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SUMMARY

A structural modeexcitation system using an oscillating canard vane to

generate the force input was mountedon the forebody of the YF-12A airplane.
This shaker vane was used to excite the airframe structural modesduring flight

in the subsonic, transonic, and supersonic regimes. Structural modal responses

due to the shaker vane forces were measured at various flight conditions by

accelerometers mounted on the airframe. Aeroelastlc analyses of these flight

test configurations have been madeusing the methods of NASTRANand Lockheed

FAMASprograms. Comparisonof the experimental and analytical data has been

madeto determine the validity of the analytical methods as preliminary design

tools for future aerospace vehicles.

Analytically, the study involved structural, inertial, and aerodynamic

modeling, these results being used in flutter and frequency response analyses.

From the flutter analyses, modal dampings and frequencies were obtained and

comparedwith flight test results. The frequency response results consisted of
accelerations at various locations on the planform, these being expressed as

magnitude and phase angle relative to the oscillating force input of the
canard exciter vane. The NASTRANstructural model was found to describe

adequately the dynamic behavior of the YF-12A aircraft. Aerodynamic forces
were transformed to the structure by use of the surface spline in the NASTRAN

program. This transformation gave reasonable lift distributions only when

several splines were used to cover the planform. The linear spline transfor-
mation in COSMICNASTRANwas found to give erroneous results. Aerodynamic

methods which were found to give acceptable answers were the doublet lattice

method, steady state doublet lattice with uniform lag, Machbox method, and

piston theory; each method, of course, being applied only to the appropriate
speed regime. These methods, carefully applied, were found to predict adequately

the dynamic behavior of the YF-12Aaircraft; this should also be true for the

preliminary design phase of any future aerospace vehicle.
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INTRODUCTION

During the past few years, several analytical methods which have general

application to aeroelastic problems have come into widespread use. These new

capabilities, which include finite element structural and aerodynamic modeling,

have been included in NASTRANand are available throughout the aerospace

industry. Using these methods to study a large flexible aircraft over a wide

range of Machnumbersand flight conditions and comparing these results to

actual flight measurementswould prove to be a good test of the methods. Only

a few aircraft could be used for this type of test, one of which is the YF-12A.

The availability of the airplane at the NASADryden Flight Research Center

provided a unique opportunity to comparethese various analytical aeroelastic

methods with experimental data for subsonic, transonic, and supersonic flight.

NASADryden Flight Research Center obtained a YF-12A airplane for use in a

comprehensive flight research program that covered the period from 1969 to

1980. The YF-12Aairplane provided a large flexible vehicle capable of flying

in the subsonic, transonic, and supersonic flight regimes. It was an excellent

tool for investigations into the fields of structures, materials, propulsion,
flight control systems, and aerodynamics, as well as a variety of other disci-

plines. Manyproposals for analytical and experimental aeroelastic investigations

were madeduring the course of the YF-12A program. The success of previous

NASAand Air Force programs where the vehicle structural dynamics were controlled

by active control systems with high frequency response resulted in several

proposals for the application of the Control Configured Vehicle (CCV) technology
to the YF-12A aircraft.

Oneof these programs was prompted by an incident involving an Air Force

B-52 aircraft. This plane, while flying along the eastern slopes of the Rockies,

encounted gusts that caused the loss of the vertical fin. The Air Force Flight

DynamicsLab set up an analytical and experimental program for application of

the CCVconcept to the B-52. The concept resulted in the design and the flight

test of the Load Alleviation and ModeStabilization (LAMS)system on the B-52

as reported in Reference i. The success of this CCVapplication lead to the
refinement of the B-52 LAMSsystem with additional Fatigue Reduction (FR),

Flutter ModeControl (FMC), ManeuverLoad Control (MLC), AugmentedStability (AS),

2
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and Ride Control (RC) programs. The B-52 CCVdesign and flight test results
are detailed in Reference 2.

Another program concerning the application of CCVtechnology was begun

du_ing the development phase of the XB-70 aircraft. A joint NASA/Air Force

program studied a Structural modecontrol system for use on the airplane. One
of the features of the study was the use of a canard shaker vane to excite the

modal responses for the evaluation of the structural mode control system. This

design study was reported in Reference 3, and resulted in a contract for the
installation of the canard vane system on the XB-70 aircraft. The flight

investigation results of the Structural Mode Control system featuring the canard

shaker va_e exciter were reported in Reference 4, and increased the amount of

analytical and experimental CCVtechnology data available to the designer.

NASADryden Flight Research Center (DFRC)was presented with the oppor-
tunity to continue the study, design, and application of the CCVconcepts to

iarge, flexible aircraft with the advent of the YF-12A program. The first

step in this direction was a feasibility study in 1970 of a Load Alleviation

and Modal Suppression (LAMS)system for use on the YF-12A airplane. The study
defined five different LAMSsystems and evaluated them for design and performance

using analytical techniques. Eachof the systems studied had a different

combination of force producers. The results of the study set downin 1972 in
Reference 5 concluded that a small canard vane mounted on the forebody chines

used in conjunction with the outboard elevons would be the best LAMSsystem
for the YF-12A.

The next logical step was the design, installation, and flight test of

the proposed LAMSsystem on the aircraft, just as had been done during the

XB-70 program. Budget and schedule constraints of the YF-12A program prevented

the implementation of the LAMSprogram at that time. The availability of the
XB-70 canard shaker vanes at NASAin 1974 triggered a feasibility study which

found that the design, installation, and flight test program using the canard

vane for the excitation and measurementof the structural modal responses could

be funded at that time. In 1974, ECPYF-12-75, Reference 6, authorized the

YF-[2A canard exciter vane program. The exciter vane system was to be designed

to the LAMSsystem requirements if possible to do so without requiring additional

°

3
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budget. The design and system tests were completed, and the shaker vane kit

was available for installation in 1975. Test plans with higher priorities

delayed the installation of the shaker vane on the aircraft. In 1978, the

decision was made to instali and flight test the vane.

The flight test program started in November 1978 and was completed in

March 1979. There were six flights in the program that obtained response data

at Mach numbers of 0.70, 0.95, 1.25, 2.00, and 2.70. Fourteen accelerometers

were placed at locations best suited for measuring the modal responses in the

test frequency range.

