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A model was developed and applied for predicting the vibration response of structures
excited by complex vortical turbulent flows. Computational fluid dynamic (CFD) methods
were utilized to model the flow over the structure. The computations allowed the general
flow patterns to be identified and the mean properties of the flow field to be calculated. The
spectral characteristics of the dynamic wall pressure fluctuations were obtained from an
empirical database developed from genetically similar flows. The Corcos model was used to
characterize the dynamic surface pressure cross-spectra. The power input into the structure
was estimated accounting for the non-uniform dynamic pressure loading on the structure.
The energy flow analysis (EFA) method was then used to predict the high-frequency
structural vibration response and the radiated sound power. The frequency limit of the
accuracy of the model was established. The model was applied to the case of a clamped
rectangular homogeneous panel excited by vortical flows. The model predictions were
verified experimentally for the case of an aluminium panel installed in a low-speed wind
tunnel downstream of three-dimensional vortex generators. The wall pressure fluctuations,
the plate transverse vibration velocity, and the acoustic pressure radiated from the plate
were measured over a range of mean flow velocities. The measured surface pressure spectra
beneath the coherent flow structures formed behind the vortex generators were found to be
similar to those behind uniform fences at high frequencies. This confirmed that
high-frequency wall pressure fluctuations depend on fine grain turbulence rather than on the
large-scale flow structures. The measured panel vibration responses, and the radiated
acoustic pressure levels were found to agree well with model predictions at frequencies above
the model predictability threshold. The proposed modelling approach offers the opportunity
to develop tools that could assist the vibro-acoustic design of complex flow-excited systems
such as vehicles, or fluid machinery.

© 2001 Academic Press

1. INTRODUCTION
Structural vibrations and noise emissions caused by flow impingement on structures occur
in many practical engineering problems, in particular, vehicles and fluid machinery. These
problems involve essentially the vibration of flexible structures excited by turbulent wall
pressure fluctuations [1].
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Flow-induced sound and vibration problems have been the object of many previous
investigations. For example, modal analysis methods have been used to expand both the
exciting wall pressure field and the radiated sound field in terms of the in vacuo modes of the
structure for prescribed boundary conditions [2, 3]. This approach can unfortunately only
be applied to a limited number of simple structures, such as simply supported plates. In
most practical problems, the structures are geometrically intricate and the impinging flows
complex. For example, the flow over the side-glass window of a road vehicle generally
consists of vortical flows created by the A-pillar and wake flows caused by the mirror strut,
as well as a fully attached boundary layer flow. The wall pressure fields under such
separated and reattached flows have highly non-uniform characteristics [4]. The side-glass
window itself, an irregularly shaped curved panel, is constrained by the window sealing
system which must be treated as a non-uniform distributed boundary condition. Such
complexity precludes the use of modal methods. Numerical methods or approximate
analytical methods are needed in order to tackle this and many other analogous problems.

Statistical energy analysis (SEA) methods have been used to predict the high-frequency
structural vibration response and the radiated sound power of complex flow-excited
structures [5]. The use of SEA models involves the discretization of continuous systems into
lumped elements. Such discretization into sub-structures does not allow the response
to inhomogeneous excitations such as the dynamic surface pressures beneath complex flows
to be rigorously accounted for. Wu et al. [6] used SEA to investigate the problem of sound
radiation by a vehicle side-glass window subject to a flow excitation. The inhomogeneity of
the surface pressure field was not taken into consideration. Only the reattached flow region
was considered. A more sophisticated approach was followed by Strumolo [5], who
considered the different flow patterns over vehicle side-glass windows. Stumolo assumed
that the contribution to the total power input from each flow region was proportional to the
corresponding wetted area on the window surface.

The energy flow analysis method (EFA) was developed as an alternative to SEA to
predict the locally space- and frequency-averaged behavior of dynamic systems [7, 8].
Non-uniform excitations can be handled in an EFA model by using a spatially distributed
power density input function. Han et al. [9] developed EFA models for structural vibration
problems involving non-uniform flows. The wall pressure fluctuations were directly
measured. The power density input was calculated in terms of the cross-power spectral
density of the wall pressure field. The energy flow analysis method was used to predict the
structural vibration response of a panel with non-uniform power input loading. The model
was verified experimentally for a rectangular plate excited by turbulent boundary layer
flows and separated-reattached flows.

The method used by Han et al. [9] requires a priori information about the wall pressure
field. Such data may not be available early in the design stage of new products. The goal of
this study is to extend the method of Han et al. [9] for cases where wall pressure fluctuations
must be modelled. The ultimate goal is to develop a tool for the prediction of noise and
vibration that could guide the design of complex flow-excited structural systems.

Computational fluid dynamic (CFD) models may be used to compute mean flow
properties. The spectral properties of the surface pressure field can then be predicted to
satisfactory accuracy, even for separated flows and reattachment flows, assuming
a similarity between flows with similar gross characteristics [ 10]. Strumolo [ 5] followed this
approach to predict the surface pressure spectra under different flow regions of a vehicle
glass window. A CFD model of the external air flow over the vehicle was used to compute
the mean flow properties. Separated vortical flow regions, reattached flow regions, and
turbulent boundary layers were identified over the side-glass window panel. Using
computed mean flow variables, Strumolo characterized the fluctuating pressure field over
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the window using the Corcos model. Available data for surface pressure spectra under
similar flow regions of a two-dimensional backward-facing step flow were used in the
model. This approach was also followed considering a more detailed representation of the
flow excitation and including contributions from all greenhouse surfaces (the roof and all
glass panels) by Coney et al. [11].

