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VORTEX POWER FLOW ACTIVELY INDUCED IN A THIN RECTANGULAR
PLATE

N Tanaka. Y Klkuehlma a. M Kuroda

Mechanical Englnaerlng Laboratory. MITI. Taukuba. Japan

1. INTRODUCTION
This paper deals with the active power flow control of a distributed-parameter planar
structure, with the particular emphasis on a vortex power flow which has a potential
to confine vibrational power, a cause of exciting structural modes. injected by a dis-
turbance force. Without letting the vibrational power disperse into the structure, the
control effect for Suppressing the structural response can be achieved. This paper
begins by deriving the necessary condition for producing a vortex power flow in the
vicinity of a disturbance point force at an arbitrary exciting frequency. Then. with a
view to monitoring the power flow occurring in the plate structure. a wave visualiza-
tion system has been developed. Mth this system, it comes to possible to experimen-
tally verify the wave propagation (the vortex power flow) taking place in the struc-
ture. In order to investigate the contribution of vibration modes to the vortex power
flow formation. an energy stream function as well as a vorticity function is derived in
a general form. With these functions, it is revealed quantitatively the generation
mechanism of a vortex power flow induced in the vicinity of a disturbance force
location. It also turns out that as many as 100 vibration modfi are found to be neces-
sary to form a vortex power flow patient.

2. INDUCING A VORTEX POWER FLOW
It was reported that a vortex power flow occulsn]when two vibration modes whose

resonance frequencies are very close to each other are excited to similar levels. In
this case. the location of the vortex power flow is to be determined by the interference
of the two vibration modes. In other words, it is
not possible to designate the vortex power flow
location to occur in a structure. It would be desir-
able if the power flow injected into a structure by
a disturbance force could be confined around the
disturbance location. without letting it disperse into
the stricture; then sufficient control effect for sup-
pressing the structural vibration can be expected.
With this in mind. this article begins with detail-
ing the methodology to induce a vortex power flow
around a disturbance point without scattering it
around the structure.
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Fig. l Configuration of point forces
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As shown in Fig. 1, let a set of four point forces be ananged in aquadrilateral fashion,
with bottom left force labeled as force f1, and the others number in counterclockwise
fashion. Consider a simply supported, thin, lossless, steel rectangniar plate of length
L,‘ and L" in the x and y directions, respectively. and of thickness)». The power flows
P,- injected at the location i (i = 1 ~ 4) where point forces f,- are acting, are given by

r, =%Re.lf,w (rm 0)

where “ , ' and Rec denote the complex conjugate, time derivative and real part of the
expression. respectively The power flow. for instance. at location 1 is described by

a, =— % [inkfljld] + sulleulf'fl + suiteug'm (2)  
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Furthermore, the terms in Eqs. (2) and (3) satisfy the following relationships

ReUfIfM] = — ReUfol]
(4)

slur = sin! (5)
For the expressions in Eqs.(4) and (5) . the Kirchhoff‘5 law holds

P1+P2+P3+P4=0 (6)

Setting the power flow l-fi in terms of the force f; equal to the power flow Pj in terms
of the force fj from the diametrically opposed source. the necessary condition to pro-
duce a power flow vortex is

_ _ 7P14313434 0
With Eq. (7) and the Kirchhoff’s law described in Eq.(6), the following relationships
between the power flows are obtained,

l)1=‘P2’ P3 ='P4- (8)

Eqs. (7) and (8) show that a source and sink of the
power flow arise in turn, and thus this is the nec-
essary condition to generate a vortex power flow.
Consider the control force to produce the vortex
power flow. Defining f1 as the reference, which
could also be regarded as a disturbance force, the m
other three forces used as control forces will be i
related to it by the relationship ‘¥
f.=uejw‘fl (i=2, 3.4) (9) >‘
where at,- and (mare the feedfor‘ward gain and phase
of the ith control force. respectively. Note that
there are four point forces acting on the plate, and
that the number of the equations representing the
necessary condition to induce the vortex power
flow is two: thus thenumber of the unknown pa-
rameters must be also two. Therefore, for instance, 0 0 44
by setting the phases to q); = 1r/2, «pg = 1t, and IPA = ‘ ,
3m, the force amplitudes are found to be X'Ax‘s m

ss
11: JZ—“ot3
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r (10) Fig.2 Vibration inlensity distrubution
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Thus. above twoequations describing the feedforward gains denote the necessary
conditions for inducing a vortex power flow around the disturbance force location.

