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Abstract

In this paper, the effects of structural vibration on flow unsteadiness are investigated numerically. A fully
coupled model, that solves the unsteady flow equations as well as the dynamic equations of the structure, is
used. Numerical experiments are carried-out for flow over a backward-facing step, where a large number of
numerical and experimental data exist for comparisons. The flexible structure is upstream of the step and is
excited by a plane acoustic wave from the side opposite to the flow. Three Reynolds number cases are
studied: 300 for a laminar flow, 3000 for a transitional flow and 15 000 for a turbulent flow. The results
obtained are in good agreement with experimental observations and show the strong coupling between
structural vibration and the resulting flow unsteadiness.
r 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Fluid–structure interaction problems can be found in various engineering fields; civil,
mechanical and aerospace to name a few. In aerospace as well as in many military applications,
noise whatever its origin is undesirable. Since flow unsteadiness and structural vibration generate
noise, it is therefore important to understand the noise generation mechanisms and devise control
techniques to reduce or eliminate it. In this paper, a unique computation that couples a vibrating
structure to the surrounding fluid flow is presented. The flow geometry considered is that of a
backward-facing step and the flow conditions simulate the laminar, transitional and turbulent
flow regimes.
Armaly et al. [1] carried-out an experimental and theoretical investigation of backward-facing

step flow. They reported Laser–Doppler measurements of velocity distribution and reattachment
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length downstream of a single backward-facing step mounted in a two-dimensional channel for
laminar, transitional and turbulent flows. The experimental results showed typical variations of
the reattachment length with Reynolds number. In addition to the primary recirculation zone
attached to the step, they observed additional regions on the top and bottom walls. Mullin et al.
[2] studied experimentally airflow over a rearward-facing step with a free-stream velocity
perturbed by a sinusoidal fluctuation of 1 Hz: They showed that the stability of the separated flow
behind the step is strongly perturbed by the free-stream oscillations and that the position of
reattachment of the turbulent boundary layer is dependent on the phase of the free-stream
velocity. The time-dependent behavior of a reattaching shear layer behind a rearward-facing step
was also experimentally studied by Driver et al. [3]. They showed that the majority of energy in the
flow resides in frequencies characteristic of roll-up and pairing of vortical structures seen in free
shear layers.
Recently, Huteau et al. [4] carried-out a detailed experimental study on the spatial–

temporal movement of the reattachment and separation points in a two-dimensional
backward-facing step flow with a bottom wall oscillating harmonically. They observed
that the rate of variation of both points was strongly dependent on the wall oscillation.
An experimental and numerical investigation of a 2-D backward-facing step flow was carried-
out by Lee and Mateescu [5]. They measured, non-intrusively, the lengths of separation
and reattachment on the upper and lower walls using closely spaced, multi-element
hot-film sensor arrays. Their results compared well with previous experimental and
computational results. Mateescu and Venditti [6] presented computational solutions for
unsteady viscous flows in channels with a downstream-facing step, followed by an oscillating
floor. The floor oscillations were specified as a product of sinusoidal oscillations in space
and time.
In this paper, a fully coupled fluid–structure interaction model is used to compute a viscous

flow past a backward-facing step followed by a flexible structure. A similar model was used by
Frendi [7] to couple a supersonic turbulent boundary and a flexible structure. The numerical
results obtained using this model were in very good agreement with those obtained experimentally
by Maestrello [8]. In the past, the dominant approach to solving fluid–structure interaction
problems was through the decoupling of the fluid and the structure [9–12]. The main assumption
in this approach is that the structural vibrations do not alter the boundary layer flow, and
therefore the fluid surface pressure is used as a forcing field on the structure without any feedback
from the structure [13–15]. This assumption gives satisfactory results so long as the structural
vibrations are small. However, when the surface pressure fluctuations are large, leading to a
strong structural response, the feedback needs to be taken into account as shown by Frendi and
Robinson [16].
In military as well as civilian applications, a low acoustic signature is a requirement for

any new engineering machine. This, therefore, requires a better understanding of the
mechanisms for noise generation and propagation. Flow induced structural vibration is one
such noise generating mechanism and better models are required to understand it and find ways to
control it.
The reminder of the paper is organized as follows: in the following section the mathematical

model is derived, followed by a brief description of the methods of solution used. The results are
discussed in Section 4 and some concluding remarks follow in Section 5.
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2. Mathematical model