At the conclusion of the flight test program in 1980, a proposal was

submitted (ECP YF-12-123, Reference 7) for using a YF-12A NASTRAN structural

model, available from previous programs, with the aeroelastic methods of NASTRAN

to analyze the flight test configurations. This report is a response to that

ECP. The analytical results are compared with the flight test data for

validation of these methods of analysis for use in the preliminary design

of future aerospace vehicles.
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CANARDEXCITERVANESYSTEM

The primary purpose of the system was to provide oscillatory excitation

of the YF-12A aircraft structure during flight over the frequency range from i

to 18 Hertz utilizing the XB-70vanes. A secondary goal of the design effort
was to obtain a high frequency response vane system for future use in a LAMS

system. The exciter vane was poweredby a self-contained hydraulic system

controlled by an electronic subsystem. Safety considerations imposed additional
constraints on the control system. Strain gages and an accelerometer were used

to trigger the emergencyshutdownsystem whenever prespecified limit levels

were surpassed. Continuous use of the self-contained hydraulic system could

cause overheating resulting in the loss of system pressure, allowing the vane

system to be free to rotate. The emergencysystem was designed to rotate the
vane until it engageda mechanical safety lock. The YF-12A aircraft with the

canard exciter vane installed is shown in Figure I. The canard vane instal-

lation is shownin Figures 2 and 3. Figure 4 is a drawing of the vane installation
on the YF-12A forebody. The shaker vane componentsand their locations are

shownin Figure 5. The physical dimensions of the vane planform are presented
in Figure 6.

The hydraulic power system for the canard vane was an Abex pump/motor with

an integral reservoir and pressure compensating system, and a Moogtransfer
valve/Bertea servo-actuator combination as described in Reference 8. The vane

power system was independent of the aircraft hydraulic systems. The servo-

actuator was coupled to the vane torque shaft as shownin Figure 5, and was

capable of driving the vane through a maximumamplitude of _ 12 degrees.

Electronic Subsystem

The electronic subsystem, as described in Reference 9, was designed to

provide the following:

i) Fixed and variable frequency sinusoidal inputs with variable

amplitude to the control system that drives the canard system
2) Control the canard oscillations through servo ampllfier/feedback

system

5
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3) Detect, indicate, and shutdown the system when strain gage and/or

accelerometer levels reach predetermined values.

The electronic system was made up of three main components:

i) Function generator

2) Electronic control box

3) Control panel.

The function generator and electronics box were installed in the rear

cockpit, while the control panel was located in the front cockpit. Control

_ _h_ _ne_t_n_ modes frequencv limits, and vane amplitudes were controlled

from the rear cockpit.

System on-off, trim, and emergency shutdown were controlled by the pilot

in the front cockpit. The interface between the two systems is shown in the

block diagram of Figure 7. The operating characteristics are su_arized in

Table i.

Safety System

The safety system was designed to provide fail-safe vane positioning for

any electrical, mechanical, or hydraulic failure using the mechanical centering

and locking system of the torque shaft drive mechanism. The system triggers

were:

i) Loss of hydraulic pressure

2) Loss of electrical control power

3) High torsion load on vane torque shaft

4) High bending moment on vane torque shaft

5) High vertical acceleration of forward fuselage near vane shaft

6) Vane shaft strain gage indication of maximum vane lift force

limited by forebody loads.

The system design criteria for safety was the centering and locking of the

vane system in less than 1/4 of a cycle after a trigger signal.
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The frequency responses of the system as determined by bench tests are

shownin Figures 8 and 9 for gain and phase for ambient temperature conditions,
and gain and phase of the system for a temperature of 300°F are shown in

Figures i0 and ii.

Instrumentation

The canard shaker vane instrumentation was a dual purpose system. The

primary instrumentation was designed to provide fail-safe operation of the

canard vane system within the aircraft design load limits. The second set of

instrumentation was installed to measurethe structural dynamic responses due

to the oscillating vane force inputs.

Safety Instrumentation

The junction of the YF-12A forebody with the wing at Fuselage Station

715 was the critical structural element with the canard shaker vane system

operating. Canard vane operating limits set by the structural limits were:

i) i000 pounds force for each vane

2) + 0.5 g's vertical acceleration due to modal responses at the

location of the shaker vane.

Strain gage bridges on each torque shaft and an accelerometer mounted on

the forebody structure at the vane location were calibrated to trigger the

safety system when one of the above values were obtained.

Data Measurement Instrumentation

Instrumentation for the measurement of the modal response data used

fourteen accelerometers. Locations of those accelerometers are shown in

Figure 12, and summarized in Table 2. The YF-12A aircraft free-free symmetric

vibration mode shapes were used to locate the accelerometers to insure that the

modal response measurements would have large amplitudes over the shaker vane

operating frequency range. Flight at the high Mach numbers required by the

program necessitated some method of cooling the accelerometers during the test.
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The basic method of cooling madeuse of a stearic acid heat sink. CECModel

4-205-0001 type accelerometers were used because they met the LAMSsystem
requirements described in Reference 5.

Canard Vane Structural Dynamics

The canard shaker vane system structural dynamic characteristics were

determined by the actuation system design. Two criteria that had to be satisfied

in the design of the canard vane actuator, backup structure, crank, and torque

tubes and supports were:

i) The canard shaker vane system had to have a calculated flutter

speed greater than VD = 575 KEAS,at a Machnumber= 0.95

2) The vibration modes of the shaker vane, its support, and

actuation system had to have frequencies much higher than the

maximum vane excitation frequency of 18 Hertz.

The shaker vane design satisfied both of these criteria.

Canard Vane Flutter

The aerodynamic parameters most important in flutter analysis are the

dynamic pressure, q, and the vane lift curve slope, CL . The calculations of

the vane lift curve slope mounted on the YF-12A forebo_y chines covered a range

of four values from 5.75 per radian to 9.45 per radian. The range was established

by using two different aerodynamic theories with and without interference

effects due to the chines. The vane planform used for aerodynamic calculations

is shown in Figure 6. The canard vane design using the unmodified Bertea

actuator, part number 232000-1005, was shown by analysis to have flutter speeds

below VL = 500 KEAS for the two highest values of CL , and flutter speeds between

VL and 1.15VL= 575 KEAS for the other two values of CL . The hydraulic fluid

spring was the most flexible part of the canard vane actuation system. The

stiffness of the actuation system was increased by the installation of metal

stops in the actuator cylinder bore to reduce the hydraulic fluid volume. The

q
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[ncrcase .in the actuator system stiffness raised the canard vane flutter

Sl)et,d above 1.15V L for a]l four CL values.
c_

are shown in Figure 13.

The results of this analysis

Canard Vane Vibration Modes and Frequencies

The second design criteria requiring the canard shaker vane system to have

vibration modes and frequencies higher than the maximum vane excitation fre-

quency of 18 Hertz was also satisfied. A summary of the canard vane analytical

and experimental vibration frequencies and modes is made in Table 3. The

canard vane planform with the shaker locations relative to the elastic axis is

shown in Figure 14. A comparison of the canard vane first symmetric analytical

mode with the first test mode is made in Figure 15. There is no second analy-

tical mode for comparison with the second test mode noted in Table 3. The

comparison of the third symmetric analytical mode with the third test mode is

made in Figure 16. Comparison of the shaker vane first antisymmetric analytical

mode with the test mode is made in Figure 17. The second antisymmetric test

mode has no comparable analytical mode. The third antisymmetric analytical

mode is compared with the third test mode in Figure 18. The lowest measured

shaker vane mode of 32.26 Hertz is a factor 1.79 times higher than the maximum

vane excitation frequency of 18 Hertz.