3. POWER FLOW CONFINEMENT
For the purpose of producing a vortex power flow at the center of the plate. four
electro-dynamic shakers are installed at the center of the plate. with 10 cm and 20.5
cm placed apart in the x and y directions. respectively. Using the necessary condi-
tions described by Eqs. (10) and (11). the four excitation forces are determined: all
gains of the forces are set to 1 N in amplitude of a sinusoidal wave: each phase
difference between the adjacent forces is set to 90 degrees; and the excitation fre-
quency is set at 37 Hz, 99 % of the (1, 1) mode resonance frequency of the plate.
Figure 2 shows the vibration intensity distribution obtained experimentally. As was
to be expected, a vortex power flow is induced at the center of the plate, verifying the
validity of the condition for inducing the vortex power flow.
The envelope of the absolute amplitude of waves associated with each of these re-
sponses are depicted in Fig. 3 in three dimensions for the cases before and after con-
trol. For the case before control. where only the disturbance force acts at location 1
(see Fig. 1), the typical (1, 1) modal pattern is acquired as shown at the upper picture
of Fig. 3. The middle picture in Fig.3 illustrates the case after control. where the
vortex power flow is generated at the center of the plate, while the lower one de icts
the contour for this case. It is clear from the figure that the wave rotates aroun the
center of the plate. with the displacement being zero at the center of the vortex. For
the result of Fig. 5 the maximum displacement amplitude is 6.3 mm 2.6% of the
uncontrolled amplitude, 239 um. Thus by
confining the power flow around the distur-
bance force, causing the excitation of the vi-

bration modes, such a significant control ef-
fect is considered to be obtained.

4. ENERGY STREAM FUNCTION
AND VORTICITY FUNCTION

It was reported that a vortex power flow is
inducedu] when two vibration modes whose
resonance frequencies are very close to each
other (like a degenerate mode) are excited
simultaneously. In such a case; the vortex
location is detertnined by the interference
pattern of vibration modes called a vortex
block[2]. Such a vortex is, as it were, a spon-
taneous vonex; while the vortex dealt with
in this article is an actively induced one.
Hence, it will be of interest to elucidate the
generation mechanism of the actively induced
vortex power flow. To this end, this paper
derives a generic form of the energy stream
function described by using N,,l modes. With
the energy stream function. it will become
possrble to see how the power flow path 13 fig. 3am”“mm”:WM mpmm
constructed as well as how the vortex con- and mm... m, m cm; before my me,

figuration evolves. With a view to clarifying control at 35 Hz
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tlte characteristics of the vortex, this paper further derives the vorticity function de-
scribed in a general form; it will become possible to see whether the vortex power
flow actively generated is true or false. The energy stream function can be obtained
as

_ (12)
\V—I ludy-J 1de

where I“ and Iv, are components of the vibration intensity vector in the x and y
direction, respectively. Further expanding Eq. (12) leads to the energy stream func-
tion described by N". vibration modes

N N
" ‘ x (13)

W = £21 [Z] Re‘lwkt + 1’19]

forthecasewhenkgl

W" = Law» w't-(az+52)a com ulttuxlw—M]
I 2 k l l A k I I Bis! fl.+fl'

z z . Ill-(fl i! it Ilnlfl +9”
«a ‘wfl‘m'una Art ema‘xlTLEL—Wyn — v)a.B‘B'wm .x llnfl'x

{MD 'flh’ ’I “"03 ‘57! H

gr, m,

V’ = 1.131» w't-(uzvpzm M WWW—“ribm.
u 2 ll ' l ‘ I (1‘11, use.

1 2 . in(u a x tluiu at):manage-magma,” W141 —V)ukalll.co¢‘y may
or -a _t t l

lninth a ti’ mm «1 2x”

ilk-(1' urn. , ( 14)

where D and v mean the bending stiffness and a Poisson's ratio of the panel. respec-
tively.
A vorticity function can also be defined in the vibration intensity field as

7. 2

=_%(3_!_3_‘V~ (15)
3x2 ayz

1n tlte same way as discussed in the energy stream function, the vorticity function in
Eq. (15) can also be ducribed in a general form, however, due to the page limit. this
paper rather omits tlte further expansion.