The fluid model used is based on the unsteady Reynolds averaged Navier–Stokes equations
given by
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In Eqs. (1)–(4), ðr;Ui;E;PÞ represent the unsteady means while the variables ðu00i ; e
00; p00Þ are the

turbulent fluctuations. The total energy is defined as E ¼ P=ðg� 1Þ þ rðU2
1 þ U2

2 Þ=2: In Eqs. (2)
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Fig. 2. Steady state streamtraces downstream of the backward-facing step for Re ¼ 300 ( ; rigid wall).

Fig. 1. Computational domain.
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and (3), tij is the stress tensor given by

tij ¼
MN

ReL
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where MN; ReL and m are the free stream Mach number, Reynolds number and molecular
viscosity, respectively. The term ru00i u00

j in Eq. (2) is the Reynolds stress and is modeled using the
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Fig. 3. Unsteady streamtraces downstream of the backward-facing step for Re ¼ 300 ( ; flexible structure).

Excitation frequency 138 Hz and amplitude e ¼ 68:95 N=m2:

Fig. 4. Time variation of the non-dimensional mean velocity profile at the center of the flexible structure ðRe ¼ 300Þ;
——, 0:00 s; - - - - - - -, 0:03 s; – - - – - - – - - –, 0:05 s: Excitation frequency 138 Hz and amplitude e ¼ 68:95 N=m2:
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Boussinesq approximation as

ru00i u00
j ¼ 2

3
rkdij � 2mtðSij � 1

3
SkkdijÞ; ð6Þ

where k ¼ u00
i u00i =2 is the turbulent kinetic energy, mt is the turbulent eddy viscosity, and Sij is the

mean strain-rate tensor given by
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Fig. 5. Time variation of the non-dimensional fluid-wall-shear stress over the flexible structure ðRe ¼ 300Þ: ——, 0:00 s;
- - - - - - -, 0:03 s; – - - – - - – - - –, 0:05 s: Excitation frequency 138 Hz and amplitude e ¼ 68:95 N=m2:

Fig. 6. Steady state streamtraces downstream of the backward-facing step for Re ¼ 3000 ( ; rigid wall).
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The turbulent eddy viscosity is obtained using the one equation closure model proposed by
Spalart and Allmaras [17]. The terms e00u00

j ; p
00u00j and tiju

00
j in the energy equation (3) need to be

modelled.
In the fully coupled computations, a beam equation of the form
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Fig. 7. Unsteady streamtraces downstream of the backward-facing step for Re ¼ 3000 ( ; flexible structure).

Excitation frequency 138 Hz and amplitude e ¼ 68:95 N=m2:

Fig. 8. Time variation of the non-dimensional mean velocity profile at the center of the flexible structure ðRe ¼ 3000Þ:
——, 0:00 s; - - - - - - -, 0:03 s; – - - – - - – - - –, 0:05 s: Excitation frequency 138 Hz and amplitude e ¼ 68:95 N=m2:
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is used, where D is the beam stiffness, rB its density, h the thickness, G the physical damping and Z
the out-of-plane displacement. In Eq. (8), Nx is the average tension in the beam due to bending
and is defined as

Nx ¼
1

2L

Z x0þL

x0

@Z
@x

� �2

dx ð9Þ
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Fig. 9. Time variation of the non-dimensional fluid-wall-shear stress over the flexible structure ðRe ¼ 3000Þ: ——,

0:00 s; - - - - - - -, – - - – - - – - - –, 0:05 s: Excitation frequency 138 Hz and amplitude e ¼ 68:95 N=m2:

