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Abstract

HAJIF-II is a program system developed for
the calculation of modal parameters of aircraft
structures as well as flutter and gust response
analyses with active control systems taken into
consideration. 99 substructures each with 7000
degrees of freedom can be used in the calcula-
tion of modal parameters and 50 modes for the
flutter and gust response analyses. Some new
techniques, such as revised hypermatrix techni-
que, improved algorithm of simultaneous itera-
tion and new methods of modal synthesis etc.,
were developed to improve the efficiency of the
systems, Typical aircraft structures were ana-
lysed and good results were obtained.

l. Iniroduction

For modern high performance aircrafts,
structure design and even structural and aero-
dynamic configurations are significantly effec-
ted by aeroelastic and dynamic design requi-
rements. Therefore, aeroelastic and dynamic
analyses with acceptable accuracy aand high
efficiency become more and more important for
the design of such aircrafis., HAJIF-II is a
program system developed by Chinese Aeronauti-
cal Establishment (CAE) for this purpose.

It's able to carry out the calculation of modal
parameters (natural frequencies and mode sha-
pes) of aircraft structures as well as flut-~
ter and gust response analyses with active
control systems taken into consideration. The
system is programmed on a Siemens 7.760 compu-
ter belonged to CAE,

Calculation of modal parameters is based
upon finite element displacement method. The
structure can be analysed either as a whole or
by the use of modal synthesis techniques. 99
substructures each with 7000 degrees of freedom
can be useds In order to improve the efficiency
of the system, some new techniques, such as
revised hypermatrix technique, improved algo-
rithm of simultaneous iteration and new methods
of modal synthesis etc., were developed.

Flutter and gust response analyses are ba-
sed on mode superposition method and 50 modes
are aliowed. Nonsteady aerodynamic forces are
calculated by the use of subsonic doublet
lattice method for multi-wing and 300 panels
are permitted. Nonsteady aerodynamic forces in
Laplace plane are approximated by a curve fit-
ting procedure of sinusoidal results.

For ihe convenience of users, the data ge-
neration system promises the input of numerical
data and topological statements flexikly.3l com-
putational flows are prescribed by the system
and the users can organize their own computa-
tional flows as needed. The system is composed
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of about 26000 FCRTRAN statementis, more than
300 subroutines and 21 functional programs.

Typical aircraft structures were analysed

and satisfactory results were obtained.

2. Stiffness and mass matrices

The aircraft structure analysed should be
discreted into finite element model and fol-
lowing eigenvalue problem is formed

1)

where k, m and u are physical stiffness, mass
matrices and displacement vector respectively,
and A 1is the square of natural frequency.

ku = Amu

12 beam, rod and plate elements are con-
tained in HAJIF-II for the simulation of lifting
surfaces, fuselages, external stores and their
connections.

Variable degree of freedom technique is
adopted to omit all of the inactive degrees
of freedom.
Single-point and multi~-point constraints(l)
were programmed in HAJIF-II. The function of
single-point constraint is to prescribe the
displacements of some of the degrees of freedom
and they are used to realize different boundary
conditions, symmetric or antisymmetric conditions
as well as the treatment of zero-stiffness di-
rectionse.

The function of multi-point constraints is
to express the displacements of some of the
degrees of freedom in terms of a linear combi-
nation ¢f others, i,e.,

2)

vhere R is constraint matrix, so as to simulate
the coordination of degrees of freedom. Rigid
element is also handled by the concept of multi-
point constraint.

Ru= o0

Bandwidth eptimization is performed by means
of Cuthill-Meckee method(2), Because of the
use of multilevel substructures, some special
arrangements were made,

For the management of stiffness and mass
matrices, a revised hypermatrix technique was
developed. In the conventional procedure of
hypermatrix technique(3), the matrix is par-
titioned into a number of zero level submatrices
and zero or nonzero submatrix is symbolized by
zero or nonzero, and first level symbolic matrix
is still too large to handle, it will be parti-
tioned further. Obviously, there will be still
a lot of zero elements in the nonzero submatri-
ces, so that a procedure of detail treatment
was proposed. For the stiffness matrix, the



concept of active column(9) is adopted, i.e.,
for diagonal submatrices, sequence numbers of
diagonal elements, and for nondiagonal sub-
matices, sequence number of the last element
of each column are used as indices, then the
"height" of each column can be obtained. For
the mass matrix, because it is kept unvaried
during the iteration process, so the index is
formed by the sequence number of the first ele-
ment of the partitioning of each node point and
diagonal partitioning is indicated by negative
number,

This revised procedure minimizes the re-
quirement of internal storage apparently as
shown in Tab. 1.