Leep-Apolloni et al. [12] attempted a direct computation of the surface pressure spectra
underneath the complex, high Reynolds number flow over a vehicle side-glass window.
A commercial CFD code, PowerFlow™ developed by EXA Corp., was used. The results
were found to disagree with experimental data in separated flow regions. Direct numerical
simulations aimed at resolving the time-varying surface pressure also require sophisticated
and prohibitively expensive computations.

In this investigation, a hybrid model for predicting the vibro-acoustic response of
structures under complex flow excitations is described in section 2. The proposed approach
combines steady incompressible computational fluid dynamics (CFD) technique and the
energy flow analysis method. The flow computations are used to obtain mean flow
information. Wall pressure characteristics are obtained from the predicted mean pressure
coefficient and an empirical database. The non-uniform pressure field is modelled to
calculate the power density input. The energy flow analysis method is used to calculate the
vibration response. In section 3, a method for calculating the frequency threshold above
which the model can be considered appropriate and efficient is described. In section 4, the
combined proposed model was applied to the case of a rectangular clamped plate excited by
flow behind three-dimensional vortex generators. The predictions are compared with
experimental results.

2. DESCRIPTION OF THE MODEL

A sketch of a typical flow-induced plate vibration and sound radiation problem is shown
in Figure 1. There are four components in the problem to be modelled: (1) the dynamic wall
pressure field: (2) the power density input from the flow to the plate; (3) the vibration of the
plate; and (4) the sound radiation from the plate.

Infinite/rigid
baitle
Plate

200099400
YU AVAVAY/ASRY

Sound radiation

Figure 1. Sketch of a flow-induced plate vibration and sound radiation problem.



904 F. HAN ET AL.

2.1. DYNAMIC WALL PRESSURE FIELD

2.1.1. Wall pressure model

The wall pressure field under complex flows can be approximately described using
a Corcos model [5, 6, 13]. The cross-spectral density form of the Corcos model is [14, 15]

Sex (X, Evu &y @) = By o0, X)e 15U = l05 Ul g 0 ()

where ¢, and ¢, is the spacing between two points x and x’ along the x and y directions,
respectively, y, and y, are constants related to the decay rate of the spatial coherence in the
streamwise and the spanwise directions, respectively, U, is the flow convection velocity,  is

the angular frequency, j = \/ —1, ®,, (w, X) is the auto-power spectral density of the wall
pressure fluctuations at point x, and S, (., £;, w) is the cross-power spectral density of wall
pressure fluctuations between point x =(x,y) and x =(x',)’). The assumed
time-dependence factor for this model is €/". The flow convection velocity was assumed to
be U, = 0-50 U, for separated/vortex flows and U, = 0-65 U, for reattached flows, where
U, is the local flow velocity. The local flow velocity is related to the free-stream flow velocity
by

U, =Uy/1—C,, 2

where C, is the static wall pressure coefficient. Spectral quantities such as the auto-power
spectral density @,, and the coherence spectra, and mean flow properties, such as static
pressure coefficient C,, are needed in order to model the fluctuating wall pressure field.

Steady flow computations were performed to obtain the local mean flow velocity and
static pressure coefficient. Spectral quantities were obtained from a database developed in
the laboratory for “analogous” flows. While many researchers have conducted
measurements of the surface pressure field beneath turbulent boundary layer (TBL) flows,
little data are available in the literature for more complex flows. Measurements were
performed to generate a database of spectral characteristics for flows behind fences and
other generic vortical flows.

2.1.2. Development of the wall pressure database

In flow-induced structural vibration problems, frequently encountered flows include
vortex flows and reattached flows [10]. A two-dimensional fence flow exhibits both these
features [9]. Extensive measurements were conducted to obtain the auto-power spectral
densities and coherence spectra of surface pressure fluctuations beneath flow over a fence.

The experiments were conducted in a quiet wind tunnel. The fence was installed laterally
across the test section of the wind tunnel, as shown in Figure 2. The flow was primarily
a two-dimensional flow, with negligible effects from the side walls of the test section. The
fence was 2-3 cm high. The angle between the fence and the test section floor was 60°. The
boundary layer thickness of the attached boundary layer flow far upstream the fence was
2:6 cm at a flow velocity of 31-8 m/s [16]. The ratio of the fence height and the boundary
layer thickness was h/6 = 0-88. This causes large scale flow disturbances to occur. The
measurements were made for flow velocities ranging from 10-0 to 40-0 m/s. The Reynolds
number based on fence height ranged from 1-58 x 10* to 6-:35 x 10%.

Smoke was used to visualize the flow over the fence. The salient features of the flow over
the fence are schematically illustrated in Figure 2. The flow field far upstream is an attached
boundary layer flow. The flow downstream of the fence is forced to separate from the floor
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Figure 2. Sketch of the fence flow patterns (h = 2-:3 cm fence height, L = 27-3 cm vortex size).

resulting in a free shear layer or vortex flow. It then reattaches to form an energized
attached layer. This non-equilibrium attached layer undergoes a relaxation process as it is
convected downstream, slowly evolving into an equilibrium boundary layer. The
streamwise dimension of the vortex, L, was measured to be approximately 27-3 cm. The
reattachment zone was 21-7cm long. The size of the vortex region and that of the
reattachment zone were basically independent of the flow velocity in the range between
approximately 20-0 and 40-0 m/s.

