring element scale factors and interactions. Further discussion of 
those results will not be addressed. Inertia effects and a magnetic damper were used to apply 
known dynamic loads to the various balance load-measuring elements. Comparisons were 
made between the values from the data reduction equations and the known impressed loads. 

The load elements of the balance experienced inertia (in-phase) loads when the balance 
system was oscillated. For example, the measured moments for the in-phase torque gage of 
the P/Y balance and the in-phase pitching moment from the can balance are shown in Fig. 4 
for two oscillation frequencies representative of the frequencies expected during the wind 
tunnel tests. The agreement between the calculated values and the measured levels was 
within the uncertainty of calculated inertia load, based on the propagation of errors in M#f, 
~, and 0. This close agreement was also typical of the roll balance torque and can balance 
yawing-moment element response to inertia loads. 

Selected elements of the balances were subjected to known damping moments by a 
magnetic damper. The level of damping was varied from 0 to 7 ft-lb-sec in small increments. 
at various oscillation frequencies ranging up to 9 Hz to determine the dynamic responses of 
the load-measuring elements. The output of each balance gage was fitted by a least-squares 
straight line as a function of damping moment for each frequency. The results show (Fig. 5) 
that for frequencies of practical interest, the P/Y and roll balances and the pitching-moment 
element of the can balance accurately measure the damping (Fig. 5a). 

A corresponding check of the rolling-moment element of the can balance and yawing- 
moment element of the roll balance showed errors attributable to vibration effects. Simple 
one-degree-of-freedom theory (Ref. 3) gives 

Magnif icat ion - 
Balance Output 

Magnetic Damper 
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2~ [/fn 

for f/fn << 1 and ~ small. 

The magnification for the rolling-moment element of the can balance is shown in Fig. 5b. 
A curve fit of  the theory to the data gives a natural frequency of 16.5 Hz. The phase shifts 
associated with these oscillation frequencies are shown in Fig. 5c. The value of damping (8) 
that best matches the theory to these shifts is 0.040. Lower oscillation frequencies were not 
practical because of the inertia range obtainable with calibration equipment that was 
available. The response of the yawing-moment load element of  the roll balance is shown in 

Fig. 5d. The natural frequency for the yawing-moment element was 40.8 Hz; therefore, the 
phase shift was very small, usually less than 1 deg. Higher oscillation frequencies were not 
practical because of the basic rolling-moment inertia of the system. 

The simulated cross and cross-coupling loads indicated that vibration errors in these 

derivatives would be produced by magnification and phase shifting during wind tunnel tests. 
The magnitude of these errors depends on the level of aerodynamic damping and model 
moments of interia. Based on the estimated mass moments of  inertia of the F-16A model, 

the natural frequencies of the balance cross and cross-coupling elements are given in Table 
2. The table shows estimated errors in the measured derivatives caused by magnification for 
an oscillation frequency of 6 Hz. The error attributable to magnification is a bias error in the 
data that could easily be compensated, but the phase shift is dependent on the aerodynamic 
damping. Correcting the cross or cross-coupling damping data from these low-frequency 
elements for both magnification and phase-shift errors is a task beyond the scope of this 

report, but the task must be addressed formally before cross and cross-coupling data from 
future tests can be quoted with known accuracy. 

The laboratory evaluations verified that the direct derivatives are accurately resolved 
from the dynamic loads by the basic balances. The results indicated that the can balance 
should be capable of  resolving the direct derivatives also. 

4.0 WIND TUNNEL TESTS 

i 

Wind tunnel tests were conducted in Tunnel 163" at Mach numbers ranging from 0.2 to 

1.4 using the 4,000-1b P /Y and roll balance systems. The model was a l/9-scale F-16A 

configuration. These wind tunnel tests revealed problems in roll-oscillation control with the 
roll balance and unanticipated high dynamic loads on the P /Y balance. 
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During the roll test, the model roll oscillation could not be controlled at moderately high 
angles of attack except at low Mach numbers. Because of this problem the roll derivative test 
phase was normally limited to low angles of attack. The cause of the problem and its impact 
on the tests is discussed in detail in Section 4.2. 

During the pitch/yaw tests, the interaction of the wind tunnel flow with the model 
excited the model in roll, and the roUing-moment elements of the can balance broke from 
fatigue. Analysis of the test data indicated the failure occurred early in the first high-angle- 
of-attack, pitch-oscillation phase. Further analysis of the data showed that the primary 
derivatives, i.e., Cm~ and Crnq + Cm~,, C,~ cos c~, and C n r  - Cn~ cos o~, from the P/Y 
balance, and static data, i.e., CN, Cy, Cn, and Cm, ft:om the can balance were unaffected by 
the broken members, but the derivative data from the can balance were not reliable after the 
failure occurred. Only limited cross and cross-coupling results were obtained during the 
pitch-oscillation phase. Also, comparison between the P/Y balance and can balance (which 
also measures Cm~ and Cmq + Crn~, for example) derivative data can only be made for test 
points preceding the load element failure. Direct derivatives from the P/Y balance and static 
data (from the can balance) were obtained for an angle-of-attack range from generally -3 to 
50 deg for the clean wing configurations in pitch and yaw planes of oscillation. External 
store effects were investigated for low angles of attack (i.e., ~ < 25 deg), and leading-edge 
flap and nose-strake effects were investigated at high angles of attack (c~ > 20 deg). The 
results from the wind tunnel test are presented in this report to indicate the performance of 
the balances. 

At present there are no analytical or empirical means available to estimate the level of the 
cross and cross-coupling data. Therefore, these data will be presented to illustrate their 
magnitudes, although the estimated uncertainty levels were usually larger than the measured 
levels except for C,~ sin c~ from the roll balance, and Ceq + C~ and the static derivative Ct,, 
from the can balance. 

4.1 APPARATUS 

4.1.1 Test Facility 

Tunnel 16T is a variable-density, continuous-flow tunnel capable of being operated at 
Mach numbers from 0.2 to 1.6 and at'stagnation pressures from 120 to 4,000 psfa. The 
maximum attainable Mach number can vary slightly depending upon the tunnel pressure 
ratio requirements with a particular test installation. The maximum stagnation pressure 
attainable is a function of Mach number and available electrical power. The tunnel 
stagnation temperature can be varied from about 80 to 160°F depending upon the available 

9 
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cooling water temperature. The test section is 16 ft square by 40 ft long and is enclosed by 
60-deg inclined-hole perforated walls of  six-percent porosity. Additional information about 

the tunnel is presented in Ref. 4. 

The general arrangements of the test section with the test articles installed are shown in 

Fig. 6. The balance-sting assembly is mounted in the auxiliary high-pitch mechanism which, 

in turn, is mounted in the 16T pitch sector for the pitch-yaw test (Fig. 6¢) or the strut- 

mounted support for the roll test (Fig. 6d). These systems were used because it was possible 
to make modifications to stiffen the support mechanism, a necessity for dynamic testing. 
Hydraulic cylinders preload the main pivot bearing. Guy rods extend from the sector 
through the tunnel walls to hydraulic cylinders which serve to stiffen and preload the system 

in the pitch and yaw planes. Because of limited travel capability of the pitch drive motor for 
the pitch-yaw tests, the total angle-of-attack range had to be achieved by sweeping from -3 
to 25.deg, resetting the support mechanism, and then sweeping from 20 to 50 deg. For yaw- 

damping tests, the P /Y balance is rolled 90 deg with respect to the model and main support 
system. The support pitch mechanism for the roll test could sweep through the complete 
angle of attack without resetting the support. 

