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RESEARCH OBJECTIVES

The main objective of this research was to investigate alternative

modeling techniques to simulate the transient dynamic response of partially

nonlinear structures. The research proposal was based on the Summer

research performed by the Principal Investigator during his 1981 SFRP

research associateship at the Flight Dynamics Laboratory. A hybrid solution

method for the efficient transient analysis of partially nonlinear

structures was formulated during the SFRP research. The purpose of the

present research was the implementatijn of the hybrid method and its

comparison witt standard time-history analysis and test data.

The first aim of the current research was to numerically investigate

the hybrid solution method by applying it to a simple two-dimensional

vehicle structure that was assumed to be taxiing over a irregular profile.

Parametric studies with variations in the refinements of time domain dis-

cretization, modal decoupling, duration of transient simulation and

modeling accuracy were aimed to evaluate the hybrid method as compared to

time-history analysis.

The second task of this research was to use actual stiffness and mass

data of a specific aircraft which had been tested. The nbiective of this

last phase was to compare the method with test data and to assess its

practical usefulness in simulating taxiing aircraft. Stiffness, mass, and

modal data for a specific aircraft was provided by the Flight Dynamics

Laboratory. Aooession For
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STATUS OF THE RESEARCH

A summary of the subject research is condensed in the two papers that

are appended at the end of this report. Appendix I consists of a paper

entitled "Dynamic Simulation of Structural Systems with Isolated Nonlinear

Components" that will be published in the 53rd Shock and Vibration Bulletin

in May 1983. The paper summarizes the formulation for transient analysis

of a taxiing vehicle with a nonlinear suspension system. In numerical

implementations, the vehicle is assumed to be a simple beam, idealized by a

finite number of bending elements as shown in Fig. 1, Appendix I. Dynamic

forces internal to the vehicle were simulated by a time-history analysis

procedure using the TAXI program developed at FDL. Some modifications were

made to TAXI to compute the internal forces in the beam vehicle. The same

internal forces were also computed by the hybrid method as explained in the

paper. Figs. 2 through 10 depict transient simulations by the two methods

for different modal contents as implemented in this research. The major

practical difficulty encountered in the numerical implementation was the

requirement of large computer storage space in the hybrid method to store

the modal time histories separately before final superposition. The needed

computer storage space was proportional to the total simulated transient

response period, as well as the number of modes considered and the refine-

ment of the time stepsize. Thus, it was not possible to refine the hybrid

method to the same stepsize as in time-history analysis. In the plots

shown in the Appendix I paper, the time stepsize in the hybrid method is

eight times coarser compared to the time stepsize in time-history analysis.

The purpose of the paper is to compare the hybrid solutions with respect to

one another to demonstrate the validity of the modal decoupling assumption.
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Comparison of hybrid simulations with time-history analyses can only be

considered valid on a qualitative basis in matching the general character-

istics of the two solutions. The computer memory constraint encountered in

this research has indicated a new direction for the reorganization of the

hybrid method to render a more practical numerical procedure. In future

implementations of the hybrid method, the total transient response analysis

time period will be subdivided into more convenient smaller periods to

reduce the computer storage requirements and to make the hybrid method more

interactive with time-history analysis. This avenue for future development

of the hybrid method is indicated in the last paragraph of the Appendix I

paper.

Appendix II consists of another paper entitled "Transient Response of

Taxiing Aircraft" which is to be published in the Proceedings of the 24th

SDM Conference in May 1983. This paper summarizes the work performed for

the second task of the reported research. Modifications were made in the

TAXI program to compute the wing root shear force and bending moment by

summing up the applied loads and inertial forces on the wing of a tested

aircraft. The nonlinear suspension forces are computed by TAXI and compared

with test data to ascertain the reliability of the basic time-history

suspension forces. The wing root shear force and bending moment for which

test data is available are simulated using TAXI and the hybrid method

similar to the Appendix I paper. TAXI simulations are generally closer to

the experimental results. Nevertheless, for the majority of the peak

dynamic loads, the test results fall between the TAXI and hybrid

predictions. It is expected that TAXI and hybrid simulations will converge

to the same solution with additional numerical and procedural refinements

that are contemplated for the hybrid method in the future. Currently, a

3



Master' thesis is in progress in which the computer storage problem is

being addressed within the implementation of the present hybrid method.

Once the numerical accuracy of the hybrid method is upgraded, other

considered applications include the utilization of the procedure with a

general purpose dynamic analysis program for the transient analysis of

various struLtures with distinct nonlinearities such as space structures

with nonlinear attitude control devices or building structures with non-

linear fuse elements under seismic loading.

In summary, research results and conclusions can be stated within the

following five items.

1. The hybrid analysis method has been implemented for the complete
transient analysis of taxiing vehicies with nonlinear suspension
systems.

2. The fundamental assumption of modal decoupling between the suspension
response and the high frequency vibration modes has been verified.

3. Even though the implemented hybrid method was not to the same numerical
accuracy as the reference time-history simulations, the hybrid
solutions are stable and realistic in comparison with test data.

4. Test results are in general contained within the time-history and
hybrid simulation results.

5. To overcome the computer memory constraints the hybrid method should
be reorganized and applied separately to smaller subdivisions of the
total transient analysis period.

4
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DYNAMIC SIMULATION OF STRUCTURAL SYSTEMS

WITH ISOLATED NONLINEAR COMPONENTO

Levon Minnetyan
Clarkson College of Technology

Potsdam, New York

John A. Lyons
Niagara Mohawk Power Corporation

Syracuse, New York

Tony G. Gerardi
AFWAL / FIX

Wright-Patterson AFB, Ohio

Transient analysis of complex structural systems that :ontain both
linear and nonlinear elements often presents a formidable compu-
tational problem. Nonlinear constitutive relationships in one or
more of the structural elements necessitate a cime-history
integration of the equations of motion for the entire structure.
Time-history analysis is usually carried out in terms of a limited
number of generalized modal coordinates for the elastic sub-
structure. However, a limited modal content is not sufficient to
simulate the detailed structiral response. To overcome this draw-
back a new hybrid method is formulated for the detailed dynamic
analysis of complex structures. The new solution procedure
incorporates a time-history analysis of the nonlinear response
with a frequency domain analysis of the linear modes. The
frequency domain analysis uses a larger number of modal coordi-
nates to realistically simulate the details of structural response.
The basic modal decoupling assumption of the hybrid method is
studied by numerical application of the method to a simole elastic
vehicle with nonlinear suspension properties, taxiing over an
irregular profile.

