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Localization of Vibrations in Large Space Reflectors

Phillip J. Cornwell* and Oddvar O. Bendiksent
Princeton University, Princeton, New Jersey

A study is presented of the mode localization phenomenon in a generic class of large space reflectors. The
study is based on a Rayleigh-Ritz formulation using the first five cantilevered beam bending modes and a
finite-element formulation using Bernoulli-Euler beam elements. Coupling between the structures is provided by
massless axial members. Numerical results indicate that mode localization does, in fact, occur in engineering
structures of this type. Localization is characterized by the amplitude of a global mode becoming confined to
a local region of the structure. For the 18-rib reflector studied, the first rib bending mode did not localize, but
the second and third modes did. Localization is found to become more severe with increasing mode number.
Increasing the number of ribs to 48 resulted in significant distortion in some of the first rib bending modes and
severe localization of the second and third bending modes. The phenomenon of wave confinement in finite
structures is also demonstrated using a single-degree-of-freedom per substructure model.

Nomenclature
A = cross-sectional area of axial member
EI = rib flexural rigidity
kj§ = effective stiffness of axial member

global stiffness matrix

total length of rib

= length of axial member

= rib mass per unit length

global mass matrix

circumferential wave number

total number of ribs

number of axial members connecting ribs
number of beam elements per rib
number of degrees-of-freedom per substructure
= generalized coordinate

generalized force

amplitude of g;

time

= total kinetic energy

total potential energy
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v(x,t) = displacement of in-plane motion

Vij = potential energy due to jth axial member between
ribiand i +1

w(x,t) = displacement of out-of-plane motion

X = x/f

o = cone angle

B; e = constants in assumed mode shapes

0 = half-angle between ribs

N = (w/wy)* = eigenvalue

w = natural frequency

o = ~VEI/m¢*=reference frequency

@ = w/wy=nondimensional frequency

A&? = normalized eigenvalue band

b, (x) = mode shape function
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Introduction

ROPOSED designs for large space structures have ex-

plored a number of different ways of constructing com-
plex structures from relatively simple substructures. The
assembly is then periodic or cyclic in one or more dimensions,
and efficient methods have been developed for analyzing such
structures (see, for example, Ref. 1).

In a number of recent investigations,?® periodic structures
have been shown to be sensitive to certain types of imperfec-
tions or disorder. When imperfections break the periodicity of
the structure, some of the natural modes of vibration may be-
come confined to a local region of the structure. In applica-
tions where accurate shape control is required, such as in large
astronomical telescope reflectors and communication anten-
nas, the presence of localized vibrations would obviously be
undesirable. Also, because the regular features of the original
mode are destroyed, the new mode shape would, in all like-
lihood, be misidentified, and the mode may no longer be
controllable.

This paper is a continuation and extension of the investiga-
tion initiated in Ref. 5, where the possibility of mode local-
ization in large space structures was studied from a fundamen-
tal point of view. It was found that structures consisting of a
large number of weakly coupled substructures are especially
susceptible to mode localization. Preliminary calculations
indicated that large disk antennas and reflectors of the type
analyzed in Ref. 7 could exhibit localized modes.

The objective of the present paper is to extend the study of
Ref. 5 to multi-degree-of-freedom (DOF) substructures, using
Rayleigh-Ritz and finite-element formulations. A systematic
study of localization is carried out for a generic class of
reflectors, and some of the important predictions of localiza-
tion theory are verified through numerical simulations. To our
knowledge, this represents the first time that conclusive and
definite numerical results have been presented to show that the
confinement phenomenon does, in fact, occur in engineering
structures of this type.

Structural Models

For the class of axially symmetric reflector and antenna
structures considered in this study (Fig. 1), the basic sub-
structure consists of one of the N radial beams (ribs) with
the associated wire mesh (Fig. 1b). Two different structural
models are used: a Rayleigh-Ritz model based on the first five
cantilever beam bending modes for each radial rib, and a
finite-element model based on N, standard Bernoulli-Euler
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beam elements per rib. The number of elements N, can be
varied to ensure that all modes of interest are resolved to
sufficient accuracy, and also to permit the modeling of radial
variations (nominal and imperfections) in beam mass and
stiffness. In both models, the wire mesh or web membrane
between the ribs is modeled as a number of massless axial
members (springs) attached at specific points, and the hub of
the reflector is considered fixed, as illustrated in Fig. 1.