4.1.2 Test Article 

The models used in the test were l/9-scale versions of the F-16A of the dimensions 

shown in Fig. 7. Photographs of the configurations are presented in Fig. 8. The model 

assembly consisted of a centerbody section fabricated from steel onto which were bolted the 
aluminum wings, tail surfaces, and a fiberglass fuselage shell. The center-of-gravity of the 
assembly was adjusted to the moment reference point at fuselage station 35.628 by adjusting 
internal weights selected for each configuration of  external stores. Two models were used, a 
pitch/yaw and a roll model, but both models used the same wings, tail surfaces, and external 
stores. The external stores are shown in Fig. 9. The pylons for the stores were attached to the 
wing by screws through the wings from the top surface. The boundary-layer-trip location is 

shown in Fig. 7e. A fairing (Fig. 6c) was used over the inlet at low angles of attack (-3 to 24 

deg), but no fairing (Fig. 8a) was used for the high-angle-of-attack range (20 to 50 deg). The 

wings featured leading-edge flaps (Fig. 8a) set at either 0 or 25 deg by brackets bolted to the 
underside of the wings. There were no trailing-edge flaps on these wings. The horizontal tail 
surfaces were mounted on a pivot featuring a 72-tooth clutch-face mounting, thereby 

allowing these surfaces to be deflected in 5-deg increments. The vertical tail was rigid and 
had no deflectable rudder. 

The models were fabricated at AEDC using existing F-16A model components for 

tracing wing contours, external stores, and fuselage body lines. Typical model weights and 
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mass moments of the inertia for the configurations are given in Tables 3, 4, and 5. A 
description of the configurations is given in Table 6. 

4.2 MODEL OSCILLATION CONTROL CHECKS 

Above moderate angles of attack (c~ > 15 deg for most Mach numbers), the roll balance 
could not maintain control of the model motion. The control system for the model 
oscillation uses a closed-loop feedback system with variable-gain feedback referred to as 
"Summing Amp"  in Fig. 10. The roll test was begun with a summing amplifier gain of 5, 

but during the test, the oscillation amplitude was erratic above moderate angles of attack 
and additional gain was required to compensate for disturbances. Each time a summing 

amplifier gain value of 5 was exceeded, the model oscillation frequency changed abruptly to 

62 Hz. After the test, a thorough analysis of the system and the model was made to ascertain 
the source of the control problem and to determine a solution. 

To investigate the problem, the system was installed in the laboratory and the effect of 
summing amplifier gain was studied in the presence of discrete frequencies of noise 

impressed by a magnetic shaker and the magnetic damper. All of these tests showed that the 
control was good to a summing amplifier gain of  33 regardless of the impressed frequencies. 
The obvious conclusion was the existence of a basic difference between the support 
structures of the laboratory and wind tunnel. 

The system was reinstalled in the Tunnel 16T test cart in a configuration identical to the 
one used in the wind tunnel test (see Fig. 6d). The F-16A model was installed and various 

configurations of external stores were mounted on the wings for the control checks. Again, 

the magnetic shaker attached to the sting was used to impress discrete frequency vibration. 
At summing amplifier gains of 5 or less the model motion was very acceptable; however, 

when a gain of 5 was exceeded the model motion became distorted by a 62.8-Hz freqtlency 
regardless of the impressed frequency of the shaker. At this point, the model and strut 
assembly continued to oscillate ("buzz")  at 62.8 Hz even after the control was shut off. 
With the external stores and wing tip missiles removed, a summing amplifier gain of 21 was 

achieved before the buzz frequency was excited. A set of steel wings was temporarily 
available and was installed with the wing tip missiles. A gain of 21 was obtained with 

satisfactory model motion. The F-16A model was removed from the balance, and the 

calibration body installed. A summing amplifier gain of 33 was obtained with no distortion 
in the forced motion. 

A summing amplifier gain of 5 in Tunnel 16T could not be exceeded because the spring- 

mass system of the combined F-16A model and tunnel support mechanism allowed the 
support structure to excite the F-16A model wings and set them in motion at the buzz 

i 
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frequency. Once the wings began to buzz, this frequency was fed through the control loop 

and eventually back to the torque beam where it was then applied to the model motion. The 
oscillations were then self-sustaining, and the summing amplifier gain had to be adjusted to 
zero to extinguish them. 

The solution to the control problem for future tests would be to make the F-16A model 
wings stiffer (an expensive proposition) or to eliminate the mechanical interaction of the 
support structure with the wing vibration. The study also showed that a stiffer torque beam 
may be necessary to overcome the disturbances encountered in Tunnel 16T. 

Posttest investigation of the roll motion control problem prompted an extensive 

laboratory and test cart checkout of the P /Y balance system before its test. As before with 
the roll balance, the use of large summing amplifier gain for the P /Y balance presented no 
problem in the laboratory regardless of the model configuration or impressed frequencies by 
the magnetic shaker or magnetic damper. The system was installed in the cart on a much 
stiffer support system than was used during the roll test (Figs. 6c and d). The magnetic 
shaker was attached to the model sting just aft of the model or calibration body, and the 
system was excited at each of the discrete frequencies identified as a natural frequency of 

some system/support component (see Table 7). The control system usually maintained 
undistorted model motion for gains up to 20 with either the model with stores or calibration 

body. It was concluded that the use of large summing amplifier gain for control of model 

motion during the tests would not be a problem on the P /Y test for either or both of two 

reasons: 

1. The pitdh and yaw motion did not excite the wing vibration mode which 

accompanied the roll control problem. 

2. The model support system was substantially different from the one used for the 

roll test. 

Therefore, it was decided to proceed with the wind tunnel tests. The tests were conducted 
successfully with a control problem at only one high-angle-of-attack condition at one Mach 
number for yaw oscillation (ct = 50 deg at Mach 0.4). 

4.3 TEST DESCRIPTION 

4.3.1 Test Conditions 

A summary of the test conditions at each Mach number follows. 
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o F 
M Pt' psf Tt, q, psf p, psf Re/ft x i0 -6 V) ft/sec 

0.2  1976 93 53 1921 1.2 229 

0 .2  3904 98 106 3797 2 .4  230 

0 .4  2168 110 217 1942 2 .4  461 

0 .6  788 110 155 618 1.2 678 

0 .6  1560 108 308 1223 2 .4  677 

0 .8  661 110 194 434 1.2 882 

0 .8  1316 110 386 863 2 .4  881 

0 .9  625 109 209 370 1.2 976 

0 .9  1253 109 428 741 2 .4  976 

1.2 588 110 244 243 1.2 1237 

1.4 1170 100 504 367 2.4 1376 

A test summary showing all configurations that were tested is given in Table 8. 

4.3.2 Data Acquisition 

After tunnel conditions and model attitude were established, the model was brought to 
the desired oscillation amplitude at the resonant frequency of the model balance system. The 
system was allowed to stabilize, then data were recorded. Generally three data points at each 

angle of attack were recorded in the facility computer from the forced-oscillation balance 
control and oscillation system (FOBCARS). The timewise signal from each data channel was 

recorded on magnetic digital and analog tapes for analysis after the test. 

4.3.3 Data Reduction 

The digital readouts of the data acquisition instrumentation from the FOBCARS were 
input to the facility computer for reducing the data to coefficients. The direct-damping 
coefficients were obtained using data reduction equations and procedures given in Refs. 5 

and 6. The pitch- and yaw-damping results were corrected for sting motion, as discussed in 
Ref. 7. The cross and cross-coupling data were reduced using equations derived by methods 
as discussed in Ref. I. 

4.3.4 Uncertainty of Measurements 

In general, instrumentation calibrations and data uncertainty estimates were made using 

methods recognized by the National Bureau of Standards (NBS) (Ref. 8). Measurement 
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uncertainty is a combination of bias and precision errors defined as: 

U = _+ (B'4- t95S) 

where B is the bias limit, S is the sample standard deviation, and t95 is the 95th percentile 
point for the two-tailed Student's " t "  distribution, which for degrees of freedom greater 
than 30 equals 2. 