INTRODUCT:ON structure. Typically, nonlinear eie-
wents are connected to the remainina

A new hybrid method is developed linear elastic substructure at a sma-.
for the complete simulation of the number of nodes. Furthermore, the
transient response of certain response of the nonlinear elements is
structural systems with specially primarily affected by the lowest or
designed nonlin0?r anergy absorption most fundamental frequencies and modes
and attitude control devices. many of vi)-tion -) the l'near sub-
complex systems contain both linear and structures.
nonlinear structural components. The
types of structures that are particu- The most immediate and relevant
larly addressed in this paper are those example or such a dynamic system is an
with mostly linear characteristics, aircraft taxiing over an irregular
However, significant nonlinearities surface. Dynamic simulation of air-
exist in some limited regions of the craft taxiing behavior requires a c:.e-

history integration of the equations of
motion because of the typically non-

Research sponsored by the Air Force linear nature of the suspensicn strut
OResearch sponsored Rebythe Air rceproperties. Nevertheless, the vehicle
Office of Scientific Research, Air superstructure can .be assumed to
Force Systems Command, USAF, under spondrlinea fo ast t.
Grant ! umber AFOSR-82-0216. The respond linearly for Ml st ailrcraft. In

United States Government is authorized theory, it s posslble to simulate thet

to reproduce and distribute reprints dyami c tunal behavior eleiect

frGovernmental purposes notwithstand- dynamic anal-Ysis of a finiza elementfor Ioenetlproe owtsad model. However, the transent response
ing any copyright notation thereon. m
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analysis of the full finite element frequency vibration modes with numerical
model is prohibitively expensive, reliability within the conotraints of
Also, past experience has shown that time-domain discretization. It would be
such analyses of complex structures can necessary to decrease the time increment
be numerically unreliable. The by several orders of magnitude to simu-
alternative to a direct finite element late the higher frequency modes con-
analysis is modal decomposition with sistently. Such refizament of the time
substructuring that is being widely step with the addition of a greater
used at oresent for the simulation of number of modal coordinates makes the
aircraft taxiing response. Nonlinear time-history analysis approach prohibi-
terms are excluded from the dynamic tlvely expensive for design calcu-
equations by substructuring. For the lations. A reliable and efficient
linear suostructures the vibration method is needed to simulate total
eigenvalue proolem need be formulated structural response for comparison with
only once at the beginning of the time- critical stress limits or to estaolisn
history solution. The modal super- relevant design criteria.
position method is used for a change of
basis from n nodal to o modal coordi- To accolish this task, a hybrid
nates, p < n, prior to the time-history analytical method is :ormuiated; aimed
solution. The contributions of the at defining an optimal solution patn
nonlinear terms are treated as coordi- that will reliaoly redict dnamic
nate forces that are evaluated during response. The method incorporates a
the numerical integration of the time-history analysis for the nonl inear
equations of motion. :f the objective response with a frequenc'' dmain
of the time-history simulation is to analysis of the linear modes. First the
predict the nonlinear suspension strut time-hist'.' analvsts inc1udna tne non-
forces, the modal superposition series linear comoonents and a small number :f
can be truncated after a few modes linear modes is conducted. Part-a.
since the higher frequency vibrations decoupling of the nonlinearities from
do not affect the suspension response. the rest of the structure consttutes
Nevertneless, the dynamic response of the second step. The remainina linear
some of the critical structural dynamic subsystem is analyzed through
components may be significantl' the frequency domain under external
affected by high frequency modes. The forces and interactions from the non-
necessity of including higher frequency linear components.
vibration modes is especially relevant
when force-related quantities such as The numerical objective of this
internal loads are being estimated. paper is to validate the fundamental
Structural coordinate displacements can assumption made in the new hybrid rtu-
be expressed as the product of the mode lation. The numerical results presentcd
shape matrix and the modal amplitude are chosen to corroborate partial de-
vector. On the other hand, the coupling as a realistic procedure. Not-
structure elastic forces can be written withstanding with the fact that the new
as the triple matrix product of the method is envis- -d as a means for
structure mass matrix, mode shape efficient dynamic simulation for complex
matrix, and a vector of modal dis- structures, the first numerical appil-
place-ts that are multiplied by the cation is made to a rather simole two-
square of the corresponding modal dimensional beam vehicle that is taxiing
frequencies. Since each modal contri- over an irregular prnf~le. The choice
bution is multiplied by the square of of a simple beam to represent an elasti:
its natural frequency, the higher vehicle is to have complete assurance
frequency vibration modes are more and control on the finite element model
important in simuiating furcez -..an during this first stage validation of
displacements. If the transient the hybria ,teChod. Tt, -::'-ts show a
behavior of such high frequency reasonable justification of the modal
response quantities is to be predicted decoupling assumption and indicate
the original physical model must be possible directions of research for the
sufficiently refined to yield meaning- improvament and development of the
ful vibration information on the high method.
frequency modes which must be included
in the modal superposition series. Although the hybrid simulation
However, even if the high frequency method is examined primarily with
vibration data is available to the reference to the taxiing vehicle
required accuracy, the time-history problem, it should be noted that other
analysis is not a useful technique to examples of physical systems can also he
simulate the dynamic response of found in the same dynamic catecor. :n
structural components that are affected (eneral any combination of linear
by the high frequency modes. It is not elastic substructures coupled together
practical to include the higher by nonlinear energy absorption and

8
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dissioation devices can be analyzed The nonlinear effects can be expressed
with the de j.uoed oethod. Specific as addi:.cna' cocrdinata loads:
examples --..lude earthquake rezistant
Ouild*' .c incorporating nonlinear N L "
"Saif Fuse" elements and space "L
stiuctures that are composed of linear
elastic substructures assembled to- the equations of nam -,c ecuil~briun are
gether by means of nonlinear couplers writ:en as
that absorb vibration energy and are
used for atti:ude control adjusr-nents. [m I]' u k u=..-"

FORMULATION OF THE NONLINE.AR PROBLM The effectcve 2NL: las are ietari..ned
at each1 =ie step from non-inear

Zn general, the structure nodal
:oordinate dynamic equilibrium cimooneno propertces.
eauam;ons can bewritten ase sasTo change the solution oasis from

[in] nu: - [c] :n k du = 30(1) nnoda :p toda coorcinates, ! n'
an ortnaocna- :ransaornma,:cn 'a written

where u = -. " 3)