9
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CANARDEXCITERVANEFLIGHTTESTPROGRAM

Cost and schedule estimates for the installation of the exciter vane

system combinedwith a flight test program reduced in scope from the original
plans were submitted as a proposal for a joint NASA/Air Force program in 1978.

This proposal was approved in March 1978 and the installation of the exciter

vane system completed in November1978. The flight test phase was started in

November1978 and was completed six flights later in March 1979. The program

schedule is shownin Figure 19.

The revised test plan scheduled flight tests at Machnumbers of 0.70, 0.95,

and 1.25. At this sametime NASAhad a ma_or program investigating the

feasibility of supersonic cruise (SCAR)vehicles. The Machnumber range of

interest for the SCARprogram covered the three Machnumbers proposed for the

YF-12Aexciter vane program as well as investigating Machnumbers out to a

maximumvalue of 2.7. As the detailed planning for the YF-12A vane program went

forward, it was obvious that additional data points extending the Machnumbers

to 2.7 should be included. Thus, the YF-12A shaker vane program would provide

a set of aeroelastic response measurementsof a large flexible aircraft flying

over the Machnumberrange of interest for the SCARprogram. The Machnumbers

selected were 0.70, 0.95, 1.25, 2.00, and 2.70. The speeds available for use

in the flight envelope constrained the flight test speeds to 330 KEAS,360 KEAS
and 400 KEAS. The data obtained would be available for verification of aero-

elastic analytical methods used in the preliminary design of other future aero-

space vehicles. The flight test program is summarized in Table 4.

Ground Tests

The YF-12A exciter vane installation ground test program covered the three

specific areas shownin Table 5, and is discussed below.

Load-Deflection Test

A structural influence coefficient test of the canard exciter vane was done

to calibrate the strain gage bridges that were to measure the flight test vane

loads. The loads measurements were used to obtain basic test data as well as a

10
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two flights were checkout flights of the aircraft, the exciter vane system, and

the test techniques to be used during the flight test program. These two flights

found three areas where changeswere needed:

i) Exciter vane trim angle
2)

3)
Exciter vane normal accelerometer trigger level for flight safety
Method of on-line determination of the airframe resonant frequencies
for the dwell test.

The exciter vane trim angles required for zero vane load were calculated

prior to the flight test program. The calculated vane angles for zero load for
planned test Machnumberswere averaged to provide one trim angle. The vane

actuation system had been designed with a mechnical adjustment to provide an

angular offset for vane trim purposes. The vane system could then oscillate

full travel about this vane trim angle. The first two flights indicated the

calculated trim angle was incorre=t. The computational aerodynamic methods

treated the vane-forebody as a two-dimensional surface. In the early 1970's,

the YF-12A airplane during flight test had demonstrated that a vortex was

generated by the junction of the chine leading edge with the fuselage on each

side of the airplane - these vortices would curl up and aft from that initial

location. A visual inspection of Figure i shows that these vortices would exert

a strong influence on the vane aerodynamics. The results of the first two

flights were used to reset the vane trim angle used for the rest of the program.

The vane trim angle comparison is made in Figure 21. The calculated values were

obtained using a two dimensional analytical structural model so that flexible

effects were included in the analysis.

The second change based on flight test results was the threshold setting of

the shaker vane flight safety accelerometer. Originally, the accelerometer was

set up so that a dynamic value of +__0.5 g would trigger the vane safety system

to dcive the exciter vane into the lock. The system was being shut off most

of the time with the 0.5 g setting. However, since a value of +i.0 g was

considered acceptable from a stress viewpoint, the acceleration limits were

revised. The 1.0 g setting did not shut down the vane system at all during the

rest of the flight test program.

_,,;E NOT FLM_O

t2
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The third change was a switch in methods for identifying the structural

resonances uncovered by the exciter vane frequency sweep. Originally these

data were to be obtained from the real time strip chart data. However, the

elapsed time for obtaining the data in this manner was considered to be unaccept-

able. The data from the fuselage nose and fuselage tail accelerometers were

processed by a dynamic analyzer using Fast Fourier Transform (FFT) techniques to

obtain a Power Spectral Density (PSD) analysis with resonant frequency peaks

available on the PSD hard copies. The data were analyzed and the test frequencies

supp]ied to the flight crew in less than 40 to 50 seconds of elapsed time.

Test Techniqu e

The YF-12A aircraft with the canard exciter vane was flown in level flight

at 1.0 g load factor and at a specified Mach number and KEAS. The exciter vane

was set up in the sweep frequency mode. In this mode, the control system drove

the vane to oscillate sinusoidally from i Hertz to 18 Hertz in slightly over

50 seconds. At the designated end frequency the system automatically shut off.

The sweep data were telemetered to the ground and processed by the Dynamic

Analyzer to determine the resonant frequency peaks. Each frequency was then

set up on the exciter vane control system. When the accelerometer response

amplitudes became constant, the shaker vane would be shut off with the acceler-

ometers indicating the decay of the structural mode. This was done for each

resonant mode found during the test point.

Flight Test Data

Acquired from each test were time history data for the vane position, the

vane force, the fourteen accelerometer responses, and the amount of fuel in

each of the six tanks at a given time. Examples of the time histories of the

exciter vane sweep frequency inputs along with the airframe response outputs

are shown in Figure 22 for a Mach number of 0.95. Examples of the dwell and

decay test data for the same test point are shown in Figure 23. The data from

each flight were stored on magnetic tape, thus making it available for any

processing which was later required.

13
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AEROELASTIC ANALYSIS

As an addition to the YF-12A canard vane flight test program, an aeroelastic

analysis of the YF-12A was conducted. This required that various analytical tasks

be performed in the following categories:

i) Structural model

2) Inertia models

3) Aerodynamic models

4) Structure/Aerodynamic model interconnection

5) Flutter analysis

6) Frequency response analysis.

At the start of the flight test program, NASTRAN had been updated with the

inclusion of an aeroelastic analysis module. Thus NASTRAN was capable of analyzing

the data obtained from the YF-12A modal excitation flight test program. The

YF-12A analytical structural model had already been constructed using NASTRAN.

This computer program could generate steady and unsteady aerodynamic forces for

subsonic, transonic, and supersonic flight regimes; in addition, NASTRAN had

programs for flutter and forced response calculations. The analytical programs

had been well defined by the end of the flight test program. The analysis plan

was put together as an ECP, Reference 7, and submitted for approval. Trial runs

were made using the various NASTRAN modules to obtain cost data for the ECP.

