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ABSTRACT

The impact of the vibration absorber on the synchronization
region during vortex-induced vibration of turbine blades is
investigated. This work is based on a 3DOF model, including a
coupled plunge-pitch airfoil motion and a van der Pol oscillator
to the fluid-structure interaction caused by the vortex shedding
of the incoming flow. The aeroelastic system is increased by a
degree of freedom, namely, the vibration absorber. Linear and
nonlinear vibration absorbers are used in this investigation to
analyze the effectiveness of the vibration absorber. To
demonstrate the effect of the resonator on the lock-in, the
coupled natural frequencies, numerical frequency responses,
and time histories are plotted. The study reveals the promising
capability of the absorber to reduce the lock-in region and
mitigate the VIV amplitudes within these regions. For the current
application, however, the nonlinear absorber response was
indifferent compared to its linear counterpart for the given
values of coupling coefficients. This observation indicates that a
linear absorber efficiently shrinks the lock-in regions and
mitigates the VIV in turbomachinery.

Keywords: Vortex-induced vibration - Passive Vibration
absorber - Fluid-structure interaction - Lock-in

1. INTRODUCTION

The flow past a circular cylinder, where the fluid flow and
vortex shedding produces an aeroelastic phenomenon known as
the vortex-induced vibration (VIV), is a well-recognized
particular instance of fluid-structure interaction (FSI) that has
been closely studied. Vortices alternately separate from each side
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of the structure cause VIV [1,2]. Within a certain range of inflow
wind speeds, if the vortex shedding frequency is in the vicinity
of the structural natural frequency, a phenomenon known as the
"lock-in" or "synchronization" occurs [ 1-4]. High amplitudes are
usually observed in the lock-in domain, which inherently
exhibits Limit Cycle Oscillation (LCO). Such high amplitude
LCO causes high cycle fatigue, undesirable noise, and premature
structural failure.

One particular occurrence of VIV is the VIV of an airfoil
structure. The airfoil model has numerous applications in the
turbomachinery field and has been thoroughly studied by many
authors. For instance, Clark et al. [5] showed that an airfoil could
exhibit non-synchronous vibrations (NSV)-like behavior in a 2D
simulation. This work lays the groundwork for modeling NSV in
turbomachinery. Subsequently, many scholars investigated the
VIVs of airfoils. Wang et al. [6] constructed a 3DOF model to
simulate the VIV of turbine blades. The internal resonance
between the turbine blade and the incident flow was studied by
formulating a 2DOF airfoil coupled with a VDP oscillator which
models the dynamic behavior of the near-wake region. Similarly,
Hoskoti et al. [7] incorporated a VDP wake oscillator into a
coupled plunge-pitch airfoil and observed the occurrence of the
frequency lock-in. The vibrations were predicted analytically,
and a parametric study was presented.

Various mitigation techniques have been proposed to
overcome the undesirable significant amplitude vibrations due to
VIV [8-14]. Within the suppression approaches, a novel active
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technique was proposed by Kassem et al. [ 12] to mitigate flutter
using feedback signals from the response of an aeroelastic
system. Active control, nevertheless, requires an expensive
auxiliary power source for operation. A recently explored
suppression option uses an entirely passive, internal, nonlinear
energy sink (NES). Interestingly, Blanchard et al. [15]
established a rotational NES to suppress a fully turbulent spring
cylinder. However, in the case of turbomachinery applications,
NES is yet to be shown as more convenient with blunt bodies
due to the difficulties in manufacturing and installation. On the
other hand, dampers have been applied practically in various
research on wind-induced vibrations (WIV). [16-18]

In light of the preceding discussion, to the authors'
knowledge, no work has been done on mitigating the onset of the
lock-in phenomenon occurring in a coupled plunge-pitch
aeroelastic system (airfoil) further coupled with a wake oscillator
for fluid modeling. Most previous studies focused on the flutter
phenomenon such as in suspension bridges [19] rather than the
synchronization onset, which occurs due to the inclusion of the
wake oscillator model. In this work, we investigate mitigating
the undesirable high amplitudes within the lock-in region of a
3DOF fluid-structure coupled airfoil using a passive linear and a
passive nonlinear vibration absorber. The entire mass is
conserved, meaning that the absorber's mass is cut from the host
structure itself. It is shown in this work that the inclusion of an
absorber minimizes the synchronization region and hugely
decreases the structural and fluid amplitudes as compared to the
previously reported values when the aeroelastic system lacked
vibration absorbers. Including a vibration absorber further
enables safe flight operations during fluid and structure
interaction synchronization. On the other hand, the nonlinearity
in the passive absorber is ineffective in reducing the system's
vibration during the lock-in.

The rest of the paper is organized as follows. In Section 2,
we briefly present the mathematical model for the airfoil along
with the von der Pol oscillator to model the fluid-structure
interaction. The effect of including the vibration absorber in the
lock-in region is explained in Section 3, followed by the
effectiveness of the vibration absorber in vibration suppression,
detailed in Section 4. Finally, some conclusions are drawn in
Section 5.