Estimates of  the measured data uncertainties for this test are given in Tables 9a and b. The 

balance data uncertainties were determined from in-place static and dynamic calibrations 
through the data recording system and data reduction program. Static load hangings on the 

balance simulated the range of loads and center-of-pressure locations anticipated during the 
test, and measurement errors were based on differences between applied loads and 
corresponding values calculated from the balance equations used in the data reduction. 

Load hangings to verify the balance calibration were made in-place on the assembled model. 

Static and dynamic calibrations of the dynamic stability balance system allowed the 
measurement uncertainty to be that attributable to the amount of nonrepeatability of  the 
calibration constants. The sting and parts of the balance not dynamically calibrated were 

calibrated by static load hangings over the range of anticipated loads. Uncertainties in the 
measurements of sting effects were included in the error analysis. Structural damping values 
were obtained at near-vacuum conditions before the tunnel flow was started to evaluate the 
still-air damping contribution. 

Propagation of the bias and precision errors of measured data through the data 
reduction equations was made in accordance with Ref. 8 and the results are given in Table 

9c. The uncertainties are for steady-state conditions. Occasionally vibration and noise of the 

wind tunnel envirbnment caused the scatter in the data to exceed the estimated uncertainty. 

The uncertainties in the cross and cross-coupling results were generally large compared to 

the measured levels and must be decreased. Low signal output and uncertainties of the basic 

measurements from the balance, and sting-bending effects were the primary factors in the 
uncertainties. The propagation of errors from the basic measurements is inversely 
proportional to the oscillation amplitude, whereas the level of the primary balance outputs is 
directly proportional to the oscillation amplitude. Operation at larger amplitudes would 
decrease the uncertainties. Further improvement could be obtained by increasing the system 

sensitivity to the measured loads by using higher gain amplifiers and a finer resolution 

analog-to-digital converter. Additional reduction in the uncertainty could be obtained by 
using stiffer stings to reduce the sting-bending effects. 

14 



4.4 RESULTS AND DISCUSSION 

A E DC-T R-80-12 

The results of the pitch, yaw, and roll test phases are presented in Figs. 11 through 17. 
Digital Datcom predictions (Ref. 9) are compared to the results. 

The normal-force data from the can balance are illustrated in Fig. 11 for three Mach 
numbers. The theory, Ref. 9, generally agrees with the data. The data are generally 
repeatable within _ 0.01 and are unaffected by forced model oscillation either in pitch or 
yaw. 

Typical longitudinal stability results for clean wing configuration, i.e., no external 
stores, are presented in Fig. 12 at Mach numbers 0.2 and 0.8. The results indicate very small 
effects of stabilator deflection on the derivatives. The agreement in Cm,~ and Cmq + Cm~ 
between the P/Y and can balances is less th.an the estimated uncertainty (Table 9c). The 
pitching moment from can balance measurements seems to be biased approximately -0.02 
compared to the results from the P/Y balance. The bias was probably caused by an axial- 
force interaction. The theory, Ref. 9, does not predict the levels or trends in the data. 

Lateral stability results are shown in Fig. 13 for Mach number 0.2. Stabilator deflection 
had little effect on the yaw results. There is very good agreement in Cn between the can and 
P/Y balances. Unfortunately, the rolling-moment gages had broken before the yaw data 
were obtained, and the derivative results from the can balance were invalid. The theory, Ref. 
9, agrees better at low angles of attack (or < 15 deg) with the yawing lateral stability results 
than it does with the longitudinal stability results. 

The effects of external stores on the basic damping derivatives are illustrated in Fig. 14. 
In general, the effects were small for all test conditions. 

The damping derivatives are shown in Fig. 15 for the Mach numbers of the tests at 
representative angles of attack. The model exhibited slight dynamic lateral instability at high 
angles of  attack at high transonic Mach numbeig. In general, longitudinal stability increased 
with increasing angle of attack at each Mach number. The roll stability was not significantly 
affected by Mach number. 

A comparison of the static yawing-moment derivative, Cn~ sin a, is made in Fig. 16 for 
the roll and P/Y balances. The comparison of the data from the two balances substantiates 
the abilities of the balances to resolve small aerodynamic loads. 
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Most of the cross and cross-coupling capability was eliminated by the failure of the can 
balance rolling-moment load cells. The derivatives that were measured were usually very 
small compared to the uncertainties of  the measurements except for C~ and Ceq + Ce~ at 

low Mach numbers. The measured cross and cross-coupling derivatives are shown in Fig. 17 
at Mach number 0.2. These data are not corrected for magnification and phase shift because 

of the effect of aerodynamic damping on the phase shift. These data are the first such results 
obtained from tests at AEDC. At present there are no known ways to validate these results. 

5.0 SUMMARY 

In the early 1970's, AEDC recognized a need for dynamic stability test mechanisms that 
could obtain a complete set of static and dynamic data. Three balances were designed to 
perform pitch-, yaw- and roll-oscillation dynamic stability tests to obtain not only the direct 
derivative data but also attempt to measure the cross and cross-coupling derivatives. 

Extensive laboratory investigations of the static and dynamic response characteristics of 
the balances were performed, and wind tunnel tests were conducted on an F-16A model in 

Tunnel 16T. Those efforts have shown that the 4,000-1b P/Y balance is operational for 

testing to high angles of attack (ct < 50 deg) and the roll balance is operational for low 
angles of attack (c~ < 15 deg). (Higher angles of attack might have been possible with stiffer 
wings.) Furthermore, the results show the following: 

1. The can balance results agreed with the P/Y balance where comparisons were 
possible, both in the laboratory and wind tunnel. 

. Laboratory loadings indicated that the rolling-moment load elements of the can 
balance had a low natural frequency which caused significant magnification and 
phase shifts to occur at the planned oscillation rate. 

3. The low natural frequency of the rolling-moment load elements of the can 

balance was excited during the wind tunnel test, causing a failure of the roll 
• elements after several hours of testing. 

4. The uncertainties in the cross and cross-coupling derivatives were usually very 
large compared to the measured results, except for C~ and Cfq + Ce,;. 

5. The roll dynamic balance experienced control problems above moderate angles 
of  attack at transonic and supersonic Mach numbers. 

a 
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6.0 RECOMMENDATIONS 

This study has indicated that the following steps should be taken with respect to future 
cross and cross-coupling balance development: 

. The natural frequencies of the load measuring elements must be increased to at 
least 70 Hz to decrease: 

a. high dynamics which could cause failure, and 
b. magnification and phase shift effects. 

2. Estimated uncertainties in the cross and cross-coupling data must be reduced. 
Possible means to do so would be by combinations of the following options: 
a. operating at higher oscillation amplitudes; 

b. reducing the uncertainties in the basic measurements by increasing the 
sensitivity of the system; and 

c. making the stings stiffer to reduce sting oscillation effects. 

3. The can-type balance concept must be analyzed to minimize the diameter of the 
balance for the high-load capability. 

4. The torque beam of the roll balance will need to be strengthened for operation at 
high angles of attack. 

REFERENCES 

1. Orlik-Rukemann, K. J., Hanff, E. S. and Laberge, J. G. "Direct and Cross-Coupling 
Subsonic Moment Derivatives Due to Oscillatory Pitching and Yawing of an Aircraft- 
Like Model at Angles of Attack up to 40 ° in Ames 6' x 6' Wind Tunnel." National 
Aeronautical Establishment LTR-UA-38, November 1976. 

2. "Technical Evaluation Report on the Fluid Dynamics Panel Symposium on Dynamic 
Stability Parameters." AGARD-AR- 137, April 1979. 

. 
3. Thomson, W. T. Mechanical Vibrations. Second edition. Prentice Hall, New York, 

1948. 

4. Test Facilities Handbook. Eleventh Edition. "Propulsion Wind Tunnel Facility, Voi. 4," 
Arnold Engineering Development Center, June 1979. 