Fig. 10. Steady state streamtraces downstream of the backward-facing step for Re ¼ 15 000 ( ; rigid wall).
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with L being the beam length and x0 its origin. The forcing term, DpðtÞ; in Eq. (8) is given by

DpðtÞ ¼ pa � pb:l: ð10Þ

with pa being either plane acoustic waves exciting the beam from below at a given harmonic
frequency, or a radiated acoustic pressure from the beam, and pb:l: the boundary layer pressure. In
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Fig. 11. Unsteady streamtraces downstream of the backward-facing step for Re ¼ 15 000 ( ; flexible structure).
Excitation frequency 138 Hz and amplitudes e ¼ 68:95 N=m2:

Fig. 12. Skin-friction coefficient downstream of the backward-facing step for Re ¼ 15 000: J; experimental data

(Adams et al.); ——, computed.
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Eq. (8), tw is the fluid wall shear stress computed using

tw ¼ meff

@U

@y

����
y¼0

ð11Þ

with meff being the effective fluid viscosity.

3. Method of solution

Eqs. (1)–(7) are solved using the three-dimensional thin-layer Navier–Stokes code known as
CFL3D [18]. The numerical method uses a second order accurate finite volume scheme. Low
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Fig. 13. Time variation of the non-dimensional mean velocity profile at the center of the flexible structure

ðRe ¼ 15 000); (a) entire channel (b) near the flexible structure. Excitation frequency 138 Hz and amplitude e ¼
68:95 N=m2: ——, 0:00 s; - - - - - - -, 0:03 s; – - - – - - – - - –, 0:05 s:
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Mach number preconditioning is used to insure convergence. At first a steady state solution is
obtained, followed by the unsteady computation. When the code is used in the unsteady regime, a
single time-stepping method (known as the ‘‘physical time sub-iteration or t-TS’’ due to Pulliam
[19]) is used with 10 sub-iterations for each time step. The physical time step used in all the
computations is 3	 10�5 s: Reducing the time step did not result in any significant change of the
solution. The choice of 10 sub-iterations gave the best convergence per time step. The beam
equation (8) is integrated using an implicit finite difference scheme developed by Hoff and Pahl
[20]. When the beam is excited from the side opposite to the flow, the forcing field is given by

pa ¼ e sinðotÞ; ð12Þ

where o ¼ 2pf is the forcing frequency, corresponding to one of the natural frequencies of the
beam and e the forcing amplitude. The wall boundary conditions are, U ¼ 0 and V ¼ VBeam over
the flexible part of the wall and V ¼ 0 over the rigid part.
Coupling between the beam and the fluid is obtained as follows. Using the previous time step’s

beam velocity as boundary conditions, the flow Eqs. (1)–(7) are integrated to obtain the new
surface pressure field; these are then used to update the beam equation. This procedure is repeated
at every time step.

4. Results and discussions

Results are obtained for a two-dimensional channel flow past a backward-facing step at three
different Reynolds numbers (based on the step-height and the maximum inflow velocity); 300 for
laminar flow, 3000 for transitional flow and 15 000 fully turbulent flow. Though Eqs. (1)–(7) are
written for a compressible fluid, the computations are carried-out for an incompressible flow
having a maximum Mach number of 0.03. The beam properties are: stiffness D ¼ 39 N m; mass
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Fig. 14. Time variation of the non-dimensional fluid-wall-shear stress over the flexible structure ðRe ¼ 15 000Þ: ——,

0:00 s; - - - - - - -, 0:03 s; – - - – - - 2 - - 2; 0:05 s: Excitation frequency 138 Hz and amplitude e ¼ 68:95 N=m2:
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per unit area rBh ¼ 6:28 kg=m2; structural damping G ¼ 14 N s=m3; thickness h ¼ 5:08	 10�4 m;
and length L ¼ 0:254 m: The first three natural frequencies are 138, 378 and 741 Hz: The
computational domain shown in Fig. 1 is 2-m long upstream of the step and 1-m long downstream
of it. The expansion ratio at the step is 2 with an upstream height of H ¼ 0:015 m: After
experimenting with several grid resolutions, the number of points used in all the computations are
501 in the streamwise direction, with 301 points located downstream of the step, and 161 and 81 in
the vertical direction downstream and upstream of the step, respectively. Further grid refinement
gave no significant change of the solution. In the unsteady computations, Eq. (12) is used to excite
the structural vibrations with e ¼ 68:95 N=m2 and using two different frequencies; 138 and
741 Hz corresponding to the first and third mode of the structure, respectively. In this section,
nondimensional results will be presented, the wall shear stress is nondimensionalized with e; the
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Fig. 15. Time histories of the non-dimensional (a) displacement, (b) flow reattachment point, and (c) structural

