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Introduction

The numerical analysis of a vehicle body’s acoustical be-
havior gets increasingly more important in the product
design process. A way to describe structure-borne sound
phenomena is to gather information on the energy flow
through the usage of the structural intensity (STI). The
STI creates a link between the excitation of a structure
and its sound radiation. A further calculation of power
values based on the STI allows for the description of the
power input and output into certain areas of a structure.
Thus, the identification of energy sinks and sources is
possible.

Numerous studies in this context are related to the mea-
surement of energetic quantities and the comparison of
measurement results with analytical or numerical calcu-
lations. This work introduces the calculation basis to
obtain power values from measurement data. It uses
two approaches to compute power quantities from the
STI. The first step is the calculation and assessment of
the input power for a rectangular plate with an exter-
nal energy source. Then, a more complex structure is
analyzed. This analysis aims at the acquisition of infor-
mation on the energy input and output of indirectly ex-
cited structural components by means of power balance
calculations.

Energy balance equations

Analogous to the sound intensity in fluids, the STI de-
picts the energy flow within solid structures. In the fre-
quency domain it results from the cross-spectral density
of the complex stresses S and the related conjugated com-
plex velocities v∗ [1, 2]:

Is(f) = −1

2
S(f) · v∗(f). (1)

This study assesses thin-walled structures for which the
Kirchhoff theory applies. In this case the three di-
mensional problem from Equation (1) is reduced to a
two dimensional problem, as the energy flow normal to
the plane is negligible. The multiplication of the complex
section forces N,Q and moments M with the velocities
v and ϕ̇, respectively, yields the STI for plates
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The prime ′ denotes that I′(f) is integrated over the
thickness h of the plate. Thus, it yields the complete

energy flowing through a cross section of the structure.

Analyses with regard to the energetic behavior of struc-
tures mainly focus on the active energy flow Is,a(f). In
the frequency domain it corresponds to the real part of
the complex STI, which in turn is equivalent to the time-
averaged value of the energy flow 〈Is(t)〉 in the time do-
main:

Is,a(f) = Re (Is(f)) = 〈Is(t)〉. (3)

Figure 1 depicts the absolute value of a car floor panel’s
energy flow and gives an example of the energy distribu-
tion in a structure. In order to obtain complete infor-
mation about the energy flow, its direction needs to be
described likewise. However, combining data about the
energy density distribution and the energy flow direction
delivers complex information, and thus hampering the
usage of the STI as an indicator for the application of
design modifications.

Figure 1: Energy distribution in a car floor panel.

As an intermediate step, the information gained via in-
tensity calculations (vector quantity) is transformed to
scalar values. This preparatory simplification is supposed
to support the derivation of reliable design rules based on
a structure’s energetic behavior in future studies. Here,
the estimation of power values as the chosen approach
rests on the first law of thermodynamics. It states that in
a defined system energy is neither created nor destroyed
but conserved at all time [3]. Consequently, a simpli-
fied balancing equation for steady-state vibrations in the
frequency domain∫∫

As

Is(f)nsdA = Ps,in(f)− Ps,diss(f) (4)
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is derived. Equation (4) links the surface integral of the
STI to the difference between the input power Ps,in and
the dissipated power Ps,diss in defined closed boundaries.
The STI calculated via Equation (2) is already integrated
over the thickness of the structure. Thus, using I′(f) in
the calculation, the power balance can be computed via
line integration over a closed boundary dl

PSTI(f) =

∫
ls

I′(f)nsdl. (5)

Furthermore, another calculation approach is introduced.
Its results are compared to those obtained from Equa-
tion (5). The second approach is based on the integra-
tion of the STI’s divergence over the surface of the struc-
ture dA

Pdiv(f) =

∫∫
As

div(I′(f))dA. (6)

Structural intensity measurements

Equation (2) is not feasible for experimental analyses,
because the section forces and moments are difficult to
access. In contrast, displacements, velocities, or acceler-
ations are quantities that can be rather easily determined
in measurements. An equation using these quantities is
given in [1]:
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(7)

Equation (7) represents an approximation for the x-
component of the STI as a function of the displacements
w and velocities ẇ normal to the plane. The y-component
is derived equally by interchanging x and y. The deriva-
tion of such an approximate solution is done so by ne-
glecting the in-plane components of the STI, which are
represented by the normal forces N in Equation (2). The
next step in the estimation of the STI from measurement
data is to find feasible ways to solve Equation (7). There
are two different approaches used, where both approaches
make it necessary to gather data in the vicinity of a ref-
erence point (i, j), see Figure 2.