5. Riddle, C. D. "A Description of a Forced-Oscillation Balance," AEDC-TDR-62-68 
(AD276105), May 1962. 

17 



AE DC-TR-80-12 

6. Schueler, C. J., Ward, L. K., and Hodapp, A. E., Jr. "Techniques for Measurement of 
Dynamic Stability Derivatives in Ground Test Facilities." Agardograph 121 (AD669227), 
October 1967. 

7. Burt, G. E. and Uselton, J. C. "Effects of Sting Oscillation on Measurements of 
Dynamic Stability Derivatives in Pitch and .Yaw," Presented at the AIAA 8th 
Aerodynamics Testing Conference, Bethesda, Maryland, July 8 - 10, 1974. 

8. Thompson, J. W. and Abernethy, R. B. et al. "Handbook Uncertainty in Gas Turbine 
Measurements." AEDC-TR-73-5 (AD755356), February 1973. 

9. Finck, R. D., principal investigator. "USAF Stability and Control Datcom," Flight 
Control Division, Air Force Dynamics Laboratory, Wright-Patterson Air Force Base, 
Ohio. Revised January 1975. 

18 



R e p o r t i n g  

Wind 
Tunnel 
Test 

L a b o r a t o r y  
E v a l u a t i o n  

F a b r i c a t i o n  

D e s i g n  h 

m 

0 4 , 0 0 0  i b  P i t c h / Y a w  

0 4 , 0 0 0  i b  R o l l  

C o m p l e t i o n  D a t e s  
(Typ)  

i I I I I I I I I 
73 74 75 76 77 78 79 80 81 

C a l e n d a r  Yea r  

Figure 1. History of 4,000-1b mechanism development. 

I 
8 2  

m 
o 

..n 

o 
& 



AEDC-TR-80-12 

Bala nce 
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°Maximum Oscillation Amplitude at Design Limits 

a. 16T/S 4,000-1b pitch/yaw balance 
Figure 2. 4,000-1b pitch/yaw balance system. 
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b. 4,000-1b 5-component can balance 
Figure 2. Continued. 
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c. Cross and cross-coupling derivative measurement technique 
Figure 2. Concluded. 
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Figure 3. 4,000-1b roll balance system. 
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Figure 5. Frequency effects on balance load-measuring elements. 
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c. Photograph of pitch and yaw test installation, configuration 5 
Figure 6. Continued. 
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Table 2. Natural Frequency Effects 
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Table 3. Aircraft Stores Details, Configuration 3 

WT 

YS 

WL 

BL 

I x x  

l yy  

Znz 

AXM-gJ 
WIns T i p  

Py lon  
(Aluminum) 

0 .560  

40.731 

1 0 , ] 5 9  

20 .818  

3 .233  x 10 - 4  

1.625  x 10 -2  

1 .629  x 10 -2  

9 8 7 

I I 
J I 

; 

6 5 

3 AGH-6S 
T r i p l e  R a i l  

Launche r  
Weapons P y l o n  

6 . 4 3 9  

38.476 

7 . 9 2 6  

13.333 

3 .764 x 10 - 2  

1.143 x 10 -1  

1 .285 x 10 - 1  

370-Gal  
F u e l  Tank 

k 
Pylon  

5 . 5 6 4  

33.652 

7 , 2 0 0  

7 , 8 8 9  

2,841  x 10 - 2  

4 .806  x 10 -1  

4 .712  x 10 -1  

ALQ-119-12 
KCM 

& 
P y l o n  

1.691 

35.157 

5 . 0 0 0  

- 0 . 0 0 1  

2.467 x 10 -3  

9 .655  x 10 -2  

9 .502 x 10 - 2  

4 3 2 1 

I I 
! t 

370-Gal  3 AGM-65 
Fue l  Tank T r i p l e  R a i l  

& Launcher  
Py lon  Weapons Py lon  

5 , 5 6 4  6 . 4 3 9  

33.633 38.476 

7 . 2 0 0  3 = ~ 2 s .  
- 7 . 8 8 9  . . . . .  - ] 3 . 3 3 3  

2 .841 x 10 4 3 ,764 x 10 -2  

4 .806  x 10 -1  1 .143 x 10 -1  

4 .712  x 10 - 1  1.2R5 x 10 -1  

x y 

Z 

AIN--gJ 
Wing T i p  

P y l o n  
(Aluminum) 

0 . 5 6 0  

40 .731  

1 0 , 1 5 9  

- 3 0 . 8 1 8  

3 . 2 3 3  x 10 - 4  

1.625 x 10 - 2  

1,629 x 10 - 2  

lb  

C. G. 
of' 

Ac~.os- 
D o r i e s  

Mass 
Mom 

l b - s n -  

snc 2 

m 

:t 
& 
O 

1 / 9  ¥16 A i r o r a f t  & S to r ed  Combinat ion 

Weight  C.G. Mass Mom I n e r t i a  

( I b )  L o c a t i o n  ( ] b - l n - s e c  2) 

1 6 0 . 3 0 7  FS 36 .07R0 Txn - 1 7 , 0 5  

WL 9.6331 I y y  - 59.43 

Fd, -0 ,0000  I z z  - 71.96 



Table'4. Aircraft Stores Details, Configuration 5 
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1 / 9  FIE A i r c r a f t  & S t o r e n  Combina t ion  

Weight  C.G. I~ass Mom I n e r t i a  

( l b )  LOCation ( l b - J n - s e c  2) 

F8 36.0594 I x x  - 13.8 

1 2 4 . 6 1 0  WL 10 .0898  Xyy - 4 4 . 7 8  

9l, 0 .0000 I z m . .  52.31 

.3> 
m 

C~ 

"n 

do 
O 
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Table 5. Aircraft Stores Details, Configuration 11 

6 5 4 3 2 1 

I I '. I I 
Y 

Z 

3, 
I l l  
O 
('~ 

"n 

O 

,.. I%1 

OO 

AIM-9J 
Wing T i p  

Py lon  
(Alumln.m) 

WT 0 . 5 6 0  

FS 4 0 . 7 3 1  

WL 10 .169  

BL 20 .818  

lxx 3 . 2 3 3  x 10 ' '4  

lyy 1 . 6 2 5  x 10 - 2  

I z z  1 . 629  x 10 - 2  

AIM-9J 
Wing T i p  

Py lon  
(Aluminum) 

0 . 5 6 0  Ib 

4 0 . 7 3 1  C,0 ,  
of  

] 0 . 1 5 9  Acees -  
- -20 .818  ~ o r l e s  

3 . 2 3 3  x 10 ' '4  
Mass 
Mom 

1 . 6 2 5  x 10 - 2  l b - ~ n -  

1 . 629  x 10 - 2  see2 

1 / 9  F]O A z r c r a f t  & S t o r e s  Combina t ion  

Weight C.G. Mash Mom I n e r t i ~  

( l b )  L o c a t x o n  ( I b - l n - - s o e  2) 

Yb 3 6 . 1 5 1 7  ; x x  " 7 , 8 9  

124 .030  WL 10 .0995  lyy  - 4 4 . 7 8  

HL 0 . 0 0 0 0  I z z  - 3 1 . 3 9  
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¢J! 

Con f tg  
No. 

5 

9 

I I  

12 

1.3 
Nose S t r a k e  

2O 

S l  

~2 

23 
Nose S tx 'ake  

Table 6. 

5LE' [ Rxght  
I n l e t  ~e '  WinK- T i p  

F a x r t n g  Dog I)eg " 

yes 0 

yes 

yns 

yes 

no 

no 

no 

no 

no 

no 

=° 12 1° no 25 0 

a 50 - - lO  dog f o r  r o l l  t e s t  phase. 

b Spec ia l  h igh  i n e r t i a  AIM-9J m J s s l l e .  