Wall pressure fluctuations were sensed using a microphone array consisting of seven
0-3 cm condenser microphones mounted flush with the flat smooth test section floor. The
microphone array was oriented alternately in both the streamwise and spanwise direction.
The microphone separation distance was 7-00 cm. Auto-power spectral densities and
cross-power spectral densities between signals from the microphones were collected using
an FFT analyzer. The auto-power spectral densities were scaled using free-stream flow
velocity and the vortex size in the streamwise direction. Wall pressures at the same position
for different flow velocity collapsed into a single curve after being scaled. The wall pressure
spectral densities measured at various positions are shown in Figure 3. At x/L = 0-5, under
a vortical flow, the surface pressure level is comparatively low and the energy is
concentrated at very low frequencies. The maximum pressure level is found at
the reattachment point (x/L = 1-0). Within the reattachment zone (1-0 < x/L < 1-8) the
pressure level changes only slightly. The reattachment pressures are produced by
impingement of the highly turbulent vortex flow onto the floor. This flow contains
low-frequency velocity fluctuations from the large-scale organized motion of the flow. As
the reattached boundary layer flow is convected downstream, the low-frequency
component of the pressure spectral densities decreases, as shown in the wall pressure
spectral density at x/L = 2-9. The flow is slowly evolving towards an equilibrium flow.
Farabee and Casarella [17] observed in their step flow study that, even at a distance of 72
step heights downstream of reattachment, the wall pressure field has not recovered to
produce a wall pressure spectrum characteristic of an equilibrium boundary layer. Based on
the scaling dependence of the wall pressure spectra, it was found that the level of the wall
pressure spectral density at a certain position is determined by the vortex size, the fluid
density, the flow velocity, and the position (distance to the fence).

Coherence spectra were obtained from the cross-power spectral densities between
different microphones. The decay rates, y, and y,, were obtained by regression of the
exponential curve in the Corcos model. The streamwise decay constant y, is shown in
Figure 4 as a function of position. Higher decay rates imply lower coherence. The results
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Figure 3. Wall pressure spectral densities at different positions scaled on flow velocity and vortex size: ——
x/L=05;----- x/L =10;------ x/L=18;.....x/L=20; «++-+ x/L =29.

shown in Figure 4 indicate that the pressure fields within the recirculating region and the
reattachment zone are not as well organized as the pressure field for an attached boundary
layer flow. Downstream of the reattachment, there is a coherent region of highly turbulent
velocity fluctuations that is convected downstream.

In the spanwise direction, the decay rate was found to be approximately 0-58 for all cases.
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Figure 4. Measured decay rate of streamwise coherence.
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2.2. POWER DENSITY INPUT

A method is needed for calculating the power density input from a non-uniformly
distributed broadband loading to the structure. The distributed loading on the structure
can be idealized as many discrete random forces by multiplying the pressure with an
incremental area. An arbitrary number, N, of discrete, random transverse forces are
assumed to be exerted on the structure. For a finite time interval 0 <t < T, the
cross-spectral density between the input force and the velocity at point i is [18]

S0, T) = o F(o, T)VE (@, T), 6

where F and V represent finite Fourier transforms of the force and the transverse velocity at
point i respectively. The power input to point i can be obtained from the cross-spectral
density function between force and velocity, given by

IT;; = Re[Syyi(@)] = Re [ lim E{S;, (o, T)}]~ 4)

The velocity at point i has contributions from all N forces. Therefore, V; can be written as

N

V(. T)= 3. Yy@FeT) (5)

where Y;; is the transfer mobility between the excitation F; at point j and the velocity
response V; at point i. Substituting equation (5) into equation (3) and then equation (4) yields
the power input at point i,

N
I, i) = 3, Re[Sy(@)Yi(o)], (6)
j=1

where S;; is the cross-spectral density between forces at points i and j.

For a ﬁmte structure, the exact transfer mobility is difficult to obtain. However, the
transfer mobility of an actual structure may be approximated by that of a comparable
structure of infinite extent. For an infinite plate excited by two forces, the velocities at the
locations of the forces can be obtained using a cylindrical travelling wave approach as [19]

F K,
= — + —— [H{(kry)) — H3 ( — jkryj)],
8/ph,D 8 /phD T ! @

F; E .
g [HO kru) H%( _Jkrij)]a

8\/phsD 8\/ph

where D is the complex bending stiffness, k the complex wavenumber, p the plate density,
hy the thickness of the plate, H§” the Hankel function of second kind, and r;; is the distance
between the locations of the two forces. Energy dissipation is incorporated into equation (7)
by using a complex wavenumber and a complex bending stiffness.

When the loss factor is small, n« 1, the complex wavenumber, k, and the complex
bending stiffness, D, can be written approximately as [20]

i=

k=k<1—jZ>, D =D + jn), ®)
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where D is the plate bending stiffness and k is the free structural wavenumber of the plate,
k = (phyw?/D)'*. Substituting equation (8) into equation (7), the velocities are

Vi= YoF, + Yy, V= Y;F, + Y,F,, 9)

1yt

where the transfer mobility, Y;;, i,j =1, 2, is

js

1 . . . .
o=y (13 3) (1 +38)) - (10w} 0

The power input method developed for discrete excitation was extended to calculate the
power density input from continuously distributed excitation fields. The power density
input at a point was obtained by integrating the power input expression over the arbitrary
excitation area. Thus, the power density input to the plate under distributed loading was
expressed as

i, (X, w) = Re [jf Sy () YE, dx’} (11)

where A is the area of the structure. The transfer mobility, Y,,, is

1 . . . .
st () )

where r is the distance between the position x and x'.