velocity. Excitation frequency 138 Hz and amplitude e ¼ 68:95 N=m2:
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mean flow velocity by Uin ¼ 72 m=s; the structural vibration velocity at the center of the beam by
Vref ¼ 2:54	 10�5 m=s; the out-of-plane structural displacement by the beam thickness h; and the
x and y co-ordinates by the step height H:
Fig. 2 shows the steady state streamtraces for the laminar case, Re ¼ 300: In this case the flow

field is characterized by the presence of a large and small recirculation bubble ahead of the step on
the lower wall and another recirculation bubble on the upper wall. The location of the upper wall
recirculation bubble is slightly downstream of the bottom wall bubbles. This result is in agreement
with what was observed experimentally and obtained numerically [1,6]. In the unsteady
computation (Fig. 3) the flow-field downstream of the step is changed. The figure shows the
changes to be characterized by the stretching of the top and bottom bubbles due to the downward
motion of the structure. In addition, a new recirculation bubble is shown on the bottom wall over
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Fig. 16. Time variation of the non-dimensional mean velocity profile at the center of the flexible structure ðRe ¼
15 000Þ; (a) entire channel (b) near the flexible structure. Excitation frequency 740 Hz and amplitude e ¼ 68:95 N=m2:
——, 0:00 s; - - - - - - -, 0:03 s; 2 - - 2 - - 2 - - 2; 0:05 s:
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the flexible structure and downstream of the previously obtained bubbles. Fig. 4 shows the time
variation of the non-dimensional mean velocity profile at the center of the flexible structure. The
figure shows that as time increases, the magnitude of the negative velocity near the flexible
structure is reduced, and for t ¼ 0:05 s the velocity becomes slightly positive. The variation with
time of the non-dimensional wall shear stress over the flexible structure is shown in Fig. 5. The
solid line corresponding to the steady state value shows the presence of one dominant bubble.
Whereas at other times, the wall shear stress exhibits a more complex shape indicating the
presence of more recirculation bubbles. These results are in agreement with those of Lee and
Mateescu [5].
In the transitional Reynolds number case, Re ¼ 3000; Fig. 6 shows the presence of three

recirculation bubbles. In this case, the bottom two bubbles are larger, while the top bubble is
smaller than the laminar one. Fig. 7 shows the unsteady result corresponding to the transitional
Reynolds number case. Similar to the laminar case, the three bubbles are stretched and a new
bubble has formed over the flexible structure downstream of the steady state bubbles of Fig. 6. In
addition, a new small recirculation bubble seems to be forming on top of the two bottom wall
bubbles adjacent to the step. The time variation of the non-dimensional mean velocity profile at
the center of the flexible structure is shown in Fig. 8. Similar to the laminar case, significant
changes are taking place near the flexible structure. The non-dimensional wall shear stress (Fig. 9)
shows the presence of two bubbles at steady state (solid line). The figure shows that downstream
of the second bubble the wall shear stress is nearly constant. However, this is not the case when
structural vibration is introduced as indicated by the other two curves.
In the turbulent flow regime, Re ¼ 15 000; only one dominant bubble is obtained downstream

of the step on the bottom wall (Fig. 10). The bubble is larger in size than the two laminar or
transitional bubbles combined. In the unsteady case, (Fig. 11) the bubble shrunk slightly due to
the upward motion of the flexible structure. In addition, the fluid is being pushed upward by the
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Fig. 17. Time variation of the non-dimensional fluid-wall-shear stress over the flexible structure ðRe ¼ 15 000Þ: ——,