For small-amplitude vibrations and a cone angle of zero,
in-plane and out-of-plane vibrations decouple and can, there-
fore, be considered separately. The vibration displacement of
the beam in the plane of the reflector is denoted by v;(x, ¢), and
the corresponding out-of-plane displacement is denoted by
w;(x,t) (Fig. 1¢). In the structures studied in Refs. 7 and 8, the
ribs are oriented with their weaker flexural rigidity about the
z axis; thus, the rib in-plane modes have lower frequencies
than the corresponding out-of-plane modes.

Rayleigh-Ritz Model

For the Rayleigh-Ritz model, the in-plane displacement of a
rib can be written as

5
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n=1

massless
axial member

XN 26—

Jx, )

beam

)
t

+

Fig. 1a Structural model for radial rib reflector/antenna.
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Fig. 1b Typical substructure, consisting of rib beam and sectional
wires (axial members).
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The mode shape used in this study is given by

¢ = coshB,x — cosf,x — a,(sinhB,x — sinf,%) vl
where
B, = 1.875104 = 0.7340955
By = 4.694091 oy = 1.018466
Bs= 7.854757 = 0.9992245
B4 =10.99554 o, = 1.000034
B8s = 14.13717 = 0.9999986 €]

The total kinetic energy is

Mu.
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The total potential energy can be written as a sum of the strair
energy due to bending of the beams and the strain energy i
the axial members between the beams:

U= E va {q}FIk];

i=1
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i+ Y E Vi Q)
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where
[k]i=§:; (ED;{o"}(¢"}" dx .
Vij = Y2a(AE/k); cos?8 [vi(hy, 1) — v, (B, 1)]% @®
= Ykl ({@) ()|, — (@) 1{] |n &)
kf =(AE/f,);; cos’d (10

Here, & is the effective stiffness of the jth spring between
beams i and i + 1. The equations of motion can be obtained
by substituting Eqs. (4-10) into Lagrange’s equations, result-
ing in a system of 5N X 5N equations

iMY{g} + [K1{q) = (Q) (11)
where
(@} =Ug)l1tg)il... [t ) (12)

and {Q] is the vector of generalized forces. For small-ampli-
tude free vibration, one can assume simple harmonic motion
{g@} = {@)e™, which, when substituted into Eq. (11), leads to
the well-known structural eigenvalue problem:

[K1(g} = &*1M]{q) 13)

where & = (w/wp)?; w} = (EI/m %), and [K] and [M] are the
nondimensional stiffness and mass matrices, respectively.

The derivation of the equations for the out-of-plane motion
is identical to the formulation for the in-plane motion, except
that the effective spring stiffness given by Eq. (10) will be
different. With a cone angle of zero, the out-of-plane coupling
will be provided by the pretension 7,. The potential energy of
the axial members can be written as

Vii= (To/L)ilwi(hy, 1) — iy (b, 1))? (a4)
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so that the effective spring stiffness is
kfi= (To/l); 15)

Because only the low-frequency in-plane modes are reported
on in Ref. 7, we shall restrict ourselves to the in-plane modes
in the numerical calculations.

Finite-Element Model

Standard Bernoulli-Euler beam elements using cubic Hermi-
tian polynomials are used to model the ribs of the reflector.
The coupling between ribs is provided by one or more stan-
dard axial elements. The elemental matrices can be found in
any finite-element text (see Ref. 9, for example.) The global
matrices are assembled using the direct stiffness method, re-
sulting in a set of equations of the form of Eq. (11). Assuming
simple harmonic motion results in a generalized eigenvalue
problem in the form of Eq. (13).