This method for calculating the power density input is referred to as the travelling wave
method. In this method, structural wave propagation within the structure is considered. The
approximation involved in this power input estimation is that the transfer mobility between
an excitation point and a receiving point of a finite structure is approximated as the transfer
mobility between the points of a comparable structure of infinite extent. The mobility of
a finite plate varies significantly from the mobility of an infinite plate at low frequencies, and
thus the use of equation (12) may cause significant errors for finite plates. However, if
significant frequency- or space averaging is done, the average mobility approaches the
mobility of an infinite system. At high frequencies, when the spatially averaged response is
considered, this approximation was found to be reasonable.

2.3. PLATE VIBRATION RESPONSE

EFA was developed as a tool for high-frequency analysis. The governing equation for the
energy density of a plate system where the vibration response can be idealized as
a superposition of damped plane waves is [7]

2
- % Vz e(x’ Y, (U) + na)e(xa Vs CO) = nin(xa Vs CO), (13)

where e is the smooth (spatially averaged over one wavelength) and frequency-averaged
energy density, and c, is the group velocity of flexural waves in the plate. Both the power
density input and the energy density are functions of position. The non-uniformity of the
distributed loading and the spatial distribution of the energy density within the structure
are taken into consideration.
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For a rectangular plate, the EFA equation can be solved using a Fourier expansion
method [7, 9]. For irregular structures, the equation can be implemented using a finite
element scheme. Thus, finite element models, which are used to predict the structural
response at low frequencies, can be used for high-frequency predictions as well [21].

Once the energy density of the plate is known, the vibrational velocity response can then
be obtained using

e(x)
phy’

V2(x)) = (14)

where V is the transverse velocity of the plate.

2.4. SOUND RADIATION

The sound power radiated from the plate into a free space was calculated using the
radiation efficiency method. The radiated sound power, P, is given by [20]

P = 6pocL,L,(V?), (15)

where ¢ is the radiation efficiency of the plate, p, is the density of the air, ¢ is the speed of
sound in air, and the overbar denotes space averaging over the whole plate. The radiation
efficiency for a rectangular plate was calculated using the approach developed by Maidanik
[22].

For structures coupled with complex acoustic spaces, an energy boundary element
method (EBEM) has been developed by Bitsie [23] to calculate the radiated sound power.

2.5. SUMMARY OF THE PREDICTION PROCEDURE

A hybrid prediction scheme combining CFD and EFA is proposed. The essential steps
involved in the process are:

(1) Compute the external flow over a given structure using CFD. The purpose is to
identify different flow regions over the structure such as the vortex flow region and
reattached flow region, and to determine mean flow properties such as the static
pressure coefficients in each region.

(2) Determine the wall pressure field in each flow region over the exterior surface of the
structure. For vortex or reattached flow, the Corcos model is used. Mean flow
properties needed in the Corcos model are obtained using the properties obtained in
step 1. Spectral quantities are obtained from the database based on the results of the
CFD computations and similarity arguments.

(3) Calculate the power input from the flow to the structure using the travelling wave
method, equation (11).

(4) Calculate the plate vibration velocity response using the EFA equation (13).

(5) Calculate the acoustic pressure radiated from the structure using equation (15).

3. PREDICTABILITY LIMIT OF THE MODEL

In the proposed approach, the power density input from flows into the plate is calculated
by assuming that the transfer mobility between two points on the plate can be
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approximated by that of an infinite plate. While this is valid at high frequencies, there are
significant differences between transfer mobilities of a finite structure and an infinite
structure at low frequencies. The EFA method predicts frequency and space-averaged
responses of structures. In the high-frequency range, EFA predictions are generally good
approximations of structural responses. On the other hand, at low frequencies when the
modes are separated and the modal response of the plate is important, EFA predictions are
inadequate since they do not take modal responses into account. Therefore, for a particular
system, it is useful and important to define a frequency threshold above which the model
can be considered appropriate and efficient.

Rabbiolo [24] proposed a method to quantitatively determine the limit of predictability
of a precise, deterministic approach, such as the finite element method, for the prediction of
the dynamics of vibro-acoustic systems. A frequency threshold, which depends on the
variability of the system, the damping factor, and the frequency bandwidth, was derived
based on the modal overlap factor of the system. The value of the frequency threshold is
inherent to each system. The threshold value defines a low- and a high-frequency range. In
the low-frequency range, where the system response has a strong modal behavior,
deterministic approaches are needed. In the high-frequency range, above the threshold,
statistical methods are recommended as more appropriate and efficient.