9 

AIM-9,1 b 

AIM-9J 

AIM-9J b 

& IM-9J 

AIM-9J b 

AIM-9J 

1 

AIM-9J 
Launcher 
On1 y 

1 

Configuration Chart 

Rzght -Wxng P y l o n  F u s e l a g e  I , e I t -Wzng  P y l o n  
S t a t i o n  S t a t i o n  

S t o r e  L o c a t i o n s  

7 s ~ 4 

AGM--65 
(.~) 

3 7 0 - g a l  
Tank 

3 7 0 - g a l  
Tank 

ECM 
ALQ-119V 

3 0 0 - g a l  
Tank 

3 7 0 - g a l  
Tank 

370--gal  
Tank 

2 

AG 
3 

L e f t  
WinK- 

T i p  

AIM-CJ b 

AIM-CJ 

AIM-9J h 

AJM-9J 

AI M..9J b 

AIM-CJ 

1 

AIM-9J 
L a u n c h e r  
On ly  

1 

m 

~O 
& 
o 



AE DC-TR-80-12 

Table 7. Typical Installation Natural Frequencies 

Component 

Model Sting 

Guy Rods 

Wings (Spanwise) 

Test Section Sector 

Wings (Chordwise) 

Natural Frequencies, Hz 

Pitch Plane 

11.5 

25 

50 

65 

132 

Yaw P lane  

11 .'5 
I 

4 6 ,  

m 

34.5  

60 



A E DC-TR-80-12 

Table 8. Test Summary 

Config 
Type of 
Data 

I Roll 

i 

p 

3 Roll 

r 

Pitch 

Yaw 

Ir 

4 Roll 

r p 

5 Pitch 

Yaw 

~p 

M Re/ft x I0 -6 

0.2 
0.6 
0.6 
0.8 
0.9 
1.2 
1.4 

0.2 
0.6 
0.8 
0.9 

0.2 
0.6 
0.8 
0.9 

0.2 
0.6 
0.8 
0.9 
0.9 

0.2 
0.6 
0.8 
0.9 
1.2 

0.2 
0.6 
0.8 
0.9 
1.2 

0.2 
0.6 
0.8 
0.9 

2.4 
1.2 
2.4 

2.4 

UP 

2.4 

2.4 
2.4 
1.2 
1.2 
2.4 

2.4 

2.4 

1.2 

2.4 
2.4 
1.2 
1.2 

a Range, 
deg 

-5" to 40 
0 to I0 

-5 to 27 
-5 to 19 
0 to ii 
0 to 34 
0 to 22 

-5 to 20 
-5 to 15 
-6 to 14 
-5 to 13 

-3 to 24 
-3 to 14 
-3 to 24 
-3 to 20 

-3 to 24 

- 3  t o  10 

-5 
-5 to 13 
-5 to 11 
0 to 11 

-5 to 22 

-3 to 24 
-3 to 15 
-3 to 24 
-3 to 21 
-3 to i0 

-3 to 24 
-3 to 15 
-3 to 24 
0 to 20 

61 



A E DC-TR-80-12 

Table 8.  Concluded 

Config 

9 

I I  

12 

13 
13 

20 
20 

21 
21 

22 

23 

23 

Type of 
Data M 

Roll 0.6 

Roll 0.2 
0.6 
0 . 8  

Pitch O. 2 
0.4 
0.6 
0.6 

,r 0 . 8  

Yaw 0.2 
0.4 
0.6 
0 . 8  

Yaw 0.2 
0.2 
0.4 

'I 0.6 

Yaw 0.2 
Yaw 0.4 

Roll 0.6 
Roll 0.8 

Pitch 0.2 
Pitch 0.8 

Pitch 0.2 
0.2 
0.4 
0.6 

Pitch 0.2 
Pitch 0.4 

Re/ft x 10 -6 

2.4 

Range, 
deg 

0 to 16 

2.4 

2.4 
2.4 
1.2 
2.4 

1.2 

2.4 
2.4 
1.2 
1.2 

1.2 
2.4 
2.4 
1.2 

2.4 
2.4 

2.4 
2.4 

2.4 
1.2 

1.2 
2.4 
2.4 
1.2 

2.4 
2.4 

0 to 36 
0 to ii 
0 to 11 

20 to 50 
20 to 50 
20 to 50 
20, 25 

20 to 50 

20 to 50 

20 to 50 
20 to 50 
20 to 45 
20 to 50 

20 to 50 
20 to 47.5 

0 to Ii 
0 to II 

20 to 50 
20 to 50 

20, 50 
20 to 50 
20 to 50 
20 to 50 

20 to 50 
20 to 50 

62 



Table 9. Uncertainties 

P a r a m e t e r  
U e n l g n a t l o n  

STEADY-STATE ESTIMATED MEASUREM~T* 

Prec lezon  Index  B2us Uncer t a £ n t y  
(S)  (a )  _+(B i t 9 5 5 )  

i 

~ : o c  

Tunne l  S t i l l i n g  
Chamber p ressu re  
( P t ) ,  p s f  

Tunnel  Plenum 
Chamber Prenhurc  
(Pc)  , pwf 

Tunnel  S t l ] l z n K  
Chamber Tempera -  
t u r c ,  ( T t ) ,  °F 

Model Sec to r  
PxLch a . g l o  
( a ) ,  dog 

0 . 4 5  
0 .40  

0 . 4 6  
0.37  

0 .70  
0 . 7 0  

0 . 1 0  

Mudel O ~ e l l l a t x o n  
Rate  ( ~ ) ,  r o d / s e n  0 . 0 0 3  

S t a t ~ e  Normal 0 . 5  
Force  (FN) , l b  0 . 3  

S t a t i c  l )Atch ln6  0 . 5  
Moment (Mm) , 
r t - l b  0 . 3  

33 ] . 7 0  2 .60  
1 .40  2 . 2 0  

33 1 .70  2 . 6 0  
1.30  2 .04  

8 2 . 5 0  4 .11  
2 .50  4 .11  

2 6  U 

2 0 

20 0 
0 0 . 6  

0 . 6  

O. 10 

Type o f  
Measur ing  Devloe 

U~tametr~ce 

t t a l  F l u k e  
Motor  

Po ten t xome te r  

0 . 0 1  Counte r  

1 Bonded S t r a i n  
Gages on 
Cart Ba] a . c e  

Type o f  
Record£ng Device  

DDAS 

Forced  O e c z l l a L 2 o n  
Dnlance  C o n t r o l  end 
Reculdzng Syetem 
(FODCARS) 

Method o f  
System C u l z b r a t z o n  

I n - P l a c e  Dead we igh t  
roster 

None 

| n c l t n o m c t c r  Com- 
p a r l s u , - | n - P | a c e  

Yrequeccy  S u b s t i t u t i o n  

S t a t i c  Load tng  

1 
rn 

c)  

~0 
& 
? 
~J 



m 

22 
do 
C) 

Table 9. Continued 
a. Concluded 

0'~ 

STSADY-STATE ESTIMATED MEASUnEMIaqT * 

P a r a m e t e r  
D e s i g n a t i o n  

S t a t i c  S , d e  
F o r c e  ( F ~ ) ,  I b  

S t n t i c  Y a w i n g  
Moment  (Mn) J 
£ t - l b  

S t a t i c  R o i l i n g  
Moment  (M¢),  
f t - l b  

P~ec l s l on  I n d e x  
( S )  

I g. ~ "  

0 . 0 5  
0 . 3  

0 . 1 0  
0 . 3  

O. 02 
0 . 3  

s t a r  xC S t i n g  
~.fom~'nt (MS2), 4 . o  
f t -  l b  

2 0  

2O 

2 0  

20 

.pl 
o ~  
k o ~  

B i a s  
(B) 