= structure nodal coordinate nx= x.
mass matrix where - are the :e:era-lzed -m11 :c-

ordinates and " s :ne mode anape
i:st of nodal coordinate dis-
placements matrix whose zoInns ace tne :nconaeigenvectors : :f the ,'cbrati n

structure damoin acrix oroblem defined by

K = structure oiecewise linear m I
zancent stiffness matrix
(includes both constant and where is tne natura frecue.-'---
zariable stiffness spondino to n -o
oefficients) need be formulated on> once at tae

beqinninq of time-nistcr'. 3na-'sis due
P' list o external loads to the exclusion of the 'ariable

components from the stiffness matrix
Ta. (!) is not convenient for . : . The equaticns c: motion can ze

reoresentator. in terms o an orthoco- wrtten .n modal coordanaces
al .ncdal basis. When the structure _
stiffnebs .oatrix is reassembled at each [M] CP="-
solution step, it becomes also PXPOx pxox.. zxppx- =xn nxl

necessar' to redefine and reanalyze the
vabration eigenvalue problem. where

The transformation to modal = enera'-:et mass Matrix;
:oordinates becomes oractical on!' if,
the nonlinearities are accounted for in
terms of additional effective loads. , modal Lampin: 7natax;
To achaeve this, the total stiffness 2
matrix [k] in Ea. K') is seoarated into
its ainear and nonlinear components . 'C = 0odal st ffness

K =AM ., K. -

= [k0 . rk L (2) - :h modal damping ratio

where
The time-ha'story'" Intecracion o: tne

= constant linear elastic equations of motion can now ce

stiffness matrix accomplished more effzicenty, in terms
of the modal coordinates. :t shouLi be

nN L, noted that a.thuh time-hastcr -nte-It non--,near stiffnesses whi:h :

deoend on the state of :rat:cn ' cerrorned usona One mcua
defcrmataon crdnates, some nodal -isolacemenns

must be calculated at each tlme ste: -7
statutino Z:. (2) i . (1) e., a uate -ne effect';%e -jad vectcr p.-

in . W. Genera'IT this does no:
(cl . [k9 u'u +fk ] 'u. P .  1) pose i croblem sonce the e fe tive :ads

usual', 1c onI :t a sial nmer z
rodal 7ccrban~aleS.
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It is relevant to take note of the structure coordinates due
modeling requirements for the free to a unit displacement of
vibration problem of a linear sub- the corresponding rigid
structure within the context of the body coordinate.
orthogonal formulation given by Eq. (8).
Zn Eq. (8), each linear substructure is [xJ = mode shape matrix of the
considered separately from the flexible modes. Each
surrounding nonlinear components. The column of [LWF represents
interactive forces between a sub- a mode shape vector.
structure and its surroundings are
considered as external loads at the sub- q = flexible mode amplitudes
structure boundaries.

The linear elastic substructure is The superposition equations, Eq.
represented by a finite element model (9) may be combined into a single
that consists of a number of nodes matrix of rigid body plus flexible modal
connected by idealized discrete ele- influence coefficients
ments. The required refinement of the
finite element model depends upon uR
structural 7aometrv, boundary con- .u, = 0
ditions and applied loading. The R n

vibration eigenvalue problem for the nxl nxp pxl

linear substructure is defined by Eq. defining new symbols for the comnned
(7) . In order that the modal equations, matrices
Eq. 18), be entirely orthogonal includ-
ing the rigid body modes, the stiffness
k°j and mass [mI matrices in Eq. (7) U(

are defined for the unconstrained which is the same as Eq. (6)
structure. In. Eq. (7) the mass matrix should be noted that the rigid body
s positive definite, the stiffness modes must have the specific scales to

matrix is semi-definite. Another rnder the generalized oass equa :o
requirement for the orthogonality of the the physical mass or inertia of the
elastic vibration modes to the rigid thesia rass o t oe.
body modes is the definition of the mode corresponding rigid body mode.

shape vectors u): in Eq. (7) relative to Accordingly, in Eq. (9) if ui is in the
the dynamic center of mass of the same direction as the ith rigid bodyflexibletsuThe dynamicmode u then is the moment armflexble substructure. The dynamic f u rom the tn rigid body rotation
center of mass can be defined as the o f tsr[o i

instantaneous center of structural mass axis( 2 .

during dynamic response. The behavior COMPUTATION OF STRUCTUPAL RESPCNSE
of the dynamic center of mass is
described by the rigid body modes of The first ste? is the computation
motion. Thus, the dynamic center of of time-history response of nonlinear
mass will remain stationary during free components. A time-histcry integration
vibrations of an unconstrained of the modal equations of motion, Eq.
structure [2]. (8), is performed including a small

In general, any structure number of modes that are sufficient to

coordinate displacement can be expressed represent the flexible deformations of

as the sum of rigid body displacement the elastic structure for the purpose

contributions plus the effect of elastic of estimating the behavior of the non-
strutral deformations. efetf elastic linear components. Although the mass,deformationscan be expressed in terms of damping and stiffness matrices are
dheoamatons an beexressed inateo diagonal in Eq. (8), tne time-history'
the amplitudes of flexible vibration integration of the equations must
modes. If we write the modal super-
position equations for all structure rogress simultaneously since the
coo dinates in matrix form then equations are coupled with PN nonlinear

terms on the right hand side.

= i 'UR: + -F1  9 After the time-history

determination of the nonlinear forces
where the total structural response is

evaluated through the frequency domain.
R vector of rigid body The basic requirements for a frequency

displacements domain analysis are that the non!-near
interaction forces are known and the

R= vector or rigid body modal linear systems are represented by ortho-
influence coefficients. gonal generalized coordinates. At this
Each column of [r Lists stage a much grea'er number of modes :an
the displacements at be included to represent the linear

10
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substructure in detail for the determi- given by (lj
..ation of its internal response due to -
the numerical stability and er:iciency t) = = 1( )C.(. )e n
of frequency domain analysis. a2 j - -

The time-hisuory dynamic forces, or sinc. n nnA and .1 IN (16)
including the nonlinear interaction
forces, acting on the linear sub- N= (2
structure are first converted to the (t) i (n)C.(n+L)-i (17)
frequency domain by Discrete Fourier i2n. - -
Transformation (OFT) . The OFT coef- Both the DFT harmonic amolizude coef-
fice,ts are defined as (11 ficients of the generalized forces, Eq.

N-1 -2-int/N (12), and the IFT to solve for
C () = At :F(t)e generalized displacements, Ea. (17),

t=O can be rapidly generated b-y modern Fast

nG, ... , L1 (i2) Fourier Transform (FFT) alcorr hms.