2. MATHEMATICAL MODELING

This section briefly presents the mathematical model for
the airfoil structure coupled with the wake oscillator model and
the vibration absorber

2.1 The Airfoil Model
The schematic of the conserved-mass aeroelastic

system considered in this study is presented in Fig. 1. The
model's rigid plunging (translation) and pitching (rotation) is

restrained by light, linear springs. A local nonlinear resonator is
integrated into the aeroelastic system. Moreover, in this work,
the mass of the host structure is conserved by removing the mass
equivalent to the additional mass of the absorber. As shown in
Fig. 1, the absorber, in practice, comprises a cantilever beam
with a tip mass equivalent to a mass-spring-damper system. The
reference point in the system (where the plunge displacement h
is measured) is a point on the elastic axis of the airfoil. Further,
the absorber is placed at a distance [; b from the elastic axis. The
structure can translate vertically (plunge) and rotate (pitch) about
the elastic axis. Downward direction is positive plunge motion,
and «a is positive when the airfoil is nose up.

The plunge translation, pitch rotation angle, and the
absorber's deflection are denoted by h, a and x; respectively. The
reader is referred to [6,20] for the detailed discussion of the
governing equations of the aeroelastic airfoil structure. Upon the
addition of the passive vibration absorber, the three coupled
equations governing the plunge, pitch, and absorbers motions are
given by

mph +mgbs.é + cph + cab(fl — X1 — llbd)
+ kpih + kyyh3
+ (kapo)(h —x; — l;ba)
+ (kap2)(h —x; — Liba )® = —L

i mry . .
mgbs.h + 1, <F> a+ catt + gy (1a)
S

“Lb(x%, —h+ Lbd) + kg

+ ky,ad

+ (kabo)llb(xl - h + llba)

+ (kabz)llb(xl - h + llba)3 e M
and the equation of the absorber is

MapX) + Cap (¥, — A + 1,bdd)

+ (kapo)(x1 — h + ;b ) (1b)
+ (kabz)(xl - h + llb a)3 = 0

where m; = (ms + mf), is the total mass. ¢, , ¢y, and ¢y, are

the structural viscous damping coefficients for the plunge, pitch,
and absorber motions, respectively.

Introducing the uncoupled natural frequencies of the plunge,
pitch, and absorber motions at zero airspeeds, we get

W, = khl w. = kal W = kab
h mg (1 Ia ab Mg

The dimensionless time, t* = w,t, the dimensionless plunge
motion h* = h/b and the dimensionless absorber motion xj =
x,/b are used to non-dimensionalize Eq. (1) to get

Ah+ s, + 2w, h+ 2w, (A — %, — 1,d) + w2 h
+ 6wl h® + wi (h—x, — La)
+egpwih—x, —La)*=1L
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In the above equations Eq. (2),
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Note that the ( )* is dropped from the notation for the
sake of simplicity. Here, w, is the ratio of uncoupled plunge and
pitch frequencies and w), is the ratio of the uncoupled absorber
and pitch frequencies; {,, {, and {,, are structural damping
coefficients; u, is the mass ratio; €, and €, are the coefficient of
the cubic order nonlinearity of linear and torsional springs, and
1, is the dimensionless radius of gyration of the section about
the elastic axis. For the fluid governing equations, the time-
varying aerodynamic lift force and the aerodynamic moment are
modeled using the self-excited nonlinear VDP-based wake
oscillator.

2.2 The Wake Oscillator

A reduced wake-oscillator model to characterize the
oscillating wake uses a generalized dimensionless wake variable
q in the VDP equation to represent the vortex-induced time-
varying force. The dimensionless governing equations for this
model can be expressed as follows:

i+Bf (@ -Dq+fla=f “

where, the coefficient of unsteady vortex lift is expressed by the
fluid variable, q. The lift force in terms of the wake variable,
q,is given by C, = iqCLO, where C;, is the reference lift
coefficient of the fluctuating lift force. The angular frequency of
the vortex shedding is denoted as f,, = 2mSV /b where S is the
Strouhal number, and V is the free stream velocity. Moreover, f§
is the nonlinear damping coefficient of the wake-oscillator
model. The non-dimensionalized representation of Eq. (4) is
written as

4+ Pw,(q* —1q + wiq=F (5)

FIGURE 1: FOUR-DEGREE-OF-FREEDOM CROSS-
SECTION MODEL OF AN ISOLATED BLADE WITH AN
ABSORBER

where w, = 2nSU, is the dimensionless wake frequency in
which U, =V /(bw,) is the dimensionless freestream air speed
called the reduced velocity. The structural and fluid coupling on
the RHS given by F, = f, /w2 is shown next.