These runs found errors in the NASTRAN programs that COSMIC, the contractor for

NASTILAN maintenance, had not uncovered. Since the Lockheed FAMAS computer

program system (Reference 29) could do the same analysis, the ECP was formulated

to use NASTRAN as the primary analytical tool, with FAMAS to be used when

significant problems were encountered with NASTRAN. A summary of the problem areas

and the action taken is presented in Table 7. These program errors were encountered

in COSMIC NASTR#_, Level 17.5, on an IBM 370 System, Model 3033 computer. Problems

of this nature may be peculiar to a given computer system, and may not be

encountered with other machines or versions of NASTRAN.

Two types of analyses were done to match the flight test data. First, a

flutter analysis was done matching the test Mach number and speed. The structural

damping, gs ' was assumed to be zero for the initial analytical calculations. The
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flutter program calculated the frequencies and dampings for the structural modes.
The structural damping for each mode,which was obtained from ground vibration

test results, was then added to the damping value obtained from the flutter

program. This final damping, although an approximation, can be compared

directly with the measured flight test data. Second, a forced response analysis
was done using the measuredexciter vane force as the forcing function input.

The analytical responses were converted to accelerations and also were compared

directly with flight test measureddata.

15
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STRUCTURE

The structural model of the YF-12A had previously been constructed using

NASTRAN, and it was initially believed that this model could be used with no

changes. It was found, however, that the existing model had both nose and

main landing gear removed and also did not have certain degrees of freedom

retained which were deemed necessary for this study. A description of the old

model with a comparison to ground vibration test results (Reference i0) can be

found in Reference ii. The problems with the old structural model made it

necessary to run all of the substructuring, combining, and reduction operations

again.

The YF-12A NASTRAN model consisted of the six substructures shown in

Figure 24. The structure was divided as shown in order to minimize substructure

boundary degrees of freedom, since these must be retained for later substructure

coupling runs. A one-half airplane model was used in the analysis, with only

symmetric boundary conditions about the fuselage centerline being considered.

As an illustration of the YF-12A modeling, Figure 25 shows a spanwise cross

section of the actual aircraft structure and the corresponding NASTRAN finite-

element model.

Table 8 gives an indication of the size of the substructures by showing the

number of degrees of freedom removed and retained for each. A total of 7689

structural elements, consisting of bars, rods, shear panels, and scalar elastic

elements, made up the one-half airplane model. Figure 26 shows how these

substructures were coupled and reduced to arrive at the final dynamic model.

This was accomplished by using the multistage substructuring capability included

in the COSMIC version of NASTRAN Level 17.5.

The locations of the 288 degrees of freedom which were used for the final

dynamic model are shown on the structure layout in Figure 27. This model was

used to obtain frequencies of natural vibration and eigenvectors, which transform

the flutter and response analysis equations to generalized modal degrees of

freedom.

16
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INERTIA

Five distinct weight cases were analyzed to correspond to the tested

flight conditions. Each case represented a different fuel tank loading; these

are presented in Table 9. The location of each fuel tank is shown in Figure 28.

A vibration analysis was done for each configuration and the resulting eigen-

vectors were used to transform to modal degrees of freedom in the flutter and

response analysis equations.

The inertia model used in the dynamic analysis was introduced into NASTRAN

as a set of direct input matrices, formed externally, and redistributed to

the NASTRAN grid points. The same coupling and reduction process which was

used for the stiffness matrix in the structural model was then used to transform

each mass matrix to the 288 degrees of freedom of the final dynamic model.
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AERODYNAMICS

The YF-12A shaker vane flight test program yielded data over a wide

range of Machnumberswhich allowed a comparison between test and analysis

using several different methods of aerodynamic modeling. These are presented
in Table i0.

The doublet lattice program used was from NASTRAN,and had the capability

of including slender body aerodynamic forces and interference body effects.

Piston theory also was generated by the NASTRANprogram. The kernel function

and the Machbox programs used are part of the Lockheed-California Company's
FAMASsystem. COSMICNASTRAN'sversion of Machbox aerodynamics was found to

have programming errors, and was not used.

The method indicated in Table 9 by "steady state with uniform lag" is a

meansof forming aerodynamicmatrices which are explicit functions of p, the

differential operator. The unsteady matrices are formed by applying a uniform

lag function, representing the growth of lift due to a step input for angle of

attack, to the steady state aerodynamic influence coefficient matrix. This

results in flutter equations which can be solved in a straightforward manner,

and which give true decay-rate solutions for damping. This empirical method,

also known as "indicial flutter aerodynamics," has been used extensively at

Lockheedand has usually given satisfactory results. In at least one case at

Lockheed, involving a low aspect ratio planform, better agreement with test

results was obtained with this method than with the complete unsteady kernel

function matrices. For this reason, the method was included in the present

study.

I$
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Doublet Lattice

The doublet lattice aerodynamics used in the analysis of the YF-12A were

obtained using the NASTRAN and Lockheed FAMAS program systems. The theoretical

basis of the doublet lattice method used in NASTRAN may be found in References 12,

13, and 14.

The aerodynamic influence coefficients (AIC's) are calculated using aero-

dynamic and geometric matrices created by NASTRAN. The following relationship

utilizes these matrices to obtain the doublet lattice AIC's:

In the above equation, the matrix [AJJL] is an aerodynamic matrix that gives

the pressure at the'I/4 chord of each box due to a unit downwash at the 3/4 chord.

The code in NASTRAN that is used to obtain [AJJL] was taken directly from the

program "NSKA" by Giesing, Kalman and Rodden (Reference 15). The matrix sum,

[[DIJK] T + ik [D2JK] T] , represents the total (substantial)differentiation of

the aerodynamic deflections to obtain downwash. The [SKJ] matrix is an integra-

tion matrix that is used to obtain forces and moments. Finally, the matrix

[GTKA] is a geometric transformation matrix for transforming the forces and

moments of each box in the aerodynamic degrees of freedom (DOF) to forces and

moments in the structural DOF. The matrix [GTKA] uses a surface spline inter-

polation to obtain the desired transformation.

The doublet lattice model of the YF-12A aircraft consists of 25 panels which

are divided into a total of 378 aerodynamic boxes. The model is shown in

Figure 29. All of the aerodynamic D0F are splined to the structural DOF except

those that are located on the fin below Water Line 145. The steady state lift

distribution at Mach 0.7 and 0.95 for a unit pitch angle is shown in Figures 30

and 31. Unsteady aerodynamics were calculated at five values of reduced frequency

for both Mach 0.7 and 0.95. These reduced frequencies were calculated by using

the dwell frequencies determined from flight test data.