3.1. PLATE VIBRATION

Rabbiolo’s method was applied to determine the threshold frequency of the rectangular
plate investigated in this study. The method is based on the calculation of the modal overlap
factor. The modal overlap factor is defined as the ratio of the half-power bandwidth of
a mode, Aw, to the average spacing between adjacent eigenfrequencies, dw [24]:

Ao nw

MO(w) = —

=—. 1
ow  Ow (16)

The modal overlap factor can also be considered as the average number of eigenfrequencies
within a half-power bandwidth. For a rectangular plate, the average frequency spacing
between eigenfrequencies is [24, 25]

8k D
dw = Ak P, ,ﬁ’ (17)

where A, is the plate surface area and P, = 2(L, + L,) is the plate perimeter. The modal
overlap factor is thus

Ak*n  Pgkn

MO(w) = .
(@) 4 8n

(18)

In practice, system responses are often averaged over an octave band or a one-third
octave band to obtain frequency-averaged responses. When the frequency averaging
effect on an r-fraction of a certain octave band is considered, the modal overlap factor
becomes [24]

2

Ak Pk
MO(w) = . «/sz—i—nz—ga/sz—i—nz, (19)

where ¢ = 22 — 2772,
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As frequency increases, the number of modes contributing to the response at a given
frequency becomes larger. That is, the modal overlap factor increases with frequency.
Rabbiolo [24] defines the threshold or the lowest frequency of the high-frequency range of
a plate as the lowest frequency at which two and a half modes participate in the response,
that is,

MO(w) = 2°5. (20)

The frequency threshold can then be determined by solving equations (20) and (19).

3.2. SOUND RADIATION

For a rectangular plate adjacent to an acoustic free space, the spectrum of the sound
radiated from the plate has fewer modal peaks than the plate vibration response below the
critical frequency since only odd—-odd modes are efficient in radiating sound. Odd—-even and
even—-odd modes are less efficient and even-even modes are the least efficient in radiating
sound below the critical frequency [20]. Since only one-fourth of the modes of a plate
radiate, by assuming that all the modes of the plate are evenly distributed, the modal
overlap factor of the sound spectrum can be considered as one-fourth of the modal overlap
factor of the plate vibration below the critical frequency of the plate. That is,

A2 Pk
MO(w) = 1671«/8—1—112—32%\/82—1—172. (21)

The frequency threshold of the plate sound radiation was calculated by requiring that two
and a half radiating modes participate in the acoustic response at this frequency.

Obviously, the frequency thresholds for the plate vibration and the sound radiation are
different. The thresholds for the plate vibration and the sound radiation were considered as
the lowest frequency of the predictability of the high-frequency model for the plate vibration
and sound radiation respectively. Above the thresholds, the exact response is smoother
since many modes contribute and the peaks and valleys of the modes largely cancel each
other.

4. MODEL APPLICATION

There are numerous commercial CFD codes available on the market [26]. FLUENT
UNS version 4.2 was used in this study. The CFD code was tested on a benchmark problem:
flow over a backward-facing step. The flow through a straight channel with a sudden
expansion in the lateral direction, i.e., a backward-facing step flow, was evaluated. For
a backward-facing step flow, the upstream attached boundary layer separates at the edge of
the step, forming a free-shear layer. The separated shear layer develops for a short distance
and then impinges on the wall. The distance between the step and the attachment point is
the reattachment length, x,. The ratio of the reattachment length and the step height is the
most important parameter characterizing the step flow. The result of this simulation, was
compared with published experimental results [17, 27, 29-32], as shown in Table 1. The
essential feature of the step flow, i.e., separation and reattachment, was captured in this
CFD simulation. The reattachment length was accurately predicted. The simulation was
deemed sufficiently detailed and accurate for the purposes of the current investigation.

The model was applied to a plate downstream of a pentahedral wedge vortex generator,
as shown in Figure 5. The wedge was mounted on a rigid floor. The plate was
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TaBLE 1

Data about the backward-facing step flow

Authors Configuration R, R;- o/h x./h
This study Small step in large channel ~ 2-1 x 10* 5
Farabee and Small step in large channel ~ 2-3 x 10* 2671 1-0 6-8
Casarella [17]

Baker [29] Small step in large channel 5% 10* 3500 0-71 5-7-6
Abbott and Kline [30] Sudden expansion 2 x 10*-5 x 10* 800-1600 0-16-19 6-8
Kim et al. [31] Sudden expansion 30x10* 1400 0-45 5-8
Bradshaw and Sudden expansion 42 x 10% 730 0-13 6
Wong [32]

Sound radiation

Figure 5. Sketch of the plate downstream of a pentahedral wedge.

a homogeneous rectangular panel-mounted flush with the floor. The sound from the
unwetted side of the plate was assumed to radiate into a free space. The plate vibrations and
sound radiated on the unwetted side were predicted following the prediction procedure
listed in section 2.

Every step of the modelling process was verified using measured data. The experimental
set-up is shown in Figure 6. It consisted of a rectangular steel plate which was mounted
flush with the floor of a quiet flow wind tunnel test section. The plate was 47 cm long, 37 cm
wide, and 0-16 cm thick. The structural damping loss factor of the plate was determined
from the velocity response of the plate for an impact excitation, using the half-power
bandwidth method. The results of the plate damping loss factor can be found in Han et al.
[9]. The plate was clamped, and connected to an enclosure. Foam wedges were mounted
inside the enclosure, in order to minimize sound reflections. Foam pads were installed
between the test section floor and the plate to reduce the influence of the wind tunnel on the
response of the plate in operation. A pentahedral wedge was mounted on the test section
floor immediately upstream of the plate. The size of the pentahedral wedge is also shown in
Figure 6. The boundary layer thickness of the attached boundary layer flow far upstream
the fence was 2-6 cm, for a flow velocity of 31-8 m/s [16]. The ratio of the boundary layer
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Figure 6. Sketch of (a) the plate and the anechoic enclosure, and (b) the wedge used in the experiment.

thickness and the pentahedral wedge height was 0-65. The surface pressure distribution was
measured using an array of flush-mounted microphones. The transverse vibration velocity
of the panel was measured using a scanning laser vibrometer. Acoustic measurements were
also made in the enclosure on the quiescent side of the panel.