~ o  

U n c e r t a i n t y  
+(B + t95S)  

n .4  = o  
o ~  

0 .1  
0 .6  

0 6 

O , S  

R a n g e  

" 2 5  
"25  

0 . 2  ~50  
' 5 0  

0 . 0 4  <IO 
.10 

8 . o  A l l  

T y p e  o f  
MR&sur inK D e v t c e  

Can Bnln l lce 

Bond  S t r a i n  Gage  
on S t i n g  

T y p e  o f  
R e c o r d i n K  D e v i c e  

FOBCARS 

Method o f  
System C a l l b r n t x c n  

S t a t i c  Load| l l~  



Table 9. Continued 
b. Basic Dynamic Measurements 

Parameter  
l)ee£gnat£on 

STE&DY-STATE ESTIMATED M~SUREM]~IT* 

P r e c t a l o n  Index Bias  Uncor tm£nty 
(S) (B) +(B + t95S)  

. : - :no o |  rJ 

~[odel O ~ c z l l a t a o n  
Amplztude (8 ) ,  
des  

0,02 2( 0 0 .04  +2 

0 0.04 ~4 
0 1 . 0  ,4 

0 0 .04  < 4 
0 1 .O ~4 

0 8.0 All 

l n -Phase  To rque  0 .02  [ 
(TORI ) ,  f t - l b  0 , 5  ~ 2( 

O u t - o f - P h a s e  [ 
Torque  (TORQ), 0 .02  
f t - l b  O,S 2( 

In -Phase  S t zng  
Moment {~$21), 4 .0  2C 
f t - l b  

Out-of--l)h~se 
S t i n g  Me,cent 4 . 0  2Q 
(MS2Q), r t - l b  

T n - P h a ~  P i t c h -  
0 . 5  2( I n s  Moment {Mml),  

r t - l b  0 .3  

O u t - o f - P h a s e  
P i t c h i n g  dement 0 . 5  
(MmQ), r t - ] b  0 .3  2~ 

ln-Phaa~ Yawing 0 .10  
Moment (Mnl) , 20 
~ t - l b  0 .3  

0 R,O A1) 

1 ~ 2 5 0  
0 . 6  ~250 

1 c250 
0 .6  >250 

0 .2  ~ 50 
0 ,6  ,50  

Range Type o f  
B o u u ~ l n g  Device 

Bonded SLrazn 
Gage on Forced 
O s n i l Z a t l o n  
Balance 

Bonded S t r a i n  
Gage on S t : n g  

Can Balance 

Type o f  
Record ing  DevJce 

FOBCARS 

FOflCARS 

Method Of 
System Ca l~bra txon  

S t a t i c  l ,oadzng 

__m 

S t a t i c  and Dynamic 
Load i n S 

1 
S t a t i c  Loading  

S t a t i c  altd bynamlu 
Loading 

m 
o 
c~ 

O 



~> 
m 

c) 

:0 
do 
0 

t~ 

Table 9. Continued 
b. Concluded 

STEADY-STATE ESTTMATED MEASUREMENT* 

l ~ L m e t e r  
Des i 8.e, t xon  

0u t -o f~Pbase  
YaWxnK Momon¢ 
(~nq) ,  £ ~ - l b  

In -Phase Ro l l xnK  
~omenT 

~tt, t _ l b  ( M f z ) '  

O . t - - o f - P h a s G  
l { o l l l n g  Moment  
(MrQ) , r t - l b  

P r u ~ . i s  I o n  I n d a x  
( S )  

O.lO 
0 . 3  20 

0 . 0 2  
0 . 3  20  

O.U2 
0 . 3  2 0  

B l a $  
( B )  

Uncel ' tL i  n¢y 
_+(B + t s s s )  

0 0 . 2  
0 . 6  

0 0 . 0 4  
0 . 6  

O. 04  
0 0 . 6  

Range 

- 50 
50 

• 10 
"10 

• 10 
" ] 0  

T y p e  o~ 
u o a ~ u r L n g  L ~ v l c e  

Can B a l a n c e  

Type o f  
B e c o r d l n g  Devxce  

FORCARS 

N e t h o d  o f  
R y s t e a  C a l i b r a !  ,¢wi 

S t a t t ¢  Xnd Uynaml¢ 
L o a d l n g  



Table 9. Continued 
c. Calculated Parameters 

-.j 

STEADY-STATE ESTIMATED MEASUREMENT* 

P a r a m e t e r  
D e s i g n a t i o n  

P r e c i s i o n  I n d e x  
( s )  

I 

.,4 ~ = 
¢jq.-i'o- ,~ w ~) 
~ o ~  ~ m  

O B  ~ 
0 ¢ 

k ~  k O d  

B i a s  
(B) 

I 

o N J a  

~ ¢ d ¢ I  g l  

M 0.002 0.002 
0.0005 0.002 

p,  p s f  1 . 1  1 . 7  
0 . 4  1 . 3  

q ,  p s f  1.6 2 . 3  
0 . 4  I . 3  

Re/ft x 10 -6 0 . 0 2  0 . 0 3  
0 . 0 0 2  0 . 0 0 5  

V, f t / s o c  2 . 3  2 . 5  
1 . 0  3 . 5  

U n c e r t a i n t y  
± ( B  + t 9 5 S )  a 

I 
+.~ tzB q. iQ) 

o q,-( 'o 4a m 
r,.i o M .~1 d H 

0 . 0 0 6  
0 . 0 0 3  

3 . 9  
2 . 1  

5 . 5  
2 . 1  

0 . 0 7  
0 . 0 0 9  

7 . 1  
5 . 5  

R a n g e  

0 . 2  
0 . 8  

3 8 0 0  
860  

106 
387 

2 . 4  
2 . 4  

230  
880  

RFP 
1 

0 . 1  

1 

0.4 

3 

0 . 6  

A l l  a t  
M =  0 . 2  

A l l  a t  
M =  0 . 8  

a t 9 5  = 2 f o r  a l l  c a l c u l a t e d  p a r a m e t e r s .  

m 
0 
t~ 

-n 
& 
o 
L, 



G ~, 
OO 

Table 9, Continued 
c. Continued 

STEADY-STATE ESTIMATED MEASUREM]~/T v 

| ~ r a m o t e r  
D e s l ~ n a t l o n  

Preuxu£on I n d e x  
( S )  

G G I O ~  *'j 0 
4) .,.I I "s I::: 4 ) ' 0  
uqq'o i ~mQ) 0) 4) 
k O  "m ",,I d B kr4) 
,,~ 4) ~ 4 )  MI< 

C m 

0 .001 
0 .003  
0 .0003  
0 .0003  

Cm ° 
0 .O10  
0 . 0 t 2  
0 . 0 0 3  
0 . 0 0 3  

C mq Cm. 
Q 

0 .10  
0 .09  
0 .16  
0 .13  

C n 

0 .0004 
0 .0010  
0 .0001 
0 .0001 

Cn# c o s o  

- Cn, nose Cnr 

0 .003  
0 .003  
0 .002 
0 .002 

0 .010  
0 .011 
0 .013  
0 .017 

B l a s  
( B )  

0 k-~ "0 '~'W 
N O d  --lal 

c:4 )  

0 
0 .001 
0 .0002 
0 

U n c e r t a i n t y  
- I (B + t93S)  