[9
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Doublet Lattice, Slender Body, Interference Body

The calculation of the doublet lattice aerodynamics with slender bodies

and interference bodies (DLSLIN) was performed with the NASTRANaerodynamic

package. The methodused in NASTRANis a modified version of that used in
Reference 14. The theoretical basis for the addition of slender and inter-

ference body theory to the doublet lattice method is outlined in References 16
and 17.

The output from NASTRANfor DLSLINis similar to that for DL alone. The

relationship to obtain the AIC's is:

[[A(k)] = [GTKA] [SKJ] [AJJL] T [DIJK]T + ik[D2JK]T [GTKA] T

The aerodynamic matrix [AJJL] is a matrix of pressures at the doublet

lattice box 1/4 chord caused by a unit downwash at the 3/4 chord and terms

relating interference and slender body singularities to downwashes, i.e.,

lwwl[AwAAIIPlO = AIW All AISI Pl

WS 0 0 ASSI PS

[AJJL]

where WW = wing box downwash @ 3C/4

WS = dow_nwash for slender bodies

PW = pressure @ C/4 of wing box

_I' _S = interference and slender body doublets

20



The sum [[[DIdK31 + ik [D2JK3TJ] is the total (substantial)differentiation
of the deflections to obtain downwash. The [SKJ] matrix transforms the doublet

lattice box pressures, interference body doublets and slender body doublets into

wing box and slender body forces. The transformation from aerodynamic DOFto
structural DOFis performed by [GTKA]. The result is the unsteady AIC matrix

in the structural DOFfor a specified reduced frequency.

The DLSLINmodel of the YF-12Aconsists of 18 doublet lattice panels,
2 slender bodies, and 2 interference bodies. The model is shown in Figure 32.

There are a total of 283 doublet lattice boxes that model the inner and outer

wings, the inboard and outboard elevons, and the vertical fin. The slender

body simulating the fuselage consists of 30 elements, the corresponding inter-
ference body consists of 17 elements. The other slender body represents the

engine and spike. This body consists of ii slender body elements and 14
interference body elements. All of these elements combine to make648 aero-

dynamic DOFto be splined to the 288 structural DOF.

The steady state lift distributions for Mach0.7 and 0.95 are shownin
i

Figures 33 and 34. Aerodynamic matrices were calculated for five reduced

frequencies at Mach numbers 0.7 and 0.95.

2!
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Steady State Doublet Lattice with Uniform Lag

This method, also called indicial aerodynamics, utilizes the steady state
(k=O) aerodynamic influence coefficient (AIC) matrix and an indicial response

function for the aerodynamic lag. Together, these items are used to form AIC's

which are explicit functions of the differential operator p. The indicial

function defines the response of the lift curve slope as a function of time

due to a step input for _, the angle of attack. This is based on the one-

CL_(s) -bs
exponential lag function, -- = 1 - ae , where s is the non-dimensional

CL& (_)

Vt and a and b are constants computed by the method outlinedtime parameter _-- ,
o

in Reference 18. Taking the Laplace Transform results in the lag function

C(p) = (l-a) p+b where p(=_s ) is the differential operator. Assuming the
p+b

lag function to be uniform means that the growth of lift at the quarter chord

of each aerodynamic box due to an angle of attack at the three-quarter chord

of that box is the same for all boxes on the planform. The lift expressed in

the DOF of the final model is then given by the following equation:

{L} = qC(p) [GTKA] [SKJ] [AJjLT] -1 [[DQ] -P/b [DZ]] [GTKA] T {Z A}
0

The matrices [AJJL], [SKJ], and [GTKA] come from NASTRAN. The matrix

[[DO] - p/b [DZ]] represents the total differentiation of the deflections

o

in order to produce the downwash.

The aerodynamic model used was the same as for the previously defined

doublet lattice aerodynamics. Steady state aerodynamic matrices were produced

for Mach numbers .7 and .95.

22



Steady State Kernel Function with Uniform Lag

This method is basically the sameas the Steady State Doublet Lattice with

Uniform Lag, except that the steady state aerodynamic influence coefficient

matrix was obtained from Lockheed's Kernel Function Program (Reference 19).

This program was developed from the theoretical work done by Watkins, Runyon,

and Woolston in Reference 20. The uniform lag function used was the sameas
in the doublet lattice case.

The output from the Kernel Function Program consists of three aerodynamic

influence coefficient matrices; QZ, QL, and QM. These matrices yield, respec-

tively, the vertical forces, the roll moments, and the pitch momentsat the load

integration points (Figure 36) due to unit downwashat the optimum downwash

points (Figure 35). For the YF-12Amodel the roll momentswere found to be very

small and were judged to be insignificant to the flutter analysis. This madeit

possible to use the NASTRANsurface spline capability to generate transformations

from the aerodynamic to the structural model.

The lift is then given by the following:

{L} = 4_R,2q C(p) [GTI] [bo[DM][QM] - [DF][QZ]][[D@]-D/b[DZ]] [GT2]T {ZA}
o

In this equation, [GTI] and [GT2] are the spline matrices from NASTRAN for

the load integration points and the optimum downwash points, respectively. [DM]

and [DF] are matrices which simply reorder the forces and moments to be compatible

• [ ]with the NASTRAN format. As before, the matrix [De] - P/b [DZ] represents
o

the total differentiation of the deflections in order to produce the downwash.

The Kernel Function model of the YF-12A consists of i00 downwash points and

90 load integration points as shown in Figures 35 and 36. The planform used for

the aerodynamic model is shown in heavy ink. The steady state lift distribution

created by the kernel function model is shown in Figure 37.

23



, SP 5625

Mach Box

The aerodynamic influence coefficients (AIC's) for the YF-12A at Math

1.25 were calculated using the Math box method. The program used in the

calculation of the AIC's was a Lockheed FAMAS system program. It was originally

planned that the Math box section of NASTRAN De used in these calculations, but

the available NASTRAN code was found to be defective. For further information

on the Math box method see References 21, 22, and 23. Only part of the

diaphragm region was included in the analysis. This method, explained in

Reference 24, results in a considerable savings in computer time and has been

found to give acceptable results.

The output from the Mach Box Program is a matrix of AIC's for both the wing

boxes and the diaphragm boxes.

[AIC] =[AWW AWD]

output LADW ADDJ

This matrix, after applying the factor _ , gives the pressure differential

across a box due to unit downwash at the mid-chord of the box. The requirement

that the pressure differential across diaphragm boxes be zero results in the

following equation, which reduces the AIC's to wing box size:

[QZ] = [AWW] - [AWD] [ADD] -1 [ADW]

The lift in the final dynamic model DOF is then given by the following

equation:

(L} = 4Aq__ [Gz]T[Qz] [[DQ] _ ik

2_
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Here, A is box area, q is the dynamic pressure, M is Mach number, [GZ3 and

[Gze3 are transformation matrices, and the matrix [[De3 - _EDZ]] represents
o

the total differentiation of the deflections to obtain the downwash. The

transformation matrices were obtained from NASTRAN by making a doublet lattice

model whose DOF coincided with the Mach box DOF.