0:00 s; - - - - - - -, 0:03 s; 2 - - 2 - - 2 - - 2; 0:05 s: Excitation frequency 740 Hz and amplitude e ¼ 68:95 N=m2:
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flexible structure as indicated by the streamtraces originating from the surface. Fig. 12 shows a
comparison between the computed friction coefficient and that measured by Adams et al. [21]
downstream of the backward-facing step at nearly similar conditions. There is a good overall
agreement between the two results. In addition, the locations of the reattachment points predicted
in the current computations are in good agreement with those reported in the literature.
Specifically, the present computations find this point to be at 5:5H; 6H and 7:5H from the step for
the laminar, transitional and turbulent cases, respectively. In the literature, various authors give
reattachment locations between 4H and 8H for the different flow conditions (see Ref. [6] for
example). The non-dimensional mean velocity profile at the center of the flexible structure at three
different times is shown in Fig. 13. Fig. 13(a) shows the velocity profile for the entire channel.
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Fig. 18. Time histories of the non-dimensional (a) displacement, (b) flow reattachment point, and (c) structural

velocity. Excitation frequency 740 Hz and amplitude e ¼ 68:95 N=m2:
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Small changes can be seen due to the presence of the flexible structure. However, the near-wall
behavior is better shown by Fig. 13(b), where significant changes in the velocity profile are shown.
Fig. 14 shows the variation of the non-dimensional wall shear stress over the flexible structure at
three different times. The figure shows the existence of a small bubble at the bottom of the step in
addition to the big bubble. This bubble is strongly affected by the surface vibration since it is
present at times 0 and 0:05 s and absent at time 0:03 s: As to the big recirculation bubble, it
shrinks and expands as the surface vibrates.
Figs. 15(a)–(c) show the time histories of the non-dimensional out-of-plane displacement at the

center of the flexible structure (Fig. 15(a)) and its non-dimensional velocity (Fig. 15(c)). In
addition, the oscillation of the non-dimensional downstream location of the reattachment point is
shown in Fig. 15(b). The figure shows that as the structure oscillates the reattachment point is
either closer to or further away from the step. The closest reattachment point to the step occurs
with the maximum structural velocity. One of the parameters that can significantly affect the flow
is the frequency of the structural vibration. Increasing the excitation frequency to 741 Hz;
corresponding to the third mode of the beam, resulted in a reduction in the fluctuation of the non-
dimensional mean velocity profile as shown by Figs. 16(a) and (b). Compared to Fig. 16(a), Fig.
16(b) shows less variation with time. Similarly, the non-dimensional wall shear stress, Fig. 17,
shows less variation than that shown in Fig. 14. This result is confirmed by Fig. 18; which shows
the time history of the non-dimensional displacement (Fig. 18(a)) non-dimensional downstream
location of the reattachment point (Fig. 18(b)) and the non-dimensional velocity at the center of
the structure (Fig. 18(c)). The figure shows a higher frequency of oscillation, but a lower
oscillation amplitude. A comparison of time histories of the non-dimensional downstream
location of the reattachment point obtained using the two different frequencies is shown in Fig.
19. The figure shows that the location of the reattachment point exhibits a large variation when
the first vibration mode is used.
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Fig. 19. Comparison of the time histories of the reattachment point obtained using excitations frequencies of: - - - - - - -,

138 Hz (1st mode) and ——, 740 Hz (3rd mode) and an excitation amplitude of e ¼ 68:95 N=m2:
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5. Concluding remarks

Results have been presented on the effects of structural vibration on the surrounding flow field.
In all the flow regimes studied, laminar, transitional and turbulent, the structural vibration is
found to introduce significant changes in the flow field. The size and shape of the various
recirculation bubbles is found to be strongly affected and oscillate at the same frequency as that of
the structure. In addition, the reattachment point oscillates at the same frequency as that of the
structural vibrations. These results are in good agreement with previous experimental and
numerical studies.
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