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1. INTRODUCTION

This paper discusses new developments in the Experimental Spatial Power Flow
(ESPF) method. The ESPF approach retains the spatial representation of the power
flow, obtained from analytical models, and represents the actual boundary condi-
tions by using experimental data obtained from a scanning laser Doppler Vibrometer
(SLDV) [1]. This paper will demonstrate that the ESPF method satisfies the con-
servation of energy principle, in that, power injected to a simply supported plate from
an external source is shown to compare with the power flow computed by the ESPF
method. The simply supported plate is excited by two shakers which are placed
diagonally across the plate. The power injected to the plate is computed from imped-
ance head measurements at the two shaker locations. This injected power measure-
ment is then compared to the results obtained from the ESPF method.

2. BACKGROUND

The concept behind power-flow methods is that the magnitudes and locations of the
energy sources and sinks, as well as the paths of energy transmission, can be deter-
mined in vibrating structures. The difficulties associated with many of the power-
flow techniques presently developed, stem primarily from two issues. The first issue
is that a spatial model of the structure‘s dynamic response is required to map the ener-
gy path in the structure. Secondly, it is extremely difficult to analytically model the
actual boundary conditions and geometry of the test structure. Analytical models
provide a spatial representation of the response but accurate modeling of the actual
boundary conditions on the structure are unknown both in magnitude and representa-
tion. Experimental models inherently include the actual boundary conditions in the
measurements of the dynamic response but do not typically develop an adequate spa-
tial model of the response.

The Experimental Spatial Power Flow (ESPF)method discussed in this paper
provides a spatially continuous power-flow model which inherently includes the ac-

tual boundary conditions since it is derived from experimental measurements [1][2].
The ESPF method is developed around the high spatial density measurement capa-
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bility of a scanning laser Doppler vibrometer (SLDV). The spatially dense measure-
ments acquired by the SLDV are used to solve for a spatially continuous 3-D
complex-valued representation of the velocity field over the structure [3]. This ve-
locity field is integrated in time to obtain the continuous 3-D complex-valued dis-
placement field. From this representation of the displacement field the generalized
forces are determined [3]. _ -

In plates, power flow due to transverse motion only, is comprised of three general-
ized forces and velocities. The generalized forces are the bending moments Mx, My,
twisting momentsMy, My,“ and the shear forces Q,, Q. Using Love-Kirchoff plate
theory, these components can be expressed in terms of spatial derivatives of the trans-
verse displacement field w.The generalized velocities which correspond to these
generalized forces are the angular velocities 6,, 9,, and the transverse velocity w. Us-
ing this notation the power flow can be expressed as shown by Eqs. 1 and 2, where
the asterisk represents the complex conjugate [4].

qx = Re[Q,,w‘ + Map — MWQX'] (1)

qr = ReiQyw' _ Myéx‘ + Myxéy‘] (2)

3. EXPERIMENTAL SETUP

The ESPF approach was applied to a 380.0 mm x 300.0 mm x 1.6 mm steel plate.
The plate had a Young’s modulus of elasticity of 2.04E11 Pa, structural damping fac-
tor of 0.001, and Poisson’s ratio of 0.29. The test plate was mounted to a rigid steel
frame by thin steel shims as shown by Fig. 1. Five screws equally spaced along each
edge of the plate were used to attach the plate to the shims. The test structure was
designed to simulate asimply supported plate, However, this assumption is notmade
or required in any part of this experimental procedure, as the boundary conditions
are inherently modeled in the solution based on the laser data.
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Screws Plate - ZShakers   
FIGURE 1. SIMPLY SUPPORTED PLATE SETUP

The steel plate was harmonically excited with two electromagnetic shakers. The
shakers were hung from bungee cords and connected to impedance heads. The im-
pedance heads were connected to the plate through 2.0 cm diameter mount plates
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which wereglued to the plate. Shaker l, was attached to the plate at x:290.0 mm,

y=90.0 mm. Shaker 2 was attached at x=90.0 mm, y=210.0 mm.

4. EXPERIMENTAL RESULTS

79.0 H2 Case

In the 79.0 Hz case the two shakers were phased such that shaker 2, as indicated in

Fig. 1, lagged shaker 1 by 174.62 degrees and had a magnitude of 89% of shaker 1.

Figure 2illustrates the power flow in the plate computed by the ESPF method. The

magnitude of the velocity field indicating the operating shape of the plate is also su-

perimposed on the power flow vector plot. The darker areas represent points of high

velocity. The 2 large black dots on the plate represent the relative size and location

of the shaker and impedance head mount plates while the small black dots on the bor-
der represent the screw locations as discussed in the experimental setup. The ring

around the first shaker indicates the control volume where the maximum power flow

orients.

300.0 mm   380.0mm———i

FIGURE 2. POWER FLOW VECTOR PLOT 73.0 HZ

Figure 2 clearly indicates that shaker 1 acts as a power source and shaker 2 acts as

a power sink under these condition» The main flow of power is in a direct path from

shaker 1 to shaker 2. A significant amount of power is aiso shown to exist on both

the top and bottom horizontal boundaries of the plate while verylittie power is de-

tected on the vertical boundaries. This implies, as expected, that the simply sup-

ported boundary conditions are not perfect.
Under ideal point force conditions the largest power flow vectors would exist at

the point source and then decrease in magnitude due to various loss mechanisms as

the distance from the source is increased. In this case, with the 2.0 cm diameter mount

plates, the maximum power flow should occur at a radius of 1.0 cm from the center

of the mount piate. Figure 2 indicates that the largest vectors are shown to occur

slightly further than 1‘0 cut away from the center of the mount plates.