The Mach box aerodynamic model of the YF-12A consists of 373 wing boxes and

305 diaphragm boxes (1/2 airplane). The box dimensions are 18 x 24 inches. The

model is shown in Figure 38. The steady state lift distribution obtained with

the Mach box model is shown in Figure 39.

25
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Piston Theory

The piston theory aerodynamics for the YF-12A were computed with the NASTRAN

system. Piston theory, a form of strip theory, was developed by Ashley and

Zartarian (Reference 25) for M>>I. The computer program used in NASTRAN is a

version of the program developed by Rodden, Farkas, Malcom, and Kliszewski

(Reference 26).

The NASTRAN piston theory program directly computes the lift and pitch

moment at the mid-chord of a strip due to plunge and pitching motion at that

point. This is output as the matrix [AJJL3. The lift in the final DOF is then

given by the following:

{L} = [GTKA] [AJJL] [GTKA] T {Z A}

Here [GTKA] is the spline matrix which transforms from aerodynamic DOF to

structural DOF.

The piston theory model consists of i0 strips; this results in 20 aero-

dynamic DOF - plunge and pitch for each strip. The model is shown in Figure 40.

The lift distributions for M = 2.0 and 2.7 are shown in Figures 41 and 42

respectively.

26



STRUCTURE/AERODYNAMICINTERCONNECTION

In order to obtain compatible degrees of freedom in the final dynamic
model, it was necessary to interpolate between the structural and the aero-

dynamic models. BecauseNASTRANwasused to generate the structural model and
most of the aerodyn_ic models, it was decided to use the spline capability

contained in this system. The theory of surface splines is discussed by

Harder and Desmarais in Reference 27. The low aspect ratio of the YF-12A

suggests that this type of spline be use_. This was done in all cases except

for slender body aerodynamics where the only possibility in NASTRANis a linear

spline.

Because the NASTRANmultistage substructuring capability is not included

in the rigid format for aerodynamic generation, the connection between the
structural and aerodynamic models could not be done in a straightforward

manner. It was necessary to construct a NASTRAN"pseudo-model" to be used in

conjunction with the aerodynamic models. This pseudo-model consisted of only

the final dynamic model's 288 degrees of freedom, these being linked by bar
elements. The stiffness assigned to the bars was not representative of the

YF-12A structure. Since the pseudo-modelwas used only for the aerodynamic

transformation, the actual stiffness values were not relevant. Each aerodynamic

case was run with this pseudo-modelin order to generate the appropriate

spline matrix for the structure to aerodynamic transformation. The resulting

transformed aerodynamic degrees of freedom directly corresponded to the degrees

of freedom of the final dynamicmodel.

27
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FLUTTER ANALYSIS

A flutter analysis was conducted to determine the decay rate (damping) of

oscillatory motion at the flight test frequencies. Two forms of the flutter

equation were utilized; the p method, in which the aerodynamic matrices are

written as an explicit function of p, the differential operator, and the p-k

method, in which the aerodynamic matrices are implicit functions of k, the

reduced frequency. Both of these methods yield a solution which represents a

true rate of decay damping value, although for the p-k method it is an approxi-

mation. This allows a direct comparison between analytical results and in-flight

test data. The traditional k method gives a solution which can be interpreted

as the amount of structural damping which must be added in order to maintain

harmonic motion. This is markedly different from a decay rate solution, and

for that reason was not used for this study.

The p-k formulation of the flutter equation is as follows:

V2 2[M] -ff-_p
o

+ (l+igs)[K]-½pV2[A(k)] ] {q}= 0

The p method formulation is shown below:

[M]p 2 + _ [A o] + p[A 1] + p2[A 2] + -_- [K] {q} = 0

A thorough discussion by Hassig of the three types of equations along with

a comparison of results may be found in Reference 28.

The mass, stiffness, and aerodynamic matrices of both flutter equations

were transformed to generalized modal degrees of freedom, _q}, using mode

shapes corresponding to the thirty lowest vibration frequencies. The frequency

and damping data were calculated with Lockheed FAMAS system programs that utilize

determinant iteration. For the p-k flutter solution, unsteady aerodynamic

28



matrices were calculated for the reduced frequencies shown in Table ii and

input to the flutter program. From the flutter solution, plots of frequencies

and dampings versus velocity (V-f-g plots) were created. An example V-f-g

plot is shown in Figure 43. The flutter analysis was done with no structural

damping included (gs=0). As an approximation to obtain the true modal damping,

structural damping can be added to the solution for the damping which was obtained

from the flutter analysis. The structural damping was 0.03 for the two modes

lowest in frequency and 0.05 for the next three modes, these values being

obtained from ground vibration test data .....yable 12 presents a comparison

between the damping obtained from the flutter analysis and the damping obtained

from the flight test data for the appropriate test point. The analytical

results for cases 2 and 5, which used slender/interference body modeling, were

clearly incorrect, indicating a problem with the NASTRAN program. These results

are not included in the table. Also left out are the results for mode 4, since

the analytical model showed several modes in that frequency range but none that

agreed with the observed mode shape.
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FREQUENCYRESPONSE

To obtain the frequency response data it was required that two types of

dynamic equations be used. The first type, "k-method," had aerodynamics as
formulated for the p-k method in the flutter analysis. The second type,

"p-method," was the sameas in the p-method flutter solution. Both equations

solved for the resonant response of the structure due to a harmonically

oscillating forcing function at a given frequency. Since the test frequencies
were arrived at by processing response data which was generated by a frequency

sweepforcing function, these points do not correspond exactly to the

frequency values at the response peaks. Because the responses were measured

with the forcing function holding at each of these frequencies, the test data

is directly comparable to the analytical results, although the points will not

necessarily fall on the peaks of the response plots.

For the k-method aerodynamics, the frequency response equation is:

(l+igs)[K] - co2[M]- ½0V2EA(k)]1 {q} -- {F(_o)}

For the p-method aerodynamics, the equation is:

]p _ [M] + _ ( ) + pEA 13 + [AO]
o o

+ (1+igs)[K] ] {q} = {F(p)}

Both equations were solved with Lockheed FAMAS system programs. The

forcing function was derived from flight test strain gage data - the total

shaker vane load being plotted against frequency for each flight test point.

From this data it was possible to fit several curves so that the force could

be expressed as a function of frequency. A plot of the force level versus

frequency for the Mach 2.0 flight test point is shown in Figure 44.