Tab. 1

LA R . B -
! | L_Reguirement of internal storage _|
: Examp.:DOF ! Stiffness matrix{ Mass matrix }

~ine |..2338,

} | | Conven. [HAJIF-IT | Conven. | HAJTP-IT |
| L A ] T TTTTTTTTTT
1 1870 1107712 [ 78557 | 21312 1549 |
i 2 lawol 11520 1 5596 | 95901 1930 |
|3 1138) 6336 { 1458 | 53571 979

In assembling the stiffness and mass matrix,
only non-zero partitionings are assembled with
conpacted storage method.

3« Real eigenvalue analysis

In determining the lower order eigeapairs
of a spurse matrix, simultaneous iteration is
a very effective process, Various kinds of
algorithm were suggested by some authors, such
as Rutishauer(%), Reinsch(5), McCormick(é) R
Bathe(?), and WNicolai(8) et al, Basing on theo-
retical analysis and a lot of numerical experi-
ments 3 new algorithm were developed and con-
vergence of this algorithm was proved by the
use of the concept of E, subspace,

The features of the algorithm are : (1)
mass matrix will not be decomposed, (2) Gram-
Schmidt orthogonal process is adopted and so,
dimension of the problem will be reduced suc-
cessively, (3) other improvements are made,
therefore the rate of convergence is the sanme
with other methods but its amount of computa-
tion of each iteration is the least,

The algorithm is shown as following,

kz ) =gti-t
mz ) =y VR
B =RVRT (3)
Q(i)‘l'Bli)Q(H :D(i\ t-2)
gty =ytr gt
where
Y9 'mrly 9 =1,

R() is an upper iriangular matrix, p(J) is aia-
gonal, and supercript (j) denotes the times of
iteration. The eigenproblem of project matrix

is solved by either §-R or Jacobi method*

Characteristics of Sturm sequence(g) is used
to check if there are eigenroots missed and this
process is conducted in conjunction with the
determination of the amount of test vector.

Decomposition of matrix k or k-Am is
realized by a wave frontal elimination method
with buffer.

Comparison of effectiveness of the new
algorithm with other current methods is shown
in Tab. 2.
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4, Modal synthesis

Two main branches of modal synthesis -- free
interface method and fixed interface method are
all included in HAJIF-II. Besids, two new me-
thods of synthesis called multilevel synthesis
and successive synthesis were developed attemp-
ting to improve the efficiency of calculation.

Physical equation of motion of a substruc-
ture is

(1)
where r is the reactive force on the interface.

By the use of normal modes and "interface modes”,
eq. (4) is reduced to

mi +ku=r

mp +kP=r (5)

If generalized coordinates q of the synthesized
structure are related to generalized coordinates
of substructures p by the relationship

P=Tq (8)
then equation of motion of the synthesized
structure is

M§+Kq=R (1)

vwhere R is the reactive force vector. When the
process of synthesis is finished, R=0, and the
final expression is obtained.

In fixed interface method, normal modes of

fixed interface,
b1 ]
"= (8)
o=
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and "constraint modegn,

v (f)

are used(lo), where I is an unit matrix and
subscript I denotes the internal points,
For free i : (11)

nterface method , normal modes
of free interface and "attachment modes" are
used. Effects of residual stiffness and inertia
of the truncated higher modes should be consi-
dered, but numerial tests indicated that the
effect of residual inertia is neglectable,

9)

Futhermore, in HAJIF-II, free interface
normal modes and attachment modes are transfe-
red to "quasi-fixed interface normal modes" I

and "quasl-constraint modes" 5. re-
spectively, i.e,, ¢
- Y
N =
3= : ] (10)
Y =T -$C T (an
- ¢
< =
3= i ) (12)
‘b\x; =Gy;Gah (13)
where ¢7 is free interface normal mode and

subscript B denotes the interface point.

In order to determine 4" and G, the
concept of "virtual structure" is used. Equa-
tion of motion of the virtual structure is

k*u = A *m*u 14)
where
k*=k +m
m*=m
A*=2+1
and
G:[Gllclls]_ (k*),l d)N[K-ld)Nl-l‘ -
GBIGBU 1 (10)
with

Ki' =disg o *)?,
(0*)2 =A%

((‘)2*)2’ eveny (@%)2)

The concepis of multilevel synthesis and
successive synthesis are sketched in Fig. 2.
It can be seen that multilevel synthesis me-
thod is principlely similar to one level
synthegis methods but for the successive syn-
thesis method, only two substructures will be
involved in each step of synthesis. The one
will be synthesized in its reduced form of
equation of motion and the other one in that of
its physical equation of motion.

Special arrangement was made to handle the
rigid substructures and it's only necessary to
synthesis them in the first level if multilevel
synthesis method is used.
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The frequency truncation criteria is revised
to fulfill the requirement of multilevel and
successive syntheses. For fixed interface me-
thod,

O =07 0., , (16)
and for free interface method,
1
@=0(a® Ton,,, )2+112 an

where P is the total levels of synthesis, p

is the level to be synthesized, ¢ is a coef-~
ficient, ®..: 1is the maximum circle frequency
in consideration and ® is the frequency of
truncation.