To further investigate this concern, the net power crossing a circular control vol-

ume, centered at the source. was computed. The control volume was then incremen-
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tally enlarged in the radial direction and the net pUWer flowwas again computed. The
net power flow normal to each circular control volume was computed at 72 equally
spaced points around each control volume. These 72 points were then used to com»
pute the total power normal to the control volume. The total power in 40 control vol-
umes at radial increments of 0.2 cm Were computed for a total radial distance of 8.0
cm from the center of the mount plate.

Figures 3a and 3b Show plots of the net power flow crossing each circular control
volume for the first 30 control volumes. Figure 3a illustrates that the maximum pow-
er flow of 0.28 watts was obtained at a radial distance of 5.0 cm from the center of
the so utoe. This is 4.0 cm away from where the maximum power flow should
thouretically occur. in this power flow model an 8x8 uniform quintic B~spline mesh
was used to represent the velocity field. Using a more refined mesh around the loca-
tions of the source and sink would decrease the radius at which the maximum power
flow was obtained and improve the accuracy. There is also some error due to the dis-
crete integration performed to obtain the total power flow crossing each control vol~
ume. Figure 3b illustrates the decline in power flow as it leaves through shaker 2.
The maximum is shown to occur approximately 5.5 cm away from the sink Again,
this spatial error could be decreased by increasing the mesh density ofthe model.-

To verify the magnitudes of the power flow, time series data from the impedance
heads was collected t uring the laser scanning process, The mean power intected into
the system through shaker loomputed from the impedance head was 0.25 watts with
a standard deviation of 0.00027 watts. The mean power leaving through shaker 2 was
computed as 0.24 watts with a standard deviation of 0.00034 watts.
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Figure 3:, Shaker 1 Figure 3b, Shaker 1

FIGURE 3. NET POWER FLOW CROSSING THE CONTROL VOL.

This results in a 12 % difference between the power injected computed from the im-
pedance head measurements and the ESPF method. The difference in the amount of
energy leaving the plate is somewhat more difficult to determine using the ESPF
method in that a gradual decline in power from 0.28 watts to 0.0 watts was deter-
mined. Although these are significant percentages. the results are still promising
based on several reasons. The first is that the caiibrarion constants for the impedance
heads had large variations and were determined to be sensitive to torque. Slight Iaser
calibration error could also account [or some of the difference between the results.
Other factors such as uncertainty in the plate dimensions, material properties, and
misalignment in the force locations Could also affect the results. Considering these
possible experimental errors it was concluded that the ESPF method was able to con-
serve energy.
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The power entering and leaving the plate were calculated to be neariy the same

value. This is due to the relatively large amount of power traveling through the plate

as compared to the losses.

311.!) Hz Case

In the 311.0 Hz case the two shakers were phased such that shaker 2 lagged shaker

lby 17457 degrees and had a magnitude of 85% of shaker 1. Figure 4 iilustratesthat

the power flow for this case is not a direct flow from shaker 1 to shaker 2. The main

power flow path is shown to be in an “L” shaped pattern starting at shaker 1, flowing

in the negative 1 direction and then in the positive y direction. A relatively weaker

power flow path is also shown to exist which first leaves shaker 1 flowing in a posi-

tive y direction and then in a negative x direction. Very little power flow through the

center of the plate is detected. The operating shape illustrates that 311.0 Hz corre-

sponds to a frequency between the 2x1 and the 1x2 modes of the plate. Again, as in

the 79.0 Hz case, the top and bottom horizontal boundaries show significant power

flow magnitudes compared to the vertical boundaries.

300.0 mm   
|———— 3501) mm——|

FIGURE 4. POWER FLOW VECTOR PLOT 311.0 HZ

Figures 5a and 5b indicate that the maximum power flow injected into the plate com»

puted by the ESPF method occurred at a radial distance of 4.5 cm from the center

of the source. The spatial error of where the maximum power flow occurs is again

due to the 8x8 quintic B-spline mesh and could be reduced by mesh refinement. The

maximum magnitude was 1.40 rnW. The power injected into the plate computed

from the impedance head measurements was 1.42 mW with a standard deviation of

7.0E-3 mW. This results in a difference of 1.4% which is significantly iower than

the first case of 79.0 Hz. This is partially due to the fact that the amount of experimen—

tal error due to calibration of the electronic system used in the data acquisition was

reduced.
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Figure 53, Shaker 1, 311.0 Hz Figure 5b, Shaker 2. 311.0 Hz

FIGURE 5. NET POWER FLOW CROSSING CONTROL VOL.

5. SUMMARY

In summary it can be concluded that the BSPF method can predict the magnitude of
the power flow to within12% as indicated by the results from the 79.0 Hz case. How
ever, after careful calibration of the entire data acquisition process it was shown that
the ESPF method computed the magnltude of the power flow to within 1.4% of the
power measured using an impedance head.

The power flow results also indicated that a spatial error of 4.0 cm was obtained
when computing the exact location of the maximum power flow. This spatial error
could be reduced by mesh refinement but will not becompletely removed. However,
in most test conditions, when structures are large compared to the points of excitation
or when the excitation is more of a distributed load this spatial error will be insignifi—
cant.

The ability of the ESPF method to extract a spatial representation of the power
flow from experimental data has been validated. Further research in this area will
consist of improved calibration techniques and the implementation of non-uniform
B-splines to allow local mesh refinement in the areas of concentrated loads
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