The eigenvalue problems obtained from both structural
formulations are solved using the IMSL subroutine EIGZS to
obtain the eigenvalues and eigenvectors. When the structure is
not perfectly periodic due to a random variation in one or
more of the various parameters, the entire N, X N, eigenvalue
problem needs to be solved, where p is the number of DOF
substructure. For the perfect structure, the block circulant
nature of the matrices enables one to reduce the order of the
eigenvalue problem that needs to be solved to p Xp. (See
Ref. 5 for a complete discussion of the reduction procedure.)

Localized Modes and Wave Confinement

The subject of eigenvector localization in disordered sys-
tems has been studied extensively over the past three decades.
Because the theory had its inception in solid state physics,
the best understood models are derivatives of the original
Anderson model for a one-electron disordered lattice. In the
one-dimensional case with next-neighbor interactions only,
the Schrodinger wave equation for the electron can be written
in nondimensional form as!®

iy =¢€an+V(a,_1+a,.1) n=12,... (16)

where a, is the probability amplitude and e, the site energy of
an electron at the nth site, and V is the transfer energy be-
tween nearest neighbor sites. Disorder is introduced by assum-
ing that the ¢, are independent random variables with some
given probability distribution.

Because the coordinates a, in Eq. (16) do not have the same
physical significance as generalized coordinates in structural
dynamics, it is not clear what (if any) significance the electron
model should have in vibration problems. However, if one
considers a set of masses m, coupled together via springs K
to form a one-dimensional chain, one obtains the equation
of motion

MuGn = K(@n -1+ gni1—2q,) n=12,... (17)
where g, is the displacement of the nth mass from its
equilibrium position. On assuming simple harmonic motions,
it is clear that Eqgs. (16) and (17) are of the same tridiagonal
form and would admit the same types of solutions.
Equation (17) has been studied extensively in the context
of lattice dynamics, where it models the vibrations of a one-
dimensional atomic chain. Isotopic disorder can be introduced
by making the masses m, of the atoms be random variables.
The result is a so-called isotopically disordered harmonic
chain, which has been studied by a number of investiga-
tors.!%1L13-15 It js of interest in localization theory both be-
cause of its obvious similarity to the electron model, Eq. (16),
and also because it can serve as a simple model for certain
periodic structures. The model can also be extended to include
coupling beyond next neighbors (see, for example, Fig. 2 and
the discussion of this model in Ref. 5). For a review of
localization studies in one-dimensional models, see Ishii.'!
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Fig. 2a Simple model of a structure with cyclic symmetry (from
Ref. 5).

Fig. 2b Substructure (beam) stiffness coefficients.

Localization in one-dimensional systems is believed to be a
consequence of the ‘‘exponential growth property’’ of particu-
lar solutions, as first established by Borland!? for an electron
in a disordered harmonic potential. The same behavior is
exhibited by Eq. (17); i.e., one can show that the envelope of
the solution grows like exp[y(w)s], where s is the distance from
the end where the boundary condition ¢ = 0 is enforced, and
v(w) is a positive exponent depending on w. Borland inter-
preted the exponential growth property to imply that the
eigenfunction must be localized with its envelope decaying
exponentially on either side of a relatively small region. The
exponent vy is often referred to as the degree of localization,
and the inverse 1/y defines a typical decay length scale of the
eigenfunction. Other length scales characterizing the eigen-
function decay have also been proposed (see, for example,
Refs. 14 and 15).

Hirota!? has given an approximate calculation of the expo-
nent v for the mass-disordered harmonic chain, Eq. (17). By
assuming that the masses are distributed with a sufficiently
sharp maximum at the mean {m ), so that moments higher
than the second can be neglected, he obtains

)
{(m?y — (m ) u?

T 8(m)YK(l — {myw*/4K)
(1 — (m Yw?/4K Y0) (18)

dn+1
Gn

_ 1llim
’Y(O)) - 2n—oo <ﬂn

where ( - ) denotes the average of a quantity. Note that v is
positive and proportional to the variance of m.