Modal accelerations can be evalu-
whe r e ated from the second time derivative of

-- Eq. (17)

't = T/N 4 I NC(
j 2 n O Hj (nl) C (n+ )

T = total time period
considered (includes an -42r2 -int/N
attached neriod of F(t) U3) = e (13)
0 to cake into account the
periodic nature of OFT)

The structure nodal coordinate
N = number of discrete time displacements canb. obtained from the

intervals in T modal superposition equations

= forcing frequency (u(t)'} = L"] -t)9 (19)
nxl nxp 'pxl

C(:) = coefficients defining thediscretized harmonic Other resonse carameters such as

amplitude functic' stresses 0: loads deveioped in various
structural components can be evaluated

The Comolex-Freouency-Re=ponse- directly from the displacements. For
Function (CFRF), Hj(,n), for each jth example, the elastic forces If' which
aenerslized structral mode under the resist the deformation of the structure
forcing frequency n is defined as [1] are given directly by the displacementsand the structure stiffness coef-

H( ) I (1) ficients.

i C.. + K. f(t) ' = [k°] {u( :)I )k
0

where An alternatiie expression for the
elastic forces can be written in terms

i =of the structure mass matrix and
natural frequencies. Expanding Eq. (22)

. C K jth generalized modal in terms of th,. modal ccntributions
MCKjj mass, damping, and

stiffness, ff(t)} = (k° ]. C 1 1 (t) + Ck°1,: 2 -2 (t)
respectively

For the rigid body modes C. = K. " (t) (21)
= 0, and

Substituting Eq. (7) in each term of
.(.n) = -i (14) Eq. (21)
H (n) -2 (142

n f (t) . = ,n)-1t

It can be shown that the total resoonse 2 " ( (22)
of a system to any forcing input can te '
written by means of Inverse Fourier
Transformations (IFT). The displace- Combining back :nto matrix form
mentz of the .th modal coordinate are

1i
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2 ships are used to represent the
(ftt) = (ml (] (, j (t) (23) suspension gear properties. Each

suspension strut force is represented
where -, (t) represents a vector of as the sum of pneumatic spring force,
modal amplitudes, each multiplied by hydraulic damping force and strut
the square of its modal frequency. friction force. The procedures in the

existing FDL-TAXI program aze used to
In Eq. (20), if (kO] is the sub- model the suspension system similar to

structure stiffness matrix and 'u(t).- that of a typical fighter aircrazt 4].
is the list of substructure coordinate
displacements then f(t) are the total Prior to the transient analysis it
elastic Zforces at the substructure nodal is necessary to define the vibration
coordinates. To obtain the internal problem and to determine the uncon-
stresses at particular locations in the strained vibration modes and the
substructure, the elemental stiffness natural frequencies of the linear
matrices and the corresponding element vehicle substructure. The vibration
vertex displacements are used. problem for the unconstrained vehicle

is solvua by an eigensolut!on algorithm
f'(t): = Ck'] (u_(t) (24) b,'sed )n the generalized Jacobi methcd

with eigenvalue shifts [1] . The so-
where prime indicates the quantities lution of the eigenproblem supplies the
that are defined with respect to vibration mode shape, natural frequenc-':
elemental vertex coordinates, and generalized mass data which is

needed both in time-history and
APPLICATION TO TAXIING VEHICLE frequency domain analyses. Once the

free vibration properties are
The basic premise of the formu- determined, nonlinear time-history simu-

lated hybrid method; that the response lationsare made using various dimensions
of the nonlinear components is influ- for the modal basis as defined by Er.
enced primarily by the most fundamental (8). Two percent modal damping is
vibration modes and frequencies must be assumed for each flexible mode. For rhe
verified by numerical application of simple vehicle model with 12 elements
the method to a model problem. A simple and 26 geometric coordinates a maximum
taxiing vehicle model is used to compare of 14 modes are considered including 2
the new method with time-history rigid body modes and 12 flexible modes.
analysis and to validate the practi- In theory it would be possible to
cality of partial modal deccupling. The include the entire set of 26 modes.
physical model consists of a two- However, it has been found that the
dimensional simple beam vehicle taxiing vibration problem solution for the
over an irregular profile. The choice higher modes is susceptible to numerica
of a taxiing vehicle example at this inaccuracies. It has been observed that
first stage of numerical verification only the first half of the vibration
is due to the availability of the FDL- modal data is numerically reliable (5].
TAXI program that is used for time- Accordingly, time-history simulations
history analysis. The FDL-TMa program are made using 4, 8 and 14 orthogonal
is a relatively simple program, yet it modes. The vuhicle is assumed to travel
has been validated by comparison to at a constant velocity of 44 ft/sec.
extensive testing. Details of the TAXI The total runway length traveled is 230
program are well documented in reference ft. with a standard 78 ft. Am-2 mat
(3]. beginning at 106 ft. The AM-2 mat is

1.5 in. high and includes 4 ft. linear
The choice of a simple beam to ramos at both ends. The same time

represent an elastic vehicle is to have discretization interval of 0.00025
complete assurance and control on the seconds is used in all time-history
finite element model. The vehicle analyses. This is the maximum dis-
model used is depicted in Fig. 1. The cretization interval which can be used
vehicle is represented by twelve beam to secure numerical convergence with
elements. Individual beam elements are time-history integration when the
taken to be 100 in. long and weigh 4608 maximum number of 14 modes are included.
lbs each with a bending rigidity of With the 14-mode time-history analysis
29x10 8 lbs-in2 . These elemental the vehicle structure geometric
properties are selected to render the coordinate response is also computed for
overall weight of the vehicle compatible later comparison with the hybrid
with the suspension Properties that are results. Internal loads are chosen as
designed for a vehicle of about 55,000 controlling test cases because of the
lbs. The supension system consists of inherent difficulty of oredictlng them
nonlinear, oleo-pneumatic energy on the basis of a small number of modes.
absorption devices. Typica, nonlinear Specifically, the internal bending
landing gear load-deflection relation- moment at coordinate 4 and the shear

12
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forces at coordinates 5 and 9, as discrepancy seen in these comparisons.
referenced by Fig. I, are presented in
comparative results in Fig. 2 through Fig. 3 shows the dynamic response
Fig. 10. In these figures the time of the same internal bending moment at
increment is 0.002 seconds which is the coirdinate 4 as in Fig. 2. However, in
same as the discretization interval in the hybrid method the number of modes
frequency domain analysis and the included in the determination of the
horizontal axis spans 5.2 seconds. The nonlinear strut forces has been reduced
broken lines represent the time-history to 8 from the reference value of 14.
simulations and the solid lines The time-history integration plot
represent the hybrid simulations using remains the same as in Fig. 2, contain-
the time-history nonlinear suspension ing 14 modes. Comparison of the two
forces combined with frequency domain curves in Fig. 3 again shows that the
analysis. All time-history curves dynamic response as predicted by the
(broken lines) are computed on the two methods is characteristical'y n
basis of 14 orthogonal generalized good agreement. Comparing Figs. 2 and
modes used in the TAXI program. All 3, it is seen that the reduction of =he
hybrid curves also use 14 modes in the number of modes in the hybrid analysis
frequency domain analysis. However, in has had very little effect on the
the hybrid method the time-history non- response simulation. A preliminarv
linear forces that are converted to the conclusion may thus be drawn that
frequency domain are computed on the apparently the nonlinear suspension
basis of various number of modes. The response can be represented with negLi-
different hybrid solutions are dis- gible error on the basis of 8 modes as
tinguished from one another on the in Fig. 3, compared to a basis of 14
basis of the modal content represented modes as in Fig. 2. Thus, the comcari-
in their nonlinear force time-history son of the solid line plots of the
inputs. hybrid method from Figs. 2 and 3