Figure 2: Position of measurement points in the vicinity of
a reference point (i, j).

The first approach is the so-called two-transducer
method, which was introduced by Noiseux [4]

I ′(x) =

√
Bm′

hdω2

[
2 Im

{
ai−1,j(ω)a∗i+1,j(ω)

}
+ i
(∣∣ai−1,j(ω)

∣∣2 − ∣∣ai+1,j(ω)
∣∣2)] (8)

and uses complex accelerations a in the intensity’s calcu-
lation. The necessary data is gathered at the measure-
ment points (i − 1, j) and (i + 1, j), which possess the
distance d towards each other. The second approach is
the gradient method. It uses numerical differentiation to
solve the spatial derivations in Equation (7) [2]. Here,
the central differential quotient

δw

δx
= −w(i+ 1, j)− w(i− 1, j)

2∆x
+ O(∆x2) (9)

is used, where 2∆x equals d.

Estimate the power input in a simple test
structure

For the first attempt to estimate power values a simple
test setup was selected. A rectangular aluminum plate
is clamped between two frames and thin wire. This is
done in order to represent “simply supported” bound-
ary conditions, only blocking the translational degree of
freedom in the direction normal to the plate. The neces-
sary measurements are conducted with a laser scanning
vibrometer. Figure 3 shows the structure with the mesh
grid. The distance between the measurement points is
20 mm.

Figure 3: Setup of the test structure – mesh grid and area
of excitation (red markings).

The measurements are conducted in a frequency range
up to 1000 Hz. The structure’s natural frequencies are
determined via modal analysis. The evaluation of data
is conducted for the excitation of the structure in these
frequencies. The respective modes are henceforth called
excitation modes. For a better distinction between each
value, the results are labeled according to the order of
the natural frequencies’ occurrence.

In this study, the integration limits in Equation (5) and
(6) are determined by setting a rectangular balancing
area with a distance of 40 mm between each edge and
the excitation point (red square in Figure 3). The results
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for PSTI and Pdiv are shown in Figure 4 and 5, respec-
tively. Each graph contains the results for the aforemen-
tioned approximation methods: two-transducer method,
’2-trans.’, and gradient method, ’grad.’.

Figure 4: Estimated curve progression of PSTI.

Figure 5: Estimated curve progression of Pdiv.

Commencing at the ninth excitation mode (≈ 321 Hz) the
power quantities, PSTI and Pdiv, show a good accordance
regarding their curve progression and value range for cal-
culations based on the STI estimated via two-transducer
method and gradient method, respectively. The scatter-
ing of the measurement data for lower frequencies leads
to deviations in the results of the calculated STI [2]. It is
plausible that in case of faulty source data the outcome
of the power calculation is likewise incorrect. A compar-
ison between PSTI and Pdiv with a reference solution has
shown that results gathered via the gradient method ex-
hibit a better accordance with the curve progression of
the reference solution, commencing already at the fourth
excitation mode (≈ 154 Hz). This matches the limita-
tions poised by the two-transducer method, which is not
valid at near-field conditions, and therefore exhibits a fre-
quency dependent minimum distance to discontinuities.
The graphs for PSTI in Figure 4 contain negative val-
ues for certain frequencies, however, this is not plausible.
The calculations are conducted close to the excitation
point and all power values should be positive, as is the
case for Pdiv. It is assumed that this behavior is due to a
higher sensitivity of the STI integration to errors in the
direction of the energy vectors.

The estimated power values show consistent results for

both approximation methods of the STI and both power
calculation approaches, respectively. However, the cor-
respondence with a reference signal is not satisfactory.
This will be the topic of future studies including further
error evaluation of the introduced power results.