5. MODAL ENERGY
Figure 4 illustrates the modal energy of each vibration mode of the plate with and
without the vortex power flow at the center of the panel. The vertical axis of the
figure indicates modal indices arranged from the lowest resonance frequency of the
panel to the highest, while the horizontal axis shows the associated modal energy of
the panel. As the exciting frequency of the primary force is close enough to the (1, 1)
mode resonance frequency, 99 % of its frequency, the modal energy of the (1, l) 1
mode is conspicuous. For the case with a vortex power flow induced at the center of t
the plate, however. the modal energy of the (1. 1) mode is perfectly suppressed.
Observe that modal energies of the (1. 3). (2, 2). (1. 5) modes etc.. are also com-
pletely suppressed. On the contmry, the modal energies of the (l, 2) , (2. 1), (1, 4)
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modes and so forth increase as a result of inducing the vortex power flow at the center
of the plate.
By utilizing the vibration modes selected from the greatest contributor to the total
energy. the energy stream function can be evaluated. Figures 5 and 6 show how the
energy stream function and its corresponding contour evolve with the number of
vibration modes picked up from the great-
est contributor to the total energy. As is
clear from these figures. with only two vi-
bration modes. a foundation of the vortex
power flow is already fabricated at the cen-
ter of the panel. The shape of the contour
is, however, elliptic with a longer axis in
the y direction. By increasing the number
of the contributing modes. the contour
changes its form from an ellipse to a circle
which is close to the vibration intensity dis-
tribution pattern as shown in Fig. 2. Gavric
et al.[3] reported that at least 1000 vibra-
tion modes are needed to convergence of
the vibration intensity distribution. Regard-
ing the actively induced vortex power flow,
however, 100 vibration modes are needed

to form a precise power flow pattern. It
should be noted that the modal energy of
the (l, 2) mode. the greatest contributor to
the total energy. is 1000 times as large as
that of the tenth one. the (2. 7) mode;
3.44-10'3 Nm for the (1. 2) mode, while
3.4i-101I Nm forthe (2. 7) mode. Inotlier
words, the tenth vibration mode contrib-

Ill-=1“)

Fig.5 Evolution of energy stream function with the

number of vibration modes
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Fig. 4 Modal energy vs. vibration modes
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utes merely 0.1 % to the total energy, not to mention
the 100m modal contribution being just little. How-
ever, even such small contributors to the total enegy
are needed to form the precise vonex power flow con-
figuration.
The vorticity function can be likewise obtained by
picking up the vibration modes in order of the contri-
bution rate to the total energy. Figure 7 shows the
three dimensional picture of the vorticity function,
demonstrating its evolution with the number of vi-
bration modes. It can be seen from these figures that
only two vibration modes are sufficient to construct
an approximate form of the vorticity function at the
center of the panel. in the same way as discussed in
the energy stream function, the contour of the vortic-
ity function with two vibration modes shows anellip-
tical form, changing its form from an ellipse to a circle
as the number of the modes increases.
Recall the degenerate modal case[2] where sub«vorti-
ces exist inside a major vortex. If this is the case, the
vorticity of each sub~vortex is non-zero; thereby the " '“ “mt: ” '-‘ "
sub-vortex is a real vortex; however, the vorticity of
the major vortex turns out to be zero; hence it is not a Fig. 7 Contour or vorticity

real vortex but a derivative of the sub-vortices. On function (Solid line; positive,
the contrary. the actively induced vortex generated at (Mad lute negative Value)
the center of the plate has the vorticity. and hence it is
real.

w_-rm

     

6. CONCLUSION
It was succeeded experimentally in generating a vortex power flow at the center of a
simply supported rectangular panel. As the result. the power flow causing the excita-
tion of vibration modes was confined in a specific area. and so the vibration level was

significantly suppressed; the maximum amplitude of the panel without power flow
control was 239pm, that was suppressed to only 6.3 um by the power flow control.
With the development of the wave w'sualization system. monitoring of the wave propa-
gation in a planar structure became possible. Furthermore, an energy streamfunction
as well as a vorticity function was derived in a general form. It was also revealed that
the structural modes with even small contribution to the total energy of a structure are
needed to construct a power flow path; for the vortex case actively induced at the
center of the panel, 100 vibration modes turned out to be essential to form a circular.
vortex power flow path which agrees with the experimental power flow. Finally. the
characteristics of a vortex power flow was investigated, showing the vortex is a com-
bination vortex consisting of a forcing and free vortices.
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