4.1. COMPUTED MEAN FLOW INFORMATION

For the CFD simulations, a 3-D mesh of the wind tunnel test section including the
pentahedral wedge was generated using ANSYS™., The wind tunnel test section was 3-00 m
long, 0-60 m wide, and 0-45m high. A total of 7444 nodes and 16 884 triangular elements
were used to develop a boundary mesh. The boundary mesh was imported into FLUENT
TGID™ for automatic mesh refinement and to generate the interior mesh. There were
79 127 interior tetrahedral fluid cells. The mesh was then imported into FLUENT UNS™
for the computation. A uniform velocity profile was assumed at the inlet of the test section.
The flow condition was considered incompressible and turbulent. A Reynolds stress model
(RSM) was used to model the turbulent flows. The RSM is the most elaborate turbulence
model available in FLUENT UNS™. It accounts for the history and transport
of the Reynolds stresses in a rigorous manner. Default parameters of the RSM were used in
the computation. The computation was iterated until the flow field was stable, and the
computational errors were minimized.
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Figure 8. Static pressure distribution. The minimum pressure is 100-52 kPa; the maximum pressure is 101-86 kPa.

The predicted velocity vector field around the wedge is shown in Figure 7. The
free-stream flow velocity is 30-0 m/s. Behind the wedge there is a vortex flow region. The size
of the vortex in the streamwise direction is approximately 12-:0 cm, which is consistent with
the observations made during experiments using smoke visualization. The contour plot of
the predicted static pressure on the floor and around the wedge is shown in Figure 8.
Clearly, there is a low-pressure area behind the wedge, indicating that the flow there is
a separated/vortex flow. The high-pressure region indicates that the flow reattaches to the
floor in this area. In the study, the plate is located right behind the wedge. In general, three
different flow regions are present over the plate, ie., the separated flow, the flow
reattachment and the reattached flow. This is apparent from the static pressure coefficient
distribution over the plate, as shown in Figure 9.
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Figure 9. Static pressure coefficient distribution over the plate.

4.2. SURFACE PRESSURE CHARACTERISTICS

The next step in the prediction process is to obtain information about the spectral
features of the fluctuating surface pressure field over the plate from the database based on
the similarity of the fluctuating pressures for flows with similar turbulent flow structures.
The spectral density level at a certain position depends on vortex size, flow velocity, fluid
density, and position. Using the computed information about flow regions and vortex size,
the wall pressure field over the plate was obtained from the database. In order to compare
the results from the database and the measured results, two positions over the plate were
chosen, as shown in Figure 10.

Point (0-120 m, 0-185 m) was investigated first. From the CFD computation, it was
observed that flow reattaches to the floor at this point. Therefore, the non-dimensional

A
y
©, Ly)
Wedge ° o
(0-120 m, 0-185 m) (0320 m, 0-185 m)
Plate
©0.0) (Lx,0) X

Figure 10. Positions of the two points chosen for study of the wall pressure field.
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auto-power spectral density data for flow reattachment point in the database was used.
Based on the computed streamwise vortex size of the wedge flow, the flow velocity, and the
fluid density, the dimensional auto-power spectral density at this point was obtained. The
predicted surface pressure fluctuations at this point are compared with the actual surface
pressure data in Figure 11. Here the data were expressed in non-dimensional form using
computed mean flow variables.

At point (0-320m, 0-185m), the flow is reattached. The non-dimensional auto-power
spectral density data for reattached flow in the database was used. The results for position
(0-320 m, 0-185 m) are shown in Figure 12.

The results obtained from the database and the measured results are generally
in good agreement in the high-frequency region wL/U, > 10. For a flow with
free-stream flow velocity of 30 m/s, the corresponding frequency region is f> 193 Hz.
The sources of the high-frequency wall pressure fluctuations are the small-scale
velocity fluctuations; the low-frequency components are caused by large-scale
vortex motions of the flows. The large-scale vortical flows for the 2-D fence and the 3-D
wedge have different characteristics. Therefore, at low frequencies there are significant
differences between the results obtained from the database and the actual pressure fields.
However, the low-frequency components are not of interest here since the prediction model
is a tool only for high frequency analysis.

The decay rates of streamwise coherence obtained from the database, and those obtained
from direct measurements are shown in Table 2. The results are in good agreement.

In the spanwise direction, for the two side edge regions on the plate where the effect of the
wedge vortex is insignificant, an empirical wall pressure data for flat turbulent boundary
layer flows was used.

4.3. POWER DENSITY INPUT

The information obtained from the simulations and the database were used in
conjunction with the Corcos model to calculate the power density input from the flow to the

107
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Figure 11. Wall pressure spectral density obtained from database (——) and from direct measurements (- - - - - )
for position (0-120 m, 0-185 m).
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Figure 12. Wall pressure spectral density obtained from database (——) and from direct measurements (--- - - )
for position (0-32 m, 0-185 m).