Analysis of a complex structure

The analysis in the previous section shows that the de-
rived power values are able to depict the quality of the
power input with several restrictions. The next step is
the analysis of a more complex setup (see Figure 6). It
consists of two aluminum plates, connected by four alu-
minum cylinders. The lower plate is simply supported
and excited by an external force. The upper plate ex-
hibits no external energy input. Therefore, the necessary
energy to induce vibrations in the upper plate needs to
be transferred via the connecting cylinders.

Figure 6: Setup of complex test structure: a) real setup and
b) graphical representation of boundary conditions.

Figure 7 shows the results of the STI for the 28th excita-
tion mode. It exhibits a high similarity regarding energy
direction and distribution in measurement and numeri-
cal simulations. Both results show a widely spread vor-
tex with a high energy density in the right part of the
structure. Furthermore, the distribution of vortices and
energy direction exhibit similarities over a great share of
the analyzed structure. An important difference exists
regarding the energy density at the connections between
plate and cylinders. In case of the simulation’s results
the energy density in these areas is enhanced, see red
marks in Figure 7 b). This elevation is not present in the
measurement data.

In a first analysis, PSTI and Pdiv are calculated for the
cylinders’ positions. The integration limits are the same
as in the previous section. For this case the evaluation of
the calculated results yields no consistent outcome when
comparing PSTI and Pdiv against one another. In addi-
tion, the summation of the power values from the four
cylinder positions yields a large number of negative re-
sults. This is not plausible since the cylinders are the
energy sources for the upper plate, where the sum of all
values should be positive. This is the result that can be
found when evaluating respective numerical simulations.

The evaluation of the data at the cylinders’ positions
yields no satisfactory results, thus the analysis is sim-
plified. As depicted in Figure 6 b), the upper plate
of the structure is split in two parts. In this way the
boundary, at which the estimation of power values is
conducted, moves further away from the discontinuities
present in the structure. Figure 8 shows results for mea-
surement and numerical simulation for two different ex-

DAGA 2018 München

1233



Figure 7: Depiction of energy distribution (color scale) and
energy direction (arrows) from a) measurement and b) numer-
ical simulation for the 28th excitation mode of the structure.

citation modes. The white arrows indicate some of the
main energy paths for each result. For the 28th mode,
the results are consistent for both measurement and nu-
merical solution, whereas the energy flow is reversed in
the results for the 46th mode.

Figure 8: Results for measurement data and numerical sim-
ulation of the upper plate for the 28th and 46th excitation
mode.

The analysis of the energy flow distribution alone is not
sufficient to allow for a reliable statement concerning the
general direction of the energy propagation. The calcu-
lation of power values is done by referring to the right
part of the upper plate. Table 1 gives an overview of
the algebraic signs of the results. A positive value of the
power balance indicates that the energy input through
the cylinders is higher than the output and the energy
dissipation, thus there is a net energy flow from this re-
gion to the rest of the plate as it was the case for the
excitation area of the rectangular plate. On the con-
trary, a negative value shows that the energy is flowing
into the balanced right side of the structure and further
propagates to the lower plate. In case of the 28th excita-

tion mode all power values show an accordance in their
algebraic sign and are indicating an energy flow from the
left to the right side of the structure. For the 46th exci-
tation mode the reversed energy flow between numerical
and measurement result leads to opposite signs of the re-
sults. Thus, the power values indicate a reversed energy
flow between both results.

Table 1: Algebraic signs of power balance value results.

excitation numerical experimental solution
mode solution 2-trans. grad.

28 negative negative negative
48 positive negative negative

On the basis of a reversed energy flow it seems plausible
that the outcome of the power calculation is equally re-
versed. Nevertheless, the results from measurement and
numerical simulation show differences that make further
analysis necessary.

Conclusion

Two different approximation methods are used to calcu-
late the STI from measurement results. They are the
foundation for the calculation of PSTI and Pdiv, which
are used to estimate the power input in a rectangular
plate. For higher frequencies, both approximation meth-
ods show a good accordance for both power values. The
analysis of more complex structures needs to be contin-
ued, as it could be shown exemplarily that the power
values deliver plausible results based on the underlying
energy flow. The findings indicate that energy flow mea-
surements and connected power calculations can be used
to describe the energy propagation. However, future
studies need to further assess the accuracy of the ap-
proach and a deeper analysis of the introduced complex
structure seems necessary in order to verify the observed
results.
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