For realistic finite-element or Rayleigh-Ritz models of en-
gineering structures, the mass and stiffness matrices are not
necessarily tridiagonal, and the preceding results do not apply.
Also, all engineering structures are finite, and one should
therefore be careful when interpreting theoretical results de-
rived for an infinite structure. At the present, most questions
regarding localization in engineering structures can only be
answered through numerical simulations, and that is precisely
the approach followed in this paper.

Localization of eigenfunctions, or normal modes in vibra-
tion problems, leads to the surprising phenomenon of wave
confinement. If one of the rib substructures in the reflector
model (Fig. 1) is excited (e.g., by control forces), then one
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would expect the excitation to propagate throughout the entire
structure, attenuated only by structural damping. One can
think of this process as the spreading out of the envelope of a
““wave packet’’ located at the site of the original excitation.
This is, in fact, what is observed in the perfectly periodic
structure. But in the disordered structure, the wave packet
becomes trapped around the original excitation site if the
disorder to interstructural coupling ratio is sufficiently high.
This phenomenon can best be explained by transferring
Eq. (11) to normal coordinates %,

i+ 280 +ofn, = (637 (Q) (19)

where {¢}; is the jth normal mode vector, normalized with
respect to the mass matrix, and w;, {; are its frequency and
damping ratio, respectively. For simplicity, consider the
simple structure shown in Fig. 2, where each substructure
is modeled with a single DOF gq,. If a harmonic force
Q,=0,-e™ is applied to the first substructure, the steady-
state response at the nth substructure is

N 0
a0=Y — e

¥l yn . O el 20
i1 wj +2i§‘jij—w2 Qle ( )

where ¢ denotes the ith component of the jth normal mode
vector. If all of the eigenvectors are localized, the products
¢ - % in Eq. (20) will be exponentially small for n> 1, and
the nth substructure will remain (virtually) unexcited for all #.
Conversely, if the eigenvectors are extended, one can readily
show that all of the substructures eventually become excited,
as long as the excitation frequency w falls within one of the
passbands of the structure.

Numerical Results and Discussion

In Ref. 5, the basic characteristics of mode localization were
illustrated using a simple model with a single DOF per sub-
structure, as shown in Fig. 2. The structural coupling between
the substructures was modeled by springs K., and hub springs
K, were introduced to extend the structural coupling beyond
next neighbors. Based on theoretical arguments, which were
verified through numerical calculations, it was shown that
structures with relatively weak coupling between the substruc-
tures, K./K <1, would be most susceptible to mode localiza-
tion.

Large space reflectors and antennas with many radial ribs,
weakly coupled through a wire mesh or membranes, represent
an important class of such structures. The narrow frequency
bands of the 15-m-diam, 18-rib antenna studied in Ref. 7 are
indicative of a weak coupling between the ribs. A preliminary
search for localized modes in Ref. 5, using the simple
structural model shown in Fig. 2, gave inconclusive results for
the 18-rib antenna. However, when the number of ribs was
increased to 48, localized modes did appear.

Mode Localization

Illustrative results for the 18-rib antenna are shown in
Figs. 3-7, using the present improved Rayleigh-Ritz formula-
tion with five rib bending modes. In these figures, the tip
displacements of the ribs are plotted for different levels of
random imperfections in the rib flexural rigidity. The imper-
fection strengths shown are the limits of AEJ/EI. A uniform
probability distribution was used. The stiffness of the wire
mesh was selected such that the frequency vs circumferen-
tial wave number rn of the first in-plane rib bending mode
matched the corresponding mode in Ref. 7. This resulted in an
effective stiffness of k9= 0.298 EI/{*. A comparison of the
frequency matching is shown in Table 1. Clearly, the basic fre-
quency behavior vs n is captured very well, despite the fact
that rib curvature is accounted for in Ref. 7 but neglected in
our model.
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Fig. 3 Effect of imperfections on the n =1 mode of the first mode
group, illustrating the absence of localization. (Random imperfections
in rib flexural rigidities, with uniform probability within indicated
limits).
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Fig. 4 Same as Fig. 3, for the second mode group, illustrating
localization of mode.