TABLE 2

The decay rates of streamwise coherence at several positions for flow field around the
pentahedral wedge vortex generator

Position 7. (database) 7 (measured)
(0-120 m, 0-185m) 0-27 0-28
(0-230m, 0-185m) 0-22 0-16
(0-320m, 0-185m) 0-14 013
(0-420m, 0-185m) 0-12 0-11
(0-420m, 0-258 m) 0-12 0-11

structure. The surface pressure field was non-uniformly distributed over the plate. Power
density inputs at 15 evenly distributed grid points over the plate were calculated using the
travelling wave method. The database only provides information of coherence between
pressures at two adjacent positions. The decay rate of coherence between a point and
distant points was assumed to be the same as that between the point and adjacent points.
That is, S, is taken to have the pressure auto-spectrum and spatial correlation properties
at x, for all x'. This is a reasonable assumption, since at a point far from the point of interest,
the contribution to the power input is negligible due to the exponential function used in the
Corcos model. The power density input distribution over the plate at 500 Hz when the
free-stream flow velocity is 26:8 m/s is shown in Figure 13. The highest power
input is at the reattachment point. At the reattachment point, the flow is highly
turbulent and energized. As the flow is convected downstream, the turbulence intensity is
decreased. The calculated power density distribution matches the distribution of the wall
pressure excitation strength.
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Figure 13. Power density input distribution over the plate at 500 Hz. U, = 26:8 m/s.

4.4. VIBRATION RESPONSE OF THE PLATE

The frequency threshold of the plate was determined. When only damping is considered,
the threshold of the plate was found to be 35-2 kHz. This can be considered the frequency
threshold for narrowband analysis. Frequency averaging makes the responses smoother,
pushing the threshold toward lower frequencies. The threshold is 355 Hz when frequency
averaging over one-third octave bands is considered.

The plate vibration velocity was then obtained by solving the EFA equation, accounting
for the non-uniformly distributed power input. The EFA equation was solved using the
Fourier expansion technique [7, 9]. The calculated results show little spatial variation over
the plate since the plate is lightly damped. The predictions are compared with the measured
plate transverse velocity for a mean flow velocity of 26:8 m/s in Figure 14. Both the EFA
predictions and the measured results shown here are averaged results over the whole plate
surface. The measured plate vibration response exhibits strong modal behavior up to
2000 Hz, since 2000 Hz is still well below the threshold frequency for narrowband analysis.

The vibration levels in one-third octave bands are shown in Figure 15. In frequency
bands below the threshold 355 Hz, there are some differences between the measured and
predicted results due to the low modal density of the plate response. Above the threshold,
the measured and the predicted results are in excellent agreement. The results when
free-stream flow velocity is 35-8 m/s are shown in Figure 16. As before, the model works well
except at very low frequencies.

4.5. SOUND RADIATION

The radiated sound power was calculated using equation (15). By assuming that the
radiated acoustic pressure was uniformly distributed over a semi-spherical surface, S;, the
acoustic pressure at a single point in the enclosure below the plate was calculated simply by
dividing the sound power by the surface area,

’ P
p-= .
pOCSs

(22)
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Figure 15. The space-averaged plate velocity spectra; U, = 26:8 m/s: B, measured; [J, predicted.

The predictions, along with the measured pressures, are shown in Figure 17 for
a free-stream flow velocity of 26:8 m/s. The frequency range is well below the critical
frequency of the plate, which is 7-8 kHz. In this frequency range, only odd-odd modes of the
plate radiate sound efficiently. Thus, the modal density of the measured pressure is very low.
Equation (21) was used to calculate the frequency threshold for the radiated sound. The
frequency threshold was 1305 Hz when damping and frequency averaging effects were both
considered. The one-third octave band pressure levels are shown in Figures 18 and 19 for
flow velocities of 26-8 m/s and 35-8 m/s respectively. Below 1305 Hz, the EFA predicts the
sound level poorly. Above the threshold, in the 1600 Hz band, the prediction is in better
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Figure 17. The acoustic pressure spectral density; U, = 26:8 m/s: ——, measured; ---- - , predicted.

agreement with measured sound level. Unfortunately, no data could be obtained at higher
frequencies due to limitations in the sensitivity of the laser vibrometer.

5. PARAMETER AND SENSITIVITY ANALYSIS OF THE MODEL

Many parameters, such as the spectral properties of the flow field and plate properties,
are specified in order to use the prediction model for any flow-induced sound and vibration
problems. Some parameters such as the plate dimensions, plate material density, the fluid
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density, and the flow velocity could be easily measured or obtained from reliable sources.
Others, such as the coherence decay rates and the plate damping loss factor, are either
estimated empirically or indirectly measured. The influence of parameters that are directly
related to the model but are hard to obtain was investigated. They include the static
pressure distribution coefficient, C,, the surface pressure auto-power spectral density, @,,,
the streamwise coherence decay rate, y,, the spanwise coherence decay rate, y,, and the plate
damping loss factor, 7.

The flow field parameters, ie., C,, ®,,, 7. 7, enter the model only through the power
density input formulation. The plate response does not directly depend on these flow field
parameters. The plate damping loss factor directly influences both the power density input
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and the vibration response of the plate. The sensitivities of the power density input to the
parameters of interest mentioned above were studied. Only the sensitivity of the plate
response to structural damping was evaluated.