demonstrate the validity of partial
In Figs. 2, 3, and 4 comparisons modal decoupling assumption for this

between the hybrid method and time- example.
history integration for the dynamic
response of the internal bending moment Fig. 4 again shows the bending
at coordinate 4 is presented. In Fig. moment response at coordinate 4. The
2 both the hybrid method and the time- time-history integration with 14 modes
history integration are based on 14 and the hybrid solution with only 4
modes. The initial phase of the modes including two rigid body and two
response, which is seen as the rela- flexible modes are plotted for compari-
tively flat portion of the plot, corre- son. It is immediately obvious that
sponds to the perfectly flat portion of the hybrid simulation in Fic. 4 differs
the runway. Theoretically, the dynamic greatly in character and magnitude from
response in this region should not be the time-history solution. It is
different from zero. However, both the concluded that 2 flexible modes are
hybrid and time-history integration simply too few to adequately represent
schemes as implemented in this first the vehicle elastic behavior in the
study are vulnerable to small numerical computation of the dynamic response of
perturbations, seen here as a deviation the nonlinearsuspension struts.
from a zero response. The previously
described AM-2 mat is encountered by Figs. 5, 6, and 7 are analogous to
the taxiing vehicle at time increment Fis. 2, 3, and 4, respectively -n
1205. The dynamic response of interest comparing the hybrid simulations with
appears after the mat is encountered. time-history analysis. The dynamic
The hybrid method simulation (solid response of the internal shear force at
line) is seen to follow the character of vehicle coordinate 5, as referenced by
the response as calculated by complete Fig. 1, is plotted in Figs. 5, 6, and 7.
time-history integration quite closely. Fig. 5 shows the hybrid solution on the
There are differences, however, in the basis of 14 modes. Figs. 6 and 7 show
peak values as predicted by the two the hybrid solution on the basis of 8
methods. It is not known at this time and 4 modes, respectively, included in
which solution gives a better estimate the determination of the nonlinear
of the peak values. However, it is suspension forces. The numerical
expected that the time-history solution perturbations discussed in Figs. 2, 3,
will overshoot the peaks because of and 4 are similarly present in Figs. 5,
numerical constraints and the hybrid 6, and 7. Nevertheless, comparing Figs.
solution may flatten them out. it is 5 and 6 it is again observed that the 8
expected that improvement in the mode simulation give as good an aDnrrxi-
numerical algorithms used to obtain both mation as does the 14 mode simulation.
the time-history and frequency domain Also, the 4 mode simulation is again
analysis will eliminate much of the inadequate as can be seen from Fig. 7.

13
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The dynamic response of the in- and efficient analysis tool. Specifi-
ternal shear force at coordinate 9 is cally, more information must be
shown in Figs. 8, 9, and 10. obtained on numerical requirements such
Coordinate 9 is of special interest as the maximum time-step size
because it is the attachment point for constraint to achieve reasonable
the main suspension gear strut. Fig. 8 accuracy and the modal content needed
shows the hybrid solution with 14 modes. 'or a realistic solution for large and
Figs. 9 and 10 show the hybrid solution complex systems. Studies must be done
with 8 and 4 modes, respectively. From to better understand the nature of
these three figures it is seen that the partial decoupling of the nonlinear
numerical perturbations in the initial component response from the higher
smooth profile differ significantly frequency vibration modes of the linear
from zero. However, comparison of this substructure. In this regard the extent
response as predicted by the hybrid of decoupling which could be expected
method in each of the Figs. 8, 9 and 10 to occur in actual complex structures
shows that these non zero perturbations must be determined in a realistic way.
are most likely contained in only the In the study presented in this paper
lowest modes, possibly the rigid body the model structure was a simple 26
modes. Even though the response degree-of-freedom system and the non-
differs from the expected zero response linear component response wasin the initial phase, the character of adequately represented by one quarter
the hybrid response curve still follows of the flexible modes. However, in
the general character of time-history larger and more complex systems, the
simulation plot. As before, there is required number of modes for simulation
virtually no difference between the of the nonlinear forces is not expected
hybrid simulations containing 14 and 8 to increase in proportion to the degree
modes, as depicted in Figs. 8 and 9, of complexity of the problem. The non-
respectively. Again, however, the 4 linear response is expected to be
mode hybrid response of Fig. 10 is contained within the lowest 12 modes
inadequate for predicting the dynamic even for very large systems. This
behavior, assumption must be verified through

extensive testing of the new hybrid
CONCLUSION method.

The basic premise of the hybrid Finally, as a result of the
method, that the nonlinear response in a particular numerical insight gained in
structure with discrete nonlinear this paper, it seems appropriate to
components is influence primarily by the contemplate the reorganization of the
low frequency vibration modes of the hybrid method to act more interactive!y
linear substructure, has been verified with time-history integration. Namely,
in a preliminary way. In the case of a piecewise linear hybrid iterative
the vehicle model which has been the method is envisioned in future work _n
subject of numerical work in this paper, which nonlinear time-history integration
the nonlinear component response was and linear structural analysis proceed
successfully modeled by including only in parallel with mutual checking and
six flexible modes or one quarter of corrections.
the total number of flexible modes of
the linear substructure. It is thus REFERENCES
concluded that the postulated partial
modal decoupling of the nonlinear 1. Clough, R.W., and Penzien,
components from the linear structure Dynamics of Structures, McGraw-Hill
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must be included to adequately represent Faculty Research Report, September
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greatly reduce the computational effort of Flexible Aircraft Resoonse to
required in dynamic simulations. Svnmetrical and Asvmmetrial Runway
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The promise of the hybrid method Flight Dynamics Laboratory, Wright-

has been demonstrated, however, the Patterson AFB, OH 45423, August
results reported in this paper must be 1977.
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method can be developed into a reliable
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APPENDIX II

Transient Response of Taxiing Aircraft:

A paper to be published in the Proceedings of the 24th A!AA/ASCE/ASME/AHS
joint Structures, Structural Dynamics and Materials (SDN) Conference, Lake
Tahoe, Nevada, May 2-4, 1983.
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TRANSIENT RESPONSE OF TAXIING AIWCRAFT*

Levon Minnetyan * *

Clarkson College of Technology
Potsdam, New York

Tony G. Oerardi
Air Force Wright Aeronautical Laboratories

Wriaht-Patterson AFB, Ohio

Abstract be included in the model if the behaviors
of other critical vehicle components are