The Rayleigh-Ritz model was found to provide higher
accuracy with fewer DOF per rib than the finite-element
model. A comparison of the normalized frequency of the n=0
mode and the »=9 mode, using the Rayleigh-Ritz program
and the finite-element program, is shown in Table 2. The n=0
mode provides a convenient check, because the ex-
act frequencies in this case are independent of the coupling
and, therefore, equal to the isolated beam frequencies. The
natural frequencies were found to be clustered in mode
groups. In the first mode group, the ribs are primarily in first
bending. Similarly, the ribs in the second and third mode
groups are primarily in second and third bending, respectively.

The results shown in Figs. 3-5 reveal two interesting aspects
of the localization phenomenon. First, not all modes are
susceptible. Figure 3 shows that the n =1 mode of the first
mode group does not localize for the imperfection strengths
considered; it simply suffers slight distortion. Note that a
tenfold increase in the imperfection strength, from +0.25 to
+2.5%, does not alter the mode much. The modes in the
second and third mode groups with the same circumferential
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wave number (n =1) do exhibit localization, as shown in
Figs. 4 and 5.

Second, modes that are susceptible to localization are very
sensitive to relatively small levels of imperfections, and
undergo drastic shape changes with increasing imperfection
strengths, as is apparent from Figs. 4 and 5. In this structure,
the sensitivity to imperfections clearly increases with mode
number. The normalized eigenvalue bandwidth

d
_2 2 2 2
AN = AW; = (Wmax — Wmin)/ Wrnin i fixed

was proposed in Ref. 16 as a measure of the effective coupling
strength for a particular mode group, i=1 to 5. A value of
A&? close to zero would indicate that the modes belonging to
that group would be sensitive to imperfections and might
localize. For the three modes shown in Figs. 3-5 for the
perfect case, we find the following: for mode 1, A@? =0.3812;
for mode 2, A@3=0.0099; and for mode 3, A&3=0.00126.
These values of A&? indicate that the third mode is almost

Table 1 Natural frequencies (Hz) of the first rib in-plane
bending mode of the 15-m (18-rib) reflector vs circumferential
wave number n

El-Raheb Present
n and Wagner’ model® Difference
0 3.7590 3.7590 0%
1 3.7813 3.7808 0.013%
2 3.8440 3.8428 0.031%
3 3.9367 3.9355 0.030%
4 4.0465 4.0461 0.010%
5 4.1594 4.1601 —0.016%

2Rayleigh-Ritz.

Table 2 Comparison of calculated normalized frequencies w/wp for
the 18-rib reflector, using the Rayleigh-Ritz
and finite-element models

Bending Rayleigh-Ritz? Finite-Element® Exact
mode n=0 n=9 n=0 n=9 n=0
1 3.51601 4.13211 3.51601  4.13223 3.51601
2 22.0345  22.1433 22.0602  22.1693 22.0345
3 61.6972  61.7359 62.1749  62.2143 61.6972
4 120.902 120.922 122.548 122.677 120.902
5 198.860 199.871 228.137  228.149 198.860

aFive modes, Eq. (1); five degrees-of-freedom (DOF) per rib; 90 DOF total.
YN, =4; eight DOF per rib; 144 DOF total.
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Fig. 5 Same as Fig. 3, for the third mode group, illustrating severe
localization at very low imperfection levels.
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eight times more sensitive than the second mode. Comparing
Figs. 4 and S confirms this observation. For example, whereas
the second mode is localized at an imperfection strength of
+ 2.5%, the third mode is fully localized at the incredibly low
imperfection level of +0.25%. Figure 6 shows that a further
tenfold increase in the imperfection strength, to +2.5%, does
not change the mode appreciably.

In calculating the results shown in Figs. 3-6, the coupling
between the reflector ribs was modeled with a single preloaded
wire, connected between the tips of the ribs. Results from
calculations indicate that the use of multiple connecting wires
does not change the overall behavior significantly, provided
that the effective coupling strength remains the same. Figure 7
shows the results of calculations for the n=2 mode in the
second mode group, where five equally spaced wires run
circumferentially between the ribs (see Fig. 1). Localization is
clearly evident when random imperfections of +2.5% are
introduced.