The FAMAS programs resulted in plots of the acceleration response and

phase angle for the frequency range of 0.i to 20 Hertz. As an example, a
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graphical comparison of the analytical results and the test data for case 9

(Piston theory, Mach2.0) is presented in Figures 45 and 46. These show,

respectively, the magnitude (g) and phase (degrees) for the cockpit and outer

wing accelerations, with respect to shaker vane force, plotted versus frequency

(Hertz). The complete set of response plots, for all cases except the doublet

lattice with slender and interference body effects (DLSLIN), is included in

the Appendix. Due to errors in the NASTRANprogram, DLSLINaerodynamics
yielded results which were obviously non-physical. This may be due to the

linear spline program in NASTRAN,which contains a knownerror. Therefore,

results from doublet la_ice with slender and interference body effects are

not included. /_ _

A summary of the frequency response results for all cases except the

DLSLIN aerodynamics is shown in Table 13. This table is meant to give a

qualitative interpretation of the results. Each case has been divided into a

low and high frequency range. A comparison of the analysis with test results

f_r both magnitude and phase was then made. For the magnitude, a check (/)

indicates that the analysis matched the experimental results within approxi-

mately +5%. For the phase angle, a check indicates agreement within about

+I0 degrees. A negative sign (-) indicates that the analysis value was less

than the experimental value; a plus sign (+) indicates the analytical value

was greater. An overall impression of the comparison between test and analysis

can then be obtained for each of the aerodynamic methods.
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CONCLUSIONS

This investigation allowed an evaluation of analytical methods in three
different areas - structural modeling, structure/aerodynamic interconnection,

and aerodynamic modeling. The rest of the discussion is divided along these
lines.

Structural Model (NASTRAN)

The NASTRAN finite-element structural model was previously found to give

good correlation with ground vibration test results (Reference ii). Since the

structural and inertia modeling for the present study was substantially the

same, analytical vibration results for the free-free airplane should correlate

well with the actual vehicle, although test data for this condition at zero

airspeed is impossible to obtain. There is probably some error due to

structural modeling which is observable in the data from Table 12 for the three

higher frequency modes. Analytically, mode 3 usually had a lower frequency than

the test results, and mode 5 had a higher one. The analytical results for

mode 4 did not agree with observed test results, probably due to the presence

in the analysis of three other modes which were very close in frequency. When

several modes exist within a narrow frequency band, in either the test vehicle

or the analytical model, there may be difficulty in correlation. In general,

however, the NASTRAN finite-element model appears to describe the dynamic

behaviour adequately for a preliminary design effort.

Structure/Aerodynamic Interconnection

The NASTRAN surface spline was used for transforming forces to the structure

for all of the aerodynamic methods except slender body theory, which used a

linear spline. Caution must be exercised in order to achieve satisfactory results

with the surface spline. Experimentation with different configurations showed

that the best results were obtained when several splines, each covering a small

area of the planform, were used. This assures that an aerodynamic load is not

lumped at a distant structural point, and results in a transformation which

makes more physical sense. This process requires that some engineering judgement

be used in defining the splines. Using a large number of splines is not a

problem since it is within the capability of NASTRAN to use many splines for the 9

32



SP 5625

aerodynamic/structural interface. A useful check of the spline matrix,
[GYKA], can be madeby postmultiplying the transpose of the matrix by a column

vector which represents a unit pitch motion in the dynamic model degrees of
freedom. The resulting column matrix should give the corresponding deflections

for unit pitch motion at the aerodynamic degrees of freedom. This is a

necessary, but not sufficient, condition in order to obtain acceptable results.

Careful application of the surface spline technique to a specific problem will

achieve this objective.

The linear spline, however, does not give acceptable results in the
COSMICversion of NASTRAN.Load distributions using this method summedto the

correct totals, but were clearly incorrect. A small aeroelastic model, much

simpler than the YF-_2A, was constructed in order to verify that the problem
waswith the NASTRANprogram. This was found to be the case. No attempt was

madeto correct the NASTRANprogram for this problem.

Aerodynamic Models

The same structural model and same type of structure/aerodynamic trans-

formation were used for each of six distinct aerodynamic methods, thus allowing

a comparison of theory and experiment based on flutter and frequency response

results. For the subsonic cases, since more than one method was used for the

same Mach number, the theories may be compared to each other regarding their

accuracy.

Subsonically, the results were generally better for Mach .95 than for

Mach .70. The results for the DLSLIN method were totally unacceptable, but,

as previously stated, the error may have been due solely to the linear spline

module in COSMIC NASTRAN. Results using the steady state kernel function with

uniform lag for Mach .95 were also poor, although much better than with the

DLSLIN method. Steady state doublet lattice with uniform lag actually gave

better results than did the complete doublet lattice aerodynamic matrices.

This was true for both the modal damping and the frequency response comparison -

both of these methods improved at the higher Mach number. This suggests that

using the uniform lag function with the steady state doublet lattice aero-

dynamics may be a cost-effective means of generating the unsteady aerodynamics,

especially in a preliminary design environment. For this method, only the

aerodynamic matrix for a reduced frequency of zero need be produced; whereas,

3S
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for the usual approach with doublet lattice, a matrix for each reduced

frequency is required. This could result in considerable savings in

computation costs.

Supersonically, both the Machbox and piston theory gave good results,

with the exception of the Mach2.7 piston theory flutter analysis, where the

analytical modal dampings and frequencies were only marginally acceptable. The

agreement between analysis and flight test was actually better than anticipated

considering the lift distributions for pitching motion of the aircraft for these

cases (Figures 39, 41, 42). Applying these aerodynamic influence coefficients to

the structure did, however, yield satisfactory flutter and frequency response
results.

On the basis of the present investigation, either the standard doublet
lattice method or the steady state doublet lattice with uniform lag function

gives adequate results for a preliminary design study in the subsonic regime.

For the supersonic case, either the Machbox or piston theory maybe used, the

choice depending on Machnumber. The accepted range for Machbox aerodynamic

theory is Mach1.2 to 3.0. Piston theory usually is thought to be valid for

the Mach2.5 to 7.0 range. The present YF-12A study indicates that the Mach

box method be used for Machnumbers1.2 to 2.0, with piston theory used for all

higher Machnumbers.
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TABLEi. CANARDVANEOPERATINGCHARACTERISTICS

PARAMETER '" RANGE

OSCILLATING FREQUENCY RANGE

I NCREMENTAL ADJUSTMENT

CANARD ANGULAR DISPLACEMENT

0.I TO 29.9

0.I Hz

+ 12 DEG.

Hz

50_, MODULATION 0.1 TO
8.0 Hz

± 1 DEG.

INCREMENTAL ADJUSTMENT

BIAS TRIM ADJUSTMENT

1%

5_ MODULATION 0.1 TO
29.9 Hz

± 12 DEG. (CONTINUOUSLY VARIABLE)
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TABLE 3. CANARD SHAKER VANE VIBRATION FREQUENCIES AND MODE SHAPES

MODE
FREQUENCY- Hz

ANALYS IS TEST

SYMMETRIC

SHAKER .......... DESCRIPTION
LOCATION

FIGURE
NO. OF
MODAL PLOT

4

61.17

70. 93

°.