A hybrid method based on standard to be simulated. The necessitv of in-
nonlinear and linear numerical orocedures cluding higher frequency *ibration modes
is developed for the complete simulation is esneciallv relevant if force-rela ted
of structural response for aircraft taxi- quantities such as inertial loads are
ina over an irregular runway. The method being estimated. However, the time-
uses time history integrations of the history Integration tecnnique is not
equations of motion to determine the non- practical to simulate the response all
linear suspension forces on the basis of a =ritical aircraft zomponents; especally
small number of modal coordinates. The those response quantities that are az-
time-history zesults aie zel as inputs to fected by the high frequency modes. :t ;s
a second stage 1inear analysis by which not practical to include the higher
means the more de:a-led structural re- frequency vibration modes with numerical
sponse is computed. The current capabili- reliability within the constraints of time-
ties of the method are demonstrated by its domain discretization. It would be neces-
application to the simulation of a typical sary to decrease the time increment by
fighter aircraft taxiing over an irregular several orders of magnitude to simulate
runway. The results are compared with test the higher frequency modes consistently.
data and direct time-history analysis. Such refinement of the time step with the

addition of a greater number of modal co-
ordinates makes the time-history analvsis

introduction approach prohibitively expensive for
design calculations. A simpie, efficient,

Dynamic simulation of aircraft taxiinc and reliable method is needed to simulate
behavior requires a time-history inte- aircraft total structural response for
gration of the equations of motion because comparison with critical design li:its Z:
of the typically nonlinear nature of the establish relevant runway repair criteria.
suspension strut properties. However, the
vehicle superstructure can be assumed to To accomplish this task, a hvbrad
respond linearly for most aircraft. To analytical method is formulated: aimed at
account for the vehicle flexibility during defining an optimal solution path that
taxiing, the fundamental elastic vibration will reliably predict dynamic response.
modes should be included in the model. if The method incorporates a time-history
the zbjective is to simulate only the sus- analysis for the nonlinear response with a
pension response, the modal superposition frequency domain analysis of the linear
series can be truncated after a few modes modes. First the time-nistory analysis
since the higher frequency vibrations do including the nonlinear components and a
not affect the suspension behavior. For small number of linear modes is conducted.
typical aircraft, the first five to ten Partial decoupling of the nonlinearities
flexible modes are usually sufficient to from the rest of the structure constitutes
accurat-I, predict the dynamic loads in the the second step. The remaining linear
suspension struta. Nonethpless, a signifi- dynamic subsystem is analyzed through the
cantly larger number of flexible modes need frequency domain under external forces and

interactions from the nonlinear components.
*Research sponsored by the Air Force
Office of Scientific Research, Air Force The basic assumptions 'hich permit a
Systems Command, USAF, under Grant Number frequency domain analysis are that the
AFOSR-82-0216. The United States Govern- nonlinear suspension interaction forces
ment is authorized to reproduce and dis- are known and the linear vehicle super-
tribute reprints for Governmental structure is represented by orthogonal
purposes notwithstanding any copyriqht generalized coordinates. A much greater
notation thereon. number of modal coordinates can be ef-

ficiently included in the frequency domain
**Assistant Professor, Civil and Environ- analysis as compared tm time-histcry analy-
mertal Engineerino sis to represent the linear vehicle

+ structure in detail. The time-historv.
Aerospace Engineer, Flight Dynamics dynamic forces acting on the vehicle
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structure are first converted to modal cc- where
ordinates. A standard fast Fourier trans-
form (FFT) algorithm is used to transform [MI = generalized mass matrix
modal force histories to the frequency nC = modal damping matrix
domain. The resulting discretized har- [K = generalized stiffness matrix
monic amplitude coefficients are combined [,] = mode shape matrix
with tne complex freauency response {I- = applied external loading
functions of the orthogonal vibration
modes. The frequency response is trats- The nonlinear load-displacement and load-
formed back to the time domain by an in- velocity characteristics of suspension
verse FFT. The results are the time struts are taken into account in terms o:

histories of the generalized modal dis- the additional F. nonlinear forces that
placements. Superposition of the modal depend upon the displacement and the rate
displacements yields the actual structure of disolacement of the landina gear.
coordinate response. Accordingly, the nodal displacements

corresponding to the landing :ear at-
The hybrid method was first evaluated tachment points must be calculated at each

by its application to a simple two-di- step during time-history integration to
ensional vehicl e that is taxiing over an determine the strut forces. Nevertne-

irrecular profile. Analyses were carried less, it is advantageous =o formulate the
out on the basis of a various number of generalized ';braticn croblem witn tne -n-
ceneralizee vibration modes to validate constrained aircraft struct-re to nake the
the modal decoupli.ig .&euprlon. in the ricid bodv modes orthogonal to the flexi-
present Daoer the application of the ble nodes and render the ceneralized mass
ny rid method tc the simulation of taxiing matrix diagonal. With proper sca_!nc -f
response of an actual aircraft is examined, the mode shape vectors, the zenerallzed
Soecif cally, simulation of an F-4 air- masses corresponding to the rlcid body
-raft is used to demos.trate the practi- modes become the aircraft total mass ano
ca' cf the n'br-d method. A runway mass moment of inertia.1' 3

profle that is similar to that tra-
versed by an actual F-4 test plane is used includino cnll a small numoer ,f
in tne nlimerical model. Internal loads flexible modes (5 to 10) has proven sats-
for which experimental data and sufficient factor'{ in all cases for the time-histor-Y
structural data is available are chosen to simulation of the suspension forces usin
be simulated usnc the hybrid method. The Eq. (1). It has been found that in-
results are compZard with standard time- creasing the number of modes will unduly
history analysis and test data to demon- increase computational effort because of
strate :he usefulness of the hvbrid method the resultino reauirements for the re-
as a czmplementary orocedure to time- finement of the time-integration stez
history anais' , proportional to the increase in the

frequency of the highest mode considered
Although the simulation of a taxiing as well as because of the increased nul.oer

aircraft is cf prime interest, the results of modal coordinates.
of this paper are also applicable to the
transient response aalysis of other In contrast with the success cf time-
surface tracking vehicles with nonlinear history simulations for the nonlinear
suspension systems. Future applications strut forces, the aircraft elastic loads
of tne hybrid simulation technique may In- are more difficult to deter. mine on tne
cude the modeling of large space basis of a small nunber of ceneralizec
structures that will consist of multiple modal coordinates. It is essential to in-
linear substructures with some nonlinear clude the hither frequency modes to repre-
components. Zt is envisaoned that linear sent the more detailed dynamic response
substructures will be attached to one the structure. To simulate specific boa
another by nonlinear energy absorbing structural response it is necessary tc
couplers to prevent vibration propagatlon. have a sufficiently detailed and accurate
Such nonlinear couplers may be needed to model of the aircraft structure to obtain
absorb energy input that is originated by the necessary free-vibration data. It is