Results for a 48-rib reflector are shown in Figs. 8 and 9. The
same coupling stiffness used in the 18-rib reflector was used in
the 48-rib reflector. Figure 8 shows that the » = 1 mode of the
first mode group suffers significant distortion, in contrast to
the slight distortion observed in the 18-rib case shown in
Fig. 3. The modes in the second and third mode groups, with
the same circumferential wave number, were highly localized.
The 7 =1 mode of the second mode group is shown in Fig. 9.
This mode and the =2.5% imperfection case in Fig. 4 have
essentially the same natural frequency and localize at the same
ribs. The first 18 ribs of the 48-rib reflector had the same
distribution of imperfections as the ribs in the 18-rib reflector.
Because of this, 16 of the localized modes and natural
frequencies for the second and third mode groups that appear

1
5}
ok
-5}
-1}
-1.5+ PERFECT
..2 i I n
0 5 10 16 20
i
5t

E-x.s F 4 .05% IMPERFECTION
_2 'l 4 3
a 0 5 10 15 20
- i
o
a 5
-
- 0 b
_‘5 -
-1 -
“1.51 4 25% IMPERFECTION
_2 i 1 n
0 5 10 15 20
1
5t
0 L
...5 L
_1 .
-1.5" 42 5% IMPERFECTION
_2 A i i
0 5 10 15 20

SUBSTRUCTURE NUMBER

Fig. 6 Progressive localization of the n =1 mode in the third mode
group, with increasing imperfection strength. Note that the mode is
fully localized at the very low imperfection level of +0.25% and
changes little thereafter.
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Fig. 7 Localization of the n =2 mode of the second mode group.
Calculations based on structural model with five equally spaced axial
members between each rib.
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Fig. 8 Effect of imperfections on the n =1 mode of the first mode
group for the 48-rib reflector.
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Fig. 9 Effect of imperfections on the n =1 mode of the second mode
group, illustrating localization of mode.
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Fig. 10 Veering of frequencies of the n =5 and n =6 modes of the
third group when the imperfection strength is increased. Numbers in
brackets indicate the location of the peak in the associated natural
mode.
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Fig. 11 Mode shapes of the n =5 and n =6 modes of the third mode
group at imperfection strengths near the veering point shown in
Fig. 10.

in the 18-rib case also appear in the 48-rib case, with essen-
tially identical frequencies and mode shapes. The two modes
that did not also appear in the 48-rib reflector are ones in
which the localized mode involved both the first and 18th rib
in the 18-rib reflector. This result indicates that, if a mode is
localized, adding more ribs beyond the localized region will
not affect that mode.
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Fig. 12 Confinement of vibrational energy by structural irregulari-
ties. Original local wave packet traveling right eventually becomes
distributed over entire structure if the structure is perfectly periodic
(dotted line). When the structure is imperfect (solid line= +2.5%
imperfections in K), the spreading of the wave packet is strongly
attenuated (/V =40).

For highly localized modes (extremely weak coupling), the
location of the peaks can be predicted by inspecting the
random variation associated with the rib flexural stiffness.
The mode with the lowest natural frequency will have a peak
at the rib with the lowest flexural stiffness, and so on. Once
the peaks are aligned according to the natural frequencies of
the individual ribs, a further increase in the imperfection level,
or reduction of the coupling strength, will have no effect on
the location of the peaks. As the imperfection strength is
reduced, however, some of the natural frequencies appear to
cross. Thus, at some levels of imperfection strength, the
modes will be highly localized, only involving a few ribs, and
yet will be in a location other than that predicted by looking at
the individual ribs natural frequencies alone. Figure 10 is a
trace of squared normalized frequency of the n=5and n=6
modes of the third mode group. The symbols indicate the
calculated values that were then connected by straight lines.
The number in parentheses is the location of the primary peak
or peaks in the associated natural mode. After doing extensive
calculations to find the actual crossing point of these two
modes, it was discovered that the natural frequencies get very
close but actually veer away from each other, as shown in the
expanded view in Fig. 10. The symbols are left off the ex-
panded view for clarity. An important characteristic of curve
veering is that the natural modes associated with the frequen-
cies are exchanged during veering in a rapid but continuous
way.!” Figure 11 shows the mode shape for the n =5 and n =6
modes. Notice that a very small change in the imperfection
strength alters the modes significantly around the veering
point as the modes are exchanged.