32.26 RH

46.74

60.91

79.6O LH
80.27 RH

I1., IR

2L., 2R

21.,2R

2L, 2R

FIRST BENDING

MODE SHAPE SIMILAR

TO TORSION. MODAL
AMPLITUDE APPROX.
113 THAT OF REAL
TORSI ON.

MODAL RESPONSE
BARELY ABOVE NOISE
LEVEL

FIRST TORSION

15

16

AN:I'I SYMMETR IC

1

2

38.60

86.50

2L 2R

2L, 2R

FIRST BENDING

FIRST TORS ION

17

18
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TABLE 4. SU_iARY - YF-12A CANARD EXCITER VANE FLIGHT TEST PROGRAM

TEST SUMMARY

FLIGHT TEST MACH

NO. ID POINT NUMBER KEASDATE

11-22,-78

12-1-78

1 935-137 1 O.70 400
2 0.95 400

2 935-138 1 O.70 400
2 0.95 400

3 935-139 1-24-79 l
2
3
4

5
6
7
8

4 935-140 2-16-79 1
2
3
4

5 935-141 3-8-79 1

2

3

4

6 935-142 3-15-79 1

2

3

4

O.?O
O.?O
0.70
0.95
0.95
0.95
1.25
1.25

2.00
2.00
2.00
1.25

2.00
2.70

• 2.70
2.00

2.00
2.70
2.70
2.00

400

360

33O

400

360

330

400

360

400

360

330

330

• 400

40O

336

4OO
400
345
330

TO 338

NOTES

SYSTEM CHECKOUT

SYSTEM CHECKOUT. USED
SPECTRUM ANALYZER FOR ON LINE
DATA REDUCTION

PITCH SAS OFF

PITCH SAS ON
PITCH SAS ON
PITCH SAS ON
PITCH SAS OFF

PITCH SAS ON
PITCH SAS OFF

SYSTEM SHUTDOWN. NO TEST

PITCH SAS ON
PITCH SAS OFF
DIFFICULTY HOLDING KEAS
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TABLE 5. VANE GROUND TEST PROGRAM

TEST TYPE TEST ITEM PURPOSE

LOAD- DEFLECTION VANE_iNST_,LLATION CALIBRATION- SAFELY SYSTEM
................... • .................. i ---- r ....

GROUND VIBRATION VANE INSTALLATION VERIFICATION - FLUI"rER ANALYSIS

GROUND VIBRATION AIR'PLANE VERIFICATION " A[RFR_.ME I_ESPONSE
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TABLE 6. YF-12A SYMMETRIC VIBRATION - MODE AND FREQUENCY COMPARISON

MODE

i
2

3

4

5

6

7

NASA TM 18 JAN 1979

X-2880 CHECK TEST MODE DESCRI PTION

TEST (Hz)

3.40

4.10

6.70

8.10

8.70

I0.50

12.20

(Hz)

3.50

4.20

6.55

FIRST WING - FUSELAGEBENDING

SECOND WING - FUSELAGE BENDING

THIRD WING - FUSELAGE BENDING

7.80

10.45

12.40

FOURTH WING - FUSELAGE BENDING

RUDDER - FIRST BENDING

OUTER WING - FIRST BENDING

OUTER WING - OUTBOARD ELEVON
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TABLE 7. SUMMARY OF NASTRAN PROGRAM ERRORS

PROBLEM AREA - SOLUTION

USER TAPES (INPUTI MODULE)

USER TAPES (OUTPUTI MODULE)

LINEAR SPLINE

PROGRAM CORRECTION MADE

PROGRAM CORRECTION MADE

NO ALTERNATIVE PROGRAM

DLSLIN AERODYNAMICS

MACH BOX AERODYNAMICS

PISTON THEORY AERODYNAMICS

P-K FLUTTER ANALYS IS

NO ALTERNATIVE PROGRAM

USE LOCKHEED FAMAS PROGRAM

PROGRAM CORRECTION MADE

USE LOCKHEED FAMAS PROGRAM
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TABLE 9. FUEL TANK LOADINGS (LBS.)

INERTIA
CASE

Wi

W2

W3

W4

W5

TANK
1

.2400

365O

750

350

3OO

TANK
2

28O0

0

0

350

300

TANK
3

9750

TANK
4

8800

950o z3so
+

2750 650

_50

9950

TANK
5

14200

1250,

505o 12750

1200 15OO

TANK

6

12200

1O620

11350

124OO

lZ4OO
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TABLE ii. YF-12A REDUCED FREQUENCIES

MACH FREQUENCY

0.70

0.95

1.25

2.00

2.70

0.0
2.42
3.28
5.25
7.97
9.76

0.0
2.55
3.16
5.57
8.33

10.51

0.0
2.68
3.38
5.84
8.82

11.60

0.0
2.56
3.18
5.56
8.33

10.71

0.0
2.56
3.70
5.64
8.61
9.02

REDUCED FREQUENCY

0.0
0.3738
0.5115
0.8149
1.2114
1.4998

0.0
0.3110
0.3940
0.6855
1.016
1.2573

0.0
0,2614
0.5661
0.3261
0.8746
1.1303

0.0
0.157
0.194
0.342
0.511
2.0

0.0
0.116
0.167
0.257
0.393
0.409
2.0
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Figure i. YF-12A Aircraft with Canard Exciter Vane
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EXCITERVANE-/_JE_-END PLAT_

THROUGH BEAM

\

FS

301

Figure 4. Canard Exciter Vane Installation
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Figure 28. Fuel Compartment Configuration
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SCRLE = l/ 150

Figure 30. YF-12A Doublet Lattice Lift Distribution, Mach .70
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Figure 30. YF-12A Doublet Lattice Lift Distribution, Mach .70
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Figure 31. YF-12A Doublet Lattice Lift Distribution, Mach .95
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99



SP 5625

_ v A

iv A

qP

SCALE = II 150

Figure 33. YF-12A DLSLIN Lift Distribution, Mach .70
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Figure 34. YF-12A DLSLIN Lift Distribution, Mach .95
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Figure 34. YF-12A DLSLIN Lift Distribution, Mach .95
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5CRLE = I/ 150

Figure 37. YF-12A Kernel Function Lift Distribution, Mach .95
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Figure 37. YF-12A Kernel Function Lift Distribution, Mach .95
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SCALE = II 150

Figure 39. YF-12A Mach Box Lift Distribution Mach 1.25
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Figure 41. YF-12A Piston Theory Lift Distribution, Mach 2.0
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Figure 41. YF-12A Piston Theory Lift Distribution, Mach 2.0
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