attitude control adjustments or by docking often quite difficult to obtain a suf-
space vehicles. ficientlv accurate model of a structure to

yield reliable information on the hjz

frequency vibration modes. However, an
Time-History Analysis equally strong reason for not considering

the high frequenuy modes is the necessary
The first stage of the hybrid analy- refinement in the time domain dis-

sis procedure is the determination of the cretization that makes a time-history
nonlinear dynamic forceq hy time-history aalysis computationally Impractical.
analysis on the basis of a small number of Without the necessary decrease in the time-
orthogonal modal coordinates. The intearation step size the additional modes
equations of dynamic equilibrium for the will make the analysis less reliable. The
aircraft structure are written in terms of development of an alternative to the time-
the modal coordinates rl history analysis is also quite useful for

validating the convergence of time-histor:

fM]iw'+fCj ;, + [K]{f} = fi]T - (1) analysis to the correct solution with
S numerical refinement. The validatory use
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is one reason for the selection of where
Frequency Domain Analysis as the linear
analysis component in the ?resent hybrid M],C , ,K = .h generalized modal
fornulation. In time-histor, analysis mass, damping, and
numerical approximations occur because of stiffness, respectively
discretization in the time domain. In
Frequency Domain Analysis discretization It can be shown that the total re-
is made in the frequency domain. As a sponse of a system to any forcing input
result discretization errors occur in can be written by means of inverse Fourier
opposite directions for the two methods. transformation. The displacements of tne
Thus, if both methods converge to the same jth modal coordinate are given by 2

solution then convergence to the true
solution is verified. Alternatively, the N-! 2-inT/N
two methods can be used at coarser dis- (T)= - 1 N. (nrl) C. (nle (4)
cretizations to obtain upper and lower 2 n=0
bounds to the true solution.

where

Linear Analysis in the Frequency Domain = N
.1 = - = frequency domain dis-

After the time-histcry determination N cretization step size
of the nonlinear suspension strut forces
on the basis of a small number of modal Other response parameters sucn as
coordinates, the detailed analysis of the stresses or loads developed in he
elastic aircraft structure is carried out structure can be evaluated directly from
in the frequency domain. A greater number the generalized modal coordinate dis-
_- modes can be considered at this stage placements. it can be shown that the

without concern for the time domain dis- elastic forces developed due to inertial
cretization refinement. effects during the dynamic response can be

written as 2

The basic conditions that permit a 2 \

frequency domain analysis are that the :f( = [m [
nonlinear suspension strut forces are
determined and the ±inear aircraft
structure is represented by orthogonal where

qeneralized coordinates. At the beginning fc
of the linear analysis, the previously u= dynamic forces at

determined nonlinear suspension forces are structure coordinates

converted to the frequency domain by Dis- [m) = structure basic mass

crete Fourier Transformation (DFT). The matrix

OFT coefficients are defined asl,
2  2 fT) = mode shape matrix

= a vector of modal ampl-

N-)i tudes, each multiplied by

C e)=t : F;-)e-2-in7/N n=0, the square of tne corre-
n-i n -.=0 sponding modal frequency

where Once the dynamic loads (f(T are

determined, any internal loading can be
computed by passing a section througn tne

Lt = T/N selected segment of the structure and

T = total time period con- writing, at each time step 7, equations :f
sidered (includes an equilibrium that include the inertial
attached period of F(t)'O forces ',f( ) as well as other variable
to take into account the and steady state external forces actinz cn

periodic nature of DFT) the structure.

7 = time step number
n = frequency step number
N = number of discrete time Response of Taxiinc Aircraft

intervals in T The application of the developed
= forcing frequency hybrid dynamic analysis procedure to

Cn+'. n) - complex coefficients that taxiing aircraft is the primary sub~ect of
define the discretize, this paper. %urrently the Air Force is in
harmonic amplitude the process of assessing the operabilit-y
function in the frequency requirements for specific aircraft on
domain rapidly repaired runways. 4 It is neces-

sAry to have an analysis capability that
The complex frequency response will determine the total aircraft response

function, H (Ln), for each 4th generalized to possible runway irregularity profiles.
structural mode under the forcing frequency With the use of a reliable mathematical
Wn is defined as 2  

model, parametric studies can be made tc
map out acceptable runway repair patters

I= -3 and tolerances.
--Mj + i n C K

n
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To determine the response of taxiing nonlinear strut forces and the elastic
aircraft, the equations of dynamic equi- load in shear and bending at the wing root
librium are written for the aircraft are computed for comparison with test data
vehicle and the unsprung masses of the and hybrid analysis. Fig. 1 shows a com-
suspension systems. First, ohe nonlinear
time-history analysis is carried out in
terms of the rigid-body and flexible ACTION TIME ISTORY
modal coordinates. Runway irregularity i
induced forces are transmitted through
tires that are represented by vertical TAX: (O modes,

springs. Landing gear unsprung masses Test
transmit the tire loads to the nonlinear I A\
suspension struts. The suspension struts - .f\ I
are multiple level energy absorption and .. \
dissipation systems. Strut forces are
highly nonlinear functions of strut de-
formation and velocity of deformation.
These forces are transmitted to the air- AM-2 Mat
craft vehicle at the gear attachmentpoints. I

a 2 3 4
In simulating taxiing aircraft over TIME C SECONDS

irregular runways, the bounce and the
pitch rigid body modes are significant for
the vehicle. The roll mode is not needed 7 1 Comparison o: TAX:5
due to the symmetry of runway irregulari- with Test
ties. Only the vertical modes are con-
sidered for the unsprung suspension
masses. Vehicle flexibility is taken into
account in terms of the elastic free vi- parison of the main gear fcrce time histo-
bration modes. The flexible vibration ry as determined by TAXI and as measured
modes are determined with respect to the by testing. In Fig. 1 the AM-2 mat is
unconstrained vehicle structure, thus depicted along the time axis as it is seen
makinc the generalized mass matrix diago- from the main gear. The TAXI program is
nal including the rigid body modes. How- quite successful in predicting the main
ever, because the nonlinear forces depend gear forces very accurately despite some
upon all coordinate deformations, the minor differences between the test case
equations of motion must be solved simul- and the TAXI model. The simulated model
teneously. The FDL-TAXI computer program aircraft has slightly different external
is used to perfcrm the time-history inte- stores compared to the actually tested
grations. The TAXI program is relatively plane. Also, the time-history simulation
simple compared to other available general assumes the runway and the AM-2 mat to be
purpose time-integration algorithms. Yet, perfectly smooth. The TAXI simulation
TAXI has been validated by extensive tests represented by the sclid curve in Fig. 1
and yields excellent simulations for the is carried out on the basis of 10 flexible
nonlinear strut forces. Details of the modes. Fig. 2 shows a comparison of t-.is
TAXI program are well documented else-
where.