N O a l  ~ 4 a l B  e) ~ O  

0 . 0 0 F  
0.007 
0 . 0 0 0 8  
0 , 0 0 0 6  

0 .012  
0 . 0 1 ]  
0 . 0 0 6  
( l .012 

0.  032 
(}, 035 
0 . 0 1 2  
0 .  018 

0 . 0 6  
O, 07 
(}, 03 
0 , 0 3  

0 . 2 6  
0 .25  
0 .35  
o. 29 

Range 

0 .  050 
0 . 0 5 /  
0.()4H 

- 0 ,  ( } ~ 4  

0.051 
0. 600 
0 .073  

-0 .84O 

- 5 . 3 1  
- 4 . 8 7  
- 8 . 3 2  
--9.43 

- 2 . 6  x I0 "4 
- 1 . 9  x 1 0 - -  

7 . 7  x 10 -4  
4 . 0  x 1 0 - -  

0 .146  
0 . 0 ~ 3  
O. 175 
0 .021  

0. 003 
0 .002 
0 .003  
o. 001 

0 .005  
0 , 0 0 6  
0 . 0 0 1  
0 .  002 

0.0008 
0 .0024 
0 .0002 
0 .0003 

O. 009 
0. 008 
O. 007 
0. 005 

0 .025  
0 .028 
0 .027  
0 ,036  

- 0 . 4 3 0  
- 0 . 5 2 0  
- -0 .510 
- 0 . 7 9 0  

T e s t  
Cnnd l t aon  

R e / f t  6 
M x 10 -  

0 .2  2 .4  
0 .2  
0 . 8  
O 8  

I 
0 .2  
0 2  
0 .8  
0 .8  

o~ 
0 . 2  
0 . 8  
0 . 8  

0 , 2  
0 . 2  
O.8 1 .2  
0 . 8  

0.2  2 .4  
0 .2  2 . 4  
0 , 8  1.2  
0 . 8  1.2  

0 .2  2 . 4  
0 ,2  2 . 4  
0 .8  1 . 2  
0 . 8  1 . 2  

o 

0,2 
20 
0,H 
24 

0 2  
20 
0 A  
24 

0,:~ 
20 
0 .8  
24 

0 .0  
20 
0 .0  
20 

0 .0  
24 
0 0  
20 

0 
24 

0 
20 

Rnlance 

P/Y Balance 

)> 
m 
O 

o 



l~.Fsmeter 
D e s i g n a t i o n  

C~ 

C m 

C 
Y 

C n 

C 
r 

Table 9. Cont inued 
c. Cont inued 

STEADY-STATE ESTIMATED MEASUREM~T v 

P r e c i s i o n  Index  
(S) 

~ n  
k . O ~  .,',1 d I~ 

~ z  

11,003 
O. 008 
0 . 0 0 1  
O. 009 

0 .0020 
0.0021 
0 .0006 
0 .0003 

0 .0005 
0 .0010 
0 . 0 0 0 l  
0,00(11 

0 .0009 
0 .0080 
0 .0004 
0 .0090 

0 .00005 
0 .00015 
0 .00007 
0 .00005 

B i a s  U n c e r  t a z n t y  
(B)  _~(8 + t 9 5 S )  

g t  

0.  0004 0. 006 0.  017 
0. 0030 0 ,0019 0.157 
0 0004 ().0024 0 .070  
0 ,0089  0. 027 1 , 540 

0 .0040  
0 .0042 
0 .0012 
0 .0006 

0 . 0 0 0 2  
0 . 0 0 0 4  
0 
0 

0.0012 
0 .0024 
0 . 0 0 0 2  
0 . 0 0 0 2  

0 . 0 0 0 0 1  
0 . 0 0 0 0 6  
0 . 0 0 0 0 0 6  
0 . 0 0 0 0 2 8  

( } . 0 0 1 8  
0 . 0 1 6 0  
0 . 0 0 0 8  
0.0180 

0.00(111 
0 .00038 
0 .00015 
0 .00013 

_1.1 . lO:  
- 9 . 2  x 1o 
- 2 . 1 x 1 0 - ~  
- 4 . 2 x 1 0 - -  

-8 .7  x 10-3 
- 1 . 8  x 10 - z  
-8.2 . lO-~ 
- 1 . 5  x 10 - 

7 .9  x 10-! 
-3 .8  x 10-" 
1 .8  x 10-!  
1 .8  x 10 -~ 

6 . 5  x 10 -4  
2 . 8  x 1 0 : 3  
1.1 x 1 0 .  
5 .2  x 10 -3  

0 .2  
0 .2  
0 .8  
0 . 8  

0 . 2  
0 . 2  
0 . 8  
0 .8  

0 . 2  
0 . 2  
0 . 8  
0 . 8  

0 .2  
0 .2  
0 .8  
0 .8  

0 . 2  
0 . 2  
0 . 8  
0 . 8  

T e s t  
C o n d l t z o n  

le or_6 

2 4 0 .2  
20 
0 .8  
24 

0 . 2  
20 
0 . 8  
24 

0 . 2  
20 
0 . 8  
24 

0 .2  
20 
0 .8  
24 

0 2 
2O 

Balance 

Can Bnlance 

m 
[2 
t') 

~0 ,o 
to 



Table 9. Continued 
c. Continued 

2 '  
m 
O 

"n 

do 
O 
I ,  

C m Q 

STEADY-STATE ESTIMATED MhASUREMENT* 

l~zrameter 
DeslgflatlOn 

Cmq + Cm~ 

C n . 
¢1 

Cnq ' Cn 

C r 
u 

C[,q + C¢& 

w .  
PTe¢  IS  JLon | ndox  

(S) 

0 ,09  
0 .00  
0 .03  
0 .03  

I . 1 7  
I . 1 3  
I . 2 3  
1 . 0 3  

0 . 0 4 2  
0 .  042  
O. 010  
0 . 0 1 2  

0 . 3 9  
0 . 3 8  
O. 55  
(). 3"/ 

0.001 
0 . 0 0 4  
0.0004 
0 . 0 0 0 4  

0.012 
0 .021 
0 .014 
O. 016 

BIAS 
(S) 

N O a  ~ 

U n c e r t a i n t y  
~(H + t95S) 

~Od 

0 .01  
0 .01 
0 .01  
0 . 0 ]  

0 . 0 6  
(). 07  
0 . 0 3  
0 . 0 3  

0 
0 
0 
0 

0 
O. 02 
0 
0 

0 
0.011 
O 
0 . 0 0 ]  

0 .19  0,051 0 .2  
0 .19  0 .600  0 .2  
0 .07  0 .073 0 .8  
0 .07  - 0 . 8 4 0  0 .6  

2 ,40  -6 .31  0 .2  
2 .33  - 4 . 8 7  0 .2  
2 .49  -H.32 0 .8  
2 .09  - 0 . 4 3  0 .8  

0.084 -0.005 0.2! 
0.094 ~0,006 0.2 
0.020 0.0004 0.8 
0,024 -0.0004 0.H 

0.TH 0 .0 ]  0 .2  
0 .78  ().29 O.P 
1,10 -() J6 0 .8  
0.74 0.19  0.8 

0.002 - 0 . 0 0 5  0 ,2  
U.008 0 .050 0 ,2  
0 .0008 0 .004 0 .8  
0.0008 0.008 0.8 

0.024 0 . 0 ] : |  0 .2  
0 .053  0 .221 0 .2  
0 .028  - 0 . 0 5 8  O.H 
0 .033 - 0 . 2 5  0 8 

To.qt 
Condl t I an 

Ro/-rt 6 
x 10-  

2 .4  0.2 
20 
0.8 
24 

0.2 
20 
0.8 
24 

0.2  
20 
0 .8  
24 

0,2 
20 
0.8 
24 

0.2 
20 
0 8 
24 

0.2 
20 
0.8 
24 

Dalance 

CR~ B ~ | ~ n c e  



Table 9', Concluded 
c. Concluded. 