The following definition of sensitivity is used:

F. HAN ET AL.

00

SS = %

where 0 is the power density input or the space-averaged plate velocity response, ¢ is
a parameter, and SS is the sensitivity of a parameter. Due to the complexity of the
relationship for the power density input the sensitivity was evaluated numerically using the

approximation

(23)

O(c + Ae) — O(e)
Ae '
The change in the power density input or the plate response was calculated for a change in
a specific design parameter. The goal of the sensitivity analysis is to find the most sensitive
parameter influencing the power density input and the plate vibration responses. The effect
may be positive or negative, significant or negligible.
The case of the clamped plate downstream of the pentahedral wedge vortex generator for
a flow velocity of 26:8 m/s was used. The five parameters mentioned above were individually
increased globally in the entire frequency range by 50% each. When the sensitivity of the
model to one parameter is evaluated, all the others remain unchanged. The changes in the
power density input and the plate response were evaluated using 10 1og 10 [0(c + 4¢)/0(¢)].
The results are shown as a function of frequency for each parameter.
The results of the space-averaged power density input changes to the flow field
parameters and the damping are shown in Figure 20. The most influential parameter is the
auto-power spectral density of the wall pressure field. The power density input is

SS ~ (24)
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proportional to the pressure spectral density. Therefore, a 50% increase in the pressure
spectral density leads to the same amount of increase in the power density input. In general,
the power density input increases with the streamwise coherence decay rate, whereas it
decreases with the decay rate in the spanwise direction. The effects of each of the decay rates
are important, although less significant than the auto-power spectral densities of the surface
pressure fluctuations. The influence of the static pressure distribution coefficient is small.
The plate damping loss factor has virtually no effect on the power density input. This is
consistent with the results of an approximate analysis by Cremer and Heckl [28], in which
they concluded that the power input by a harmonic point load for an arbitrary structure is
independent of damping.

Due to the linear relationship between the power density input and the plate velocity
responses, a change in power density input will cause the same change in the plate
responses. Therefore, all of the flow field parameters have the same influence on the plate
responses as on the power density input. The damping loss factor, however, enters the
model not only through the power density input formulation, but also through the EFA
equation. The sensitivity of the plate response to damping was also analyzed. It was found
that the space-averaged plate vibration energy was reduced by a factor two across the
frequency range when the damping of the plate was doubled. The change in the plate
response is caused by the change of the damping value in the EFA equation. The plate
response strongly depends on damping.

In summary, the auto-power spectral density of the flow field and the plate damping loss
factor have a strong influence on the plate responses. The influence of the coherence decay
rates is also important. The influence of the static pressure distribution coefficient on the
final results is insignificant. While this sensitivity analysis does reduce the requirement on
the accuracy of the static surface pressure coefficients, it still shows that an accurate CFD
computation is needed to obtain the correct auto-power spectral densities of the surface
pressure and reasonable estimates of the decay rates.

6. CONCLUSIONS

A model combining CFD methods, a travelling wave method for power input
calculations, and EFA was proposed to predict complex flow-induced structural vibration
and sound radiation responses. The prediction process involves CFD computations to
identify the flow patterns over a structure and obtain mean flow information. A database of
spectral information of wall pressure field under basic, commonly encountered flows was
developed. Wall pressure characteristics were obtained from the database based on the
results of mean flow calculation and the principle that similar flow structures have similar
spectral features of pressure fluctuations. The non-uniform loading on the plate was taken
into consideration using the travelling wave method to calculate the power density input.
The EFA method was then used for predictions of the structural vibration, and the
radiation efficiency method for radiated acoustic pressure predictions.

The model was used to study a plate excited by a flow field behind a vortex generator:
a pentahedral wedge. The predictions were verified experimentally. The measured surface
pressure features for different flows behind the vortex generators confirmed the model of the
dynamic pressure loading on the plate. The panel vibration response and the radiated
acoustic pressure levels were found to be in good agreement with the model-predicted
results at frequencies where the modal overlap of the panel was sufficiently high.

A parameter and sensitivity analysis of the model was then performed. Auto-power
spectral densities of the surface pressure fluctuations and the structural damping were found
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to

be the most influential parameters. The model was less sensitive to coherence decay rates

and unaffected by the static pressure coefficient distribution.
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The experimental effort of measuring surface pressure field data is unnecessary using this
odel. The costly requirement on computer resources and computational time for direct

simulation of time-varying flow field was also avoided. All of these suggest that this
prediction model is an adequate and useful tool in designing complex flow/structure
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stems. It can provide guidance early in the design stage.
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APPENDIX A: NOMENCLATURE

plate surface area

speed of sound

wave group speed

bending stiffness

energy density

Young’s modulus

complex Young’s modulus

force Fourier coefficient

fence height

plate thickness

Hankel function of second kind
structural free wavenumber
complex structural wavenumber
streamwise wavenumber
spanwise wavenumber
dimension of vortex

length of plates

width of plates

plate perimeter

sound power

cross-power spectral density of wall pressure field
time

time period

free-stream flow velocity
convection velocity of turbulence
local flow velocity

structural transverse vibration velocity
X co-ordinate

Y co-ordinate

X =(x,)

y=(x,y)

transfer mobility
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auto-power spectral density
decay rate of streamwise coherence
decay rate of spanwise coherence
structural damping loss factor
power density input

power input

density of plates

density of fluid

radiation efficiency

angular frequency

streamwise distance

spanwise distance
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