Wave Confinement

Von Flotow!® has shown that it may be advantageous to use
the traveling wave approach when analyzing the dynamic
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Fig. 13 Same as Fig. 12, except with 100 substructures. Note the
large region where the substructure amplitudes remain negligible,
indicating that the original wave packet is trapped.

behavior of large space structures. It is possible to define
localization in terms of what happens to waves propagating
along the structure. The effect of structural irregularities is
then to cause multiple scattering or reflections of the waves at
the -substructure junctions. Localization is signaled by the
structure becoming perfectly reflecting for certain wave
modes, and the vibrational energy then becomes confined or
‘“trapped’’ to a local region of the structure.

Hodges? has presented an analysis of this surprising phe-
nomenon for a simple infinite one-dimensional structure, but
his paper does not present supporting results from actual
numerical experiments. Although the wave confinement can
be understood in terms of multiple scattering of waves in an
infinite structure, it appears almost counterintuitive for finite
structures.

Figures 12 and 13 show results of calculations based on
the simple structural model shown in Fig. 2 for N =40 and
N =100, respectively. A sinusoidal wave is started over 10 of
the substructures at ¢ =0, with initial conditions correspond-
ing to a right-running wave. Since the coupling between the
substructures is weak (K./K=1.0, K,/K =10), it takes a
relatively long time, between 100 and 1000 oscillation periods
T =2nvm/K, before the original ‘‘wave packet’’ has spread
throughout the structure. When +2.5% random imperfec-
tions are introduced in the substructure stiffness K, the vi-
bratory behavior of the structure changes dramatically. In the
case of 40 substructures (Fig. 12), the ‘“wave packet’’ eventu-
ally spreads throughout the structure, although the amplitude
remains small in a region of the structure away from the
original 10 substructures. This is in contrast to the case of 100
substructures (Fig. 13), in which the vibratory energy remains
confined to a well-defined local region of the structure.
Calculations for ¢ = 10% show that the wave is still confined,
suggesting that the vibratory energy remains confined for all
time. This confinement phenomenon was also observed when
only one substructure was set in motion (plucked).
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Fig. 14 Effect of coupling strength on the region of confinement.
Same structure as in Fig. 12 (N =40).

Figure 14 illustrates the effect of the coupling strength on
the wave confinement phenomenon. As the coupling strength
is increased, the region of activity also increases. This effect of
K., as well as the effect of the number of substructures
observed in Figs. 12 and 13, is in accordance with theoretical
predictions. .

Conclusions

1) For a generic class of large space reflectors with radial
ribs, typical of proposed designs, certain of the vibratory
modes will be quite sensitive to structural imperfections and,
therefore, susceptible to localization.

2) For the 15-m-diam, 18-rib reflector studied, the first
mode group did not localize, but the second and third mode
groups did. The localization became progressively more severe
with increasing mode number.

3) When the number of ribs was increased to 48, some of
the modes in the first mode group did suffer severe distortion
(or localization?), in contrast to the 18-rib case where only
minor distortion was observed in the first mode group.

4) As the imperfection strength is increased from zero,
some of the natural frequencies appear to cross, but actually
veer away before crossing. Strong interactions are observed
between the two modes, as indicated by the exchange in the
localization peaks. ' ' '

5) The surprising phenomenon of wave confinement by
structural irregularities (expected in infinite structures) also

AJAA JOURNAL

appears to exist in finite engineering structures of practical
interest.
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