P a r a m e t e r  
D e s x g n a t t o n  

C t 

Crp + Cr~ s z n -  

C HtI la  
n~  

C + C s ~ n a  
np n~ 

STFADY-STATE FSTIMATED MF,,ASUREMENT '[' 

P r e c i s i o n  I n d e x  BiaB 
( s )  (B) 

k o  E 
~ z  

0 . 0 0 0 1  0 
t). 0001 0 
0 .  00003 0 
0 .  00003 0 

0 , 0 1 0  (}.020 
0 . 0 0 8  0 . 0 1 8  
0 . 0 0 8  0 . 0 0 2  
0 . 0 1 2  0 . 0 0 3  

0.020  0 
0 .020  0 
0 . 0 0 5  0 
o . 0 0 5  0 

0 . 0 4 5  0 
0 . 0 5 0  0 
0 . 0 3 0  0 
0 . 0 3 0  0 

U n c e r t a i n t y  
+ (~  + t 9 5 s )  

..4 :3[= 

I -" = =  

o. 0002 o. o 0 0 2  
O. 0002 0 
0 . 0 0 0 0 6  - 0 . 0 0 0 2  
0 , 0 0 0 0 6  - 0 , 0 0 0 1  

0 .2  
0 .2  
0 .8  
0 .8  

0 .040  -0 .43  0 .2  
O. 035 -0 .33  O. 2 
0 .018 -0 .29  0 .8  
0 . 0 2 7  - 0 . 4 8  0 8 

0 .  040 0.  000 0 . 2  
0 . 0 4 0  0 . 0 4 5  0 , 2  
0 . 0 1 0  0 . 0 1 4  0 , 8  
O. 010 O. 000 O. 8 

0 . 0 1 0  0 . 0 4 0  0 . 2  
0.100  -0 .070  0 2 
0 , 0 6  0 . 0 6 3  0 . 8  
0 . 0 6  0 . 0 1 5  0 . 8  

T e s t  
C o n d i t i o n  

R e / f t  6 
x 1 0 -  

2 . 4  

a 

5 
35 
11 
19 

5 
36 
11 
19 

----;-- 
20 

0 
19 

0 . 8  
24 
0 . 8  
19 

B a l a n c e  

ROJI B a l a n c e  

m 
O 

=o 
do 

~J 



A E DC-TR-80-1.2 

B 

b 

BL 

Ci 

Ct a 

Ctp + Ct~ sin o~ 

C~q + Ce~ 

Cer- Ct~ cos ot 

Cm 

Cm~ 

Cma 

Cmq + Cm~ 

Cm r - Cm~ cos ot 

CN 

CNa 

CN, 

CNq + CN~ 

Cn 

Cnc~ 

Cn a 

N O M E N C L A T U R E  

Bias error, the difference between the average of  all measured values 
and the true value 

Reference wing span of  model,  3.333 ft 

Buttock Line, in. 

Reference chord length of  model ,  1.258 feet 

Rolling momen t  coefficient,  rolling m o m e n t / q S b  

Slope of  rolling m o m e n t  coefficient curve vs or, r a d -  I 

Slope of  rolling momen t  coefficient curve vs/3, rad - i 

Total  damping  in roll derivative, r a d -  l 

Cross-coupling derivative of  rolling moment  due to pitch-oscillation, 
rad - i 

Cross derivative o f  rolling momen t  due to yaw-oscillation, r a d -  1 

Pitching m o m e n t  coefficient,  pitching m o m e n t / q  S~" 

Slope of  the pitching m o m e n t  coefficient curve vs ¢x, r a d -  i 

Slope of  the pitching m o m e n t  coefficient curve vs/3, rad - l 

Total  damping  in pitch derivative, t a d -  t 

Cross-coupling derivative of  pitching moment  due to yaw-oscillation, 
r a d -  l 

Normal  force coefficient,  normal  force/q  S 

Slope of  normal  force coefficient vs o~, r a d -  = 

Slope of  normal  force coefficient vs fl, r a d -  i 

Damping in normal  force derivative, r a d -  i 

Yawing momen t  coefficient,  yawing m o m e n t / q S b  

Slope of  yawing m o m e n t  coefficient vs or, r a d -  I 

Slope of  yawing momen t  coefficient vs ~3, tad - i 
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Cnp -t- Cn/~ sin ot 

Cnq + Cn~ 

Cnr - Cn~ cos et 

Cy 

Cy~ 

Cy# 

Cy r - Cy~ COS tX 

E 

f 

fn 

FN 

FS 

Fy 

Ixx, lyy, Izz 

ly o 

M 

m 

Me 

Mtl 

Mm 

Mm I 

MmQ 

Mn 

A E DC-TR -80-12 

Cross derivative of yawing moment due to roll oscillation, rad- I 

Cross-coupling derivative of yawing moment due to pitch oscillation, 
rad-  ' 

Total damping in yaw derivative, rad-  l 

Side force coefficient, side force/qS 

Slope of Cy vs a ,  rad - J 

Slope of Cy vs/3, rad-  I 

Damping in side force derivative, rad-  I 

Voltage excitation amplitude, volts 

Frequency, hz 

Natural frequency, hz 

Static normal force on model, lb 

Fuselage station measured from nose, in. 

Static side force on model, lb 

' Mass moments of inertia about the x, y, and z axes, respectively, slug- 
ft 2 or lbrin.-sec 2 

Inertia of calibration body, !.857 lbf-ft-sec 2. 

Mach number 

Total mass of moveable calibration weights, 1.6628 slugs 

Static rolling moment, ft-lb 

In-phase rolling moment, ft-lb 

Out-of-phase rolling moment, ft-lb 

Static pitching moment on model, ft-lb 

In-phase pitching moment, ft-lb 

Out-of-phase pitching moment, ft-lb 

Static yawing moment, ft-lb 
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AEDC-TR-80-12 

Mn I 

MnQ 

MS2 

MS2I 

MS2Q 

M#f 

P 

P 

Pc 

Pt 

q 

q 

r 

Re/ft 

RFP 

S 

S 

TORI 

TORQ 

Tt 

t 

t95 

U 

In-phase yawing moment, ft-lb 

Out-of-phase yawing moment, ft-lb 

Static sting moment, ft-lb 

In-phase sting moment, ft-ib 

Out-of-phase sting moment, ft-lb 

Spring constant 6294.7 ft-lb/rad for P/Y balance, or 1468.0 ft-lb/rad 
for roll balance lb/rad 

Free-stream static pressure, psfa 

Rolling velocity, radians/sec 

Test section plenum chamber pressure, psfa 

Tunnel stilling chamber pressure, psfa 

Free-stream dynamic pressure, psfa 

Pitching velocity, radians/sec 

Yawing velocity, radians/sec 

Free-stream Reynolds number, i t-I  

Reduced frequency parameter (o~ • E)/2V) for pitch phase, (oJ • b/2V) 
for yaw and roll phases, radians 

Reference model wing area, 3.704 ft 2 

Precision index, i.e. computed standard deviations of the measurements 

In-phase forcing torque, ft-lb 

Quadrature forcing torque, ft-lb 

Tunnel stilling chamber temperature, °F 

Time, sec .- 

The 95th percentile point for the two-tailed Student's " t "  distribution, 
t95 = 2.0 if degrees of freedom exceed 30 

Estimated uncertainty 
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V 

WL 

WT 

x, y, Z 

Ot 

/3 

AX 

AIyy 

~LE 

CO 

co n 

SUBSCRIPT 

n 

Tare 

AE DC-TR-80-12 

Free-stream velocity, ft/sec 

Water line, in. 

Model weight, lb 

Model coordinates, in. 

Model angle of attack, deg 

Time rate of  change of a, radians/sec 

Model sideslip angle, deg / 

Time rate of change of/~, radian/sec 

Distance of calibration weight from pivot center, ft 

Phase shift, deg 

Moment of inertia between can load cell and pivot axis of forced 
oscillation balance, slug-ft 2 

Horizontal stabilizer (stabilator) deflection, deg 

Leading edge flap deflection, deg 

Damping ratio 

Model oscillation amplitude, deg or rad 

Angular rate of oscillation, co = 27rf, rad/sec 

Natural rate of oscillation, con = 2~'fn, rad/sec 

Natural 

Tare value, wind-off 
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