5« Flutter and gust response analyses

Most of the modern aircrafts have the
ability of supersonic flight, but critical
flutter conditions are usually encountered in
low level near-sonic speed range. Therefore
in HAJIF-II, subsonic doublet lattice method
for multi-wing(13) was programmed first.

Interpolation of the mode shapes from
structural node points to the characteristic
points of aerodynamic panels is realized by

the use of two-way spline curve method(14) .

Rogar's curve fitting procedure(IS) is
adopted to obtain an approximate expression
of nonsteady aerodynamic forces in Laplace
plane.

V-g and p=k methods(le) are included in
HAJIF-II for flutter analysis and active control
system can be considered in p-k method. Complex
eigenvalue problems are solved by L-R, Q~R or
inverse power method with origin shift which
can be selected by the users.

Gust response is analyzed in the frequency
domain and continuous atmospheric turbulence
model is used. Bither Karman spectrum or any
other spectrum assigned by the users is permit-
ted. Also, active control system can be taken
into account (15),

6, Program Organization

The program of HAJIF-II is organized by the
management of two levels, The first level is
monitor program which is composed of almost only
call statements. The second level consists of
a number of functional programs which are the
highest level subroutines and can be called
by the monitor program to conduct some specific
mathematical or mechanical functions. Functional
programs can't be called by each other and all
the data used are only related to the date file
management system, so the extension and modi-
fication of the system are very convenient.

A common array with variable length is
settled in the monitor program and almost all
of the arrays used in the functional programs
will be generated statically, dynamically or
static~dynamically from this common array.

The collection of data in HAJIF-II is called



"dictionary"™ which contains 100 "books" (the
amount of books can be extended). Each books is
composed of 100 "volumes" which are designed for
the collection of data for some repeated calcu-
lation. Bach volume contains 100 "Chapters" and
the data of a read/write statement are stored

in one chapter. The chapter is the basic unit
of datae.

Advanced data file management system was
developed and it's able to perform the read/write
function automatically only if I/0 table and
chapter address are suggested.

7e User's interface

For
manners

the convenience of users, there are two
of data input permitted in HAJIF-II,
The one is the input of numerical data alone
and the other one allows the input of numerical
data and topological statements flexibly. Topo-
logical statements include: (1) simple descrip-
tions of the node coordinates and element infor-
mation of idealized components, (2) simplifi-
cation of some reguler data, and (3) functions
for data modification. Macro-instruction lan-
quage was designed and one set of which is used
to operate the following 31 prescribed computa®
tion flows :

(1) Calculation of parameters

Ml. Analyze the structure as a whole,
M2. One level synthesis for free interface,
M3, One level synthesis for fixed interface,
M4. Multilevel synthesis for free interface,
M5. Multilevel synthesis for fixed interface,
M6. Successive synthesis for free interface,
M7. Successive synthesis for fixed interface,
(2) Flutter analysis
Fl., v-g method,
F2. p-k method,
(3) Gust response analysis (Gl1),
(4) Combined analysis

The combination of M1-M7 with F1, F2 and Gl.

The other set enables the calling of 21
functional programs to organize the additional
computational flows. Because of the compli-
cation of the modal synthesis, an integrated
statement was designed.

The ability of error diagnosis was prepared
and hundreds of informations can be output as
the users need. Brror diagnosis is emphasized to
the check of original data.

8. Examples calculated

(1) Calculation of modal parameters and flutter
analysis of a delta wing-fuselage-tailplane com-
bination. The wing structure was simulated by
bars and shear panels and the fuselage and tail-
planes by spars. The finite element model has
315 nodes, 1011 degrees of freedom and typical
comparison of calculated modal parameters with
the results of ground resonance test is shown
in Fig. 1. Good agreement is inspected and also
for the comparison of calculated flutter results
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with wind tunnel tests results,

(2) Modal synthesis of a straight wing-fuselage-
tailplane-external store combination. The struc-
tures were simulated by spars. The model has 46
nodes, 138 degrees of freedom and is divided into
4 substructures, as shown in Fig. 2. All of the
modal synthesis techniques programmed in HAJIF~II
were used and encouragement comparison of these
methods are shown in Tab. 3.

Tab. 30
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F ™ T + haded
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-4

Note: l--complete model, 2-one level fixed in-~
terface, 3~~one level free interface, 4--multi-
level fixed interface, 5--multilevel free inter-
face, 6~-successive fixed interface, 7--succes-
sive free interface.

(3) Gust response analysis of B-47, Data pre-
sented in ref, 17 were used, Because of diffe-
rent methods of the calculation of nonsteady
aerodynamic forces used in HAJIF-II and ref.l7?,
so some discrepencies are observed in the com~
parison shown in Fig. 3.

. Conclusion

Brief description of a program system for
the dynamic analysis of aeronautical structures
named HAJIF-II is presented. Some new techni-
ques were developed and satisfactory results
were obtained. The system will be extended
further,
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