5

ATIMK T HISTOY
For the validation of the hybrid

analysis method it is desirable to nave a 10 modes
detailed numerical model of an aircraft
for which test data is available. The - 5 modes
data used in this paper pertains to an
F-4 aircraft fnr which some test data is
available and structural data is suf-
ficient only to compute the first ten
flexible modes reliably. Thus the maximum =
number of modes that can be used in the
linear analysis is limited to ten. The AM-2 Mat
aircraft is assumed to taxi at a steady
speed on a symmetrical runway, traversing
a standard 78-ft. AM-2 mat that is 1.5 in. 11 2 3 4
high and includes 4 ft. linear ramps at TINE ( SENDS)
both ends.

Time-history analysis with TAXI is Fig. 2 Comparison of TAXI Simulaticns
carried out twice. First, the analysis is on Basis of 5 and 10 Flexible
performed on the basis of 10 modes; Modes
second, on the basis of 5 modres. The
time-discretization interval is suf-
ficiently small in both cases to obtain with a TAXI simulation that is based on
convergence for the nonlinear strut only 5 modes. As it is easily seen from
forces. The main gear and the nose gear Fig. 2 the two simulations give almost
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iLdentical results. root shear as determined by TAXI and
by the hybrid method. Both curves follow

Fig. 3 shows a comparison of the nose the same pattern but the hybrid analysis
produces higher peaks. In examining Fig.
4 it should be recalled that the wing root
shear is the algebraic sum of all wing

ACTIN TIME HISTORY inertial forces acting in the vertical
direction plus the lift and gravitational
forces acting on the wing and the concen-S -T AX: trated load exerted by the main gear that

Test is attached to the wing. The only forces
calculated in the hbrid analysis are the
inertial components. The main gear forces
are determined in TAXI and the gravi-

-*tational and lift forces are constant at a
constant speed. In this particular appli-
cation the major inertial forces are

VM-2 Mat J always opposing the main gear interaction
with a very small phase difference. Thus

, 2 .I- the fundamental contribution to the trend
ST 2 E3 4 of plots in Fig. 4 comes from the vector

difference between the main gear loading
and the inertial loads. If only the

Fic. 3 Comparison of TAXI Simulation inertial loads were depicted in Fig. 4
the peaks would be lower in the hybridwith Test method compared to direct evaluation in

time-history analysis.

gear dynamic loading simulation with Fig. 5 shows the same curves as in
experimental data. The solid line in Fig.
3 actually consists of two curves repre-
senting TAXI simulations with 5 and 10
modes. These simulations are identical ACTION TIME HISTORY
enough to produce the same curve in Fig. 3. 1 1 1 1
The agreement with test data in Fig. 3 is Hybrid
not as good as it was for the main gear
loading simulations. This is probably due
to the more sensitive nature of the nose - Test
gear that may be easily influenced by
small irregularities on the actual test
runway. However, this difference does not 0
impose a significant impediment for the
rest of the analysis as the nose gear load
is not very influential in affecting the AM-2 Mat/
response characteristics of critical
structural components. In Fig. 3 the AM-2 2 . 3 4
mat is shown as it is observed from the TIME ( SECONDS)
nose gear.

Fig. 4 shows a comparison of the wing Fig. 5 Comparison of Analyses with
Test

ACTION TIME HISTORY Fic. 4, with the test results superimposed.
I It is observed that test results fall

S- Hybrid1 between TAXI and hybrid simulations for
TAXI' six out of nine peaks. Using the average

value at each extremum location would ove
-* a better assessment of the maximum shear

load measured by testing.

Fic. 6 shows a comparison of the wing
root bending moments computed by direct
evaluation in the TAXI program and hybrid

AM-2 Mat J analysis. Both methods are based on 10

I I I flexible modes. In this case there is a
t t 2 3 4 more significant difference between the

1ME ( SEflONOS ) two predictions. Fig. 7 is the same as
Fig. 6 with the test results superimposed.
It is again observed that the test results

Fic. 4 Comparison of Hybrid and TAXI fall between time-history and hybrid
Simulations evaluations. It appears that the standardTAXI program can predict the test response
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ACTION TIE H Y structure. Accordingly, time-history
analysis is cuite satisfactory to evaluate

I these internal loads. The fundamental
- brid appeal in the hybrid formulation is the

I capability to evaluate the dynamic re-TAX I TAXIsponse that is influenced by the higher

I ifrequency vibration modes, without the
/need for excessive refinement of the time-

domain discretization step size.

VDespite the inappropriateness of the
simulated dynamic response quantities for

1-2 Mat a demonstration case with the hybrid
I ianalysis method, it has been shown that
2 3 4 the hybrid method can be used along with

TIHE C SEQNDS ) time-history analysis to obtain a measure
of convergence of the solution to the true
dynamic response. From a different per-

Fig. 6 Comparison of Hybrid and TAXI spective, it can be stated that the time-
Simulations history and hybrid analysis methods can be

used to estimate upper and lower bounds to
the peak values of the dynamic response.
This paper represents a first attempt to
evaluate the hybrid method in comparison
with test data. It is expected that as
the method is further used refinements will

ACTION TIME HISTORY be made to improve the accuracy and the
reliability of the procedure.

- h'brd The next step in the development of
TAXI the hybrid method will be its application

S -- Test . to a tested aircraft for which more
__ .A_ _accurate structural information is avai!a-

ble. More detailed structural definition
of the aircraft will allow for more
realistic comparison of the simulated re-

5sponse with test data. Also, with the
AM-2 Mat/ availability of a more accurate model,
I I I I convergence studies in both time and

2 3 4 frequency domain -scretization will
TIM ( SECONDS become more meaningful.

Finally, the most essential and

Fig. 7 Comparison of Analyses with appropriate step in the development of the
Test hybrid method will be the parallel testingof a model structure in a controlled

loading environment. In a laboratory
setting complete assurance can be ascer-
tained with regard to the definition of

pattern better. However, the peak values structural properties, accuracy of the
are better predicted if both methods are applied dynamic loading, and the measure-
used as complementary numerical procedures. ment of the dynamic response. Only with

such reliable data it will be possible to
make the necessary evaluations and re-

Conclusion finements to render the hybrid method a
truly reliable numerical procedure.

The utility of the hybrid method 
has

been demonstrated as a numerical procedure
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