2.3 Four DOF Coupled Fluid-Structure Interaction
Model

The lift and moment expression, used in the aeroelastic
model of the time-varying vortex force resulting from the wake
dynamics near the blade, can be written as [20]

L =vw?g, M = (s, + 0.5)vw2q (6)

CrLo
8m2sZy
number (to determine the scale of the vortex force on the blade)
and the dimensionless mass ratio, respectively. [7]

where, p is the air density, v = and p = ;nTSZ are the mass

The forcing term on the structure in the wake-oscillator model in
Eq. (6) is assumed to be related to acceleration as

F,=yih+ 1,8 +v3% (7)

where y;,y, and y; are the coupling coefficients of the wake
oscillator corresponding to the plunge, pitch, and absorber
motions, respectively. Upon including the motion of the
vibration absorber and wake, the coupled 4DOF governing
equations read

h‘,+sld +<1h+<abh(h_.x:1 _lla)+(1)fh+61 h3
+ w?, (h—x; — L) (8)
te3(h—x —La)® =-nwiq
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3. Lock-in phenomenon

To understand the frequency lock-in phenomenon, the non-
dimensional linear, un-damped frequencies of the plunge, the
pitch, the absorber, and the wake frequencies of the coupled
system must be determined. Therefore, the coupled, linear, un-
damped equations of motion are given by:

h+s,d +wih+ o, (h—x, —La)+nwig=0

@+s,h+wda +wl, L (x; —h+La)— n,02q
-0 (10)

4+ w2q— y,h—y,d —y3%, =0

X+ wi,(x;—h+La)=0

Assuming the solution of Eq. (10) in the synchronous form as

{h aq xl} = {ho o qo xlo} eiﬂt’ (11)

and substituting into Eq. (10), we obtain the frequency equation.

This equation is not reported here for the sake of brevity.

The roots of the frequency equation in ( in terms of Q?)
are the frequencies of the four DOF-coupled system, i.e.,
Q;,withi=1,2,3 and 4. Q,,Q9,,Q; and Q, are the
dimensionless frequencies of the coupled system, associated
with the pitch, plunge, wake-oscillator, and absorber motions,
respectively. Further, the occurrence of the internal resonance is
determined by the variation of these four natural frequencies of
the coupled system with respect to the parameter A. Unlike the
case without absorbers, here, A is determined as a function of the
absorber's

c
0.57 9, __Natural frequency variation (1, = 0.5) 1
——Natural frequency variation (l1 = 0.9)‘
0.9 1 1.1 1.2
A
(@
2.5
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(@ / 7
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’
Lock-in
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0 0.5 1 1.5 2 2.5
w
v
(b)

FIGURE 2: a) VARIATION OF THE NATURAL
FREQUENCIES WITH THE PARAMETER 4 WITH 1:1
RESONANCE AND b) VARIATION OF THE FREQUENCY OF
THE COUPLED SYSTEM WITH RESPECT TO w,, FOR THE
CASES OF WITH AND WITHOUT ABSORBER
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parameters as well as a few others, namely, A=
fly, wp,Se, Ty Wgr 91, 92> 930 U V). Fig. 2a demonstrates the
two cases where resonance occurs at A = 0.9514 and A = 1.014
for two different sets of parameters. Herein, A for any case is a
variable calculated by the given parameters. The VDP and
structural parameters are fixed for both scenarios in Fig. 2a, and
they are chosen from the literature [7] where § = 0.03, C;, =
0.2, s.=0.1,7,=0.5 w, =73Hz,w, = 200Hz, {, =
0.016; and {, = 0.021. The absorber's parameters used for each
case is (blue) l; = 0.5 w, =0.2, 1y, =1.5%, y; =2 and
(green) l; = 0.1, w, = 0.2, 4gp = 1.5%, y3 = 2.

Moreover, the roots of the frequency equation are plotted in
Fig. 2b as a function of the w, with the absorber parameters as
I, =05 w, =0.2,u,, = 1%, y3 = 2, hence, A= 1.0252. The
figure compares the variation for two cases, with and without an
absorber [7]. The line Q = w,, corresponds to the wake mode (.
The frequency close to unity is the mode associated with the
torsional motion (,. While the bottom and top frequencies are
associated with the plunging and absorber motions, respectively.
The figure depicts the impact of the addition of the absorber on
the system's lock-in response. In both cases, for certain w,
values, when the wake mode is near any of the other natural
frequencies, the wake mode diverges from the Strouhal law, and
the lock-in phenomenon occurs. However, Fig. 2b shows the
noticeable minimization of the synchronization region upon
adding the absorber. A greater understanding of this figure can
be demonstrated using the frequency response curves plotted in
Fig. 3.

4. Results and discussion

From figures, Figs. (2b, 3), we can observe that the first
lock-in region (viz. bending lock-in) range is unaffected by the
incorporation of the absorber. This observation is accompanied
by an increase in the amplitude of h and q. At the same time, the
response « is unaffected within this range, as can be seen in Fig.
3. For the bending lock-in region with certain parameters, the
absorber may show a larger amplitude than the system without
the absorbers, as observed in Figs. (3a, 3c¢). It is also shown,
nevertheless, that with few alterations on the absorber
parameters, the amplitude during the bending lock-in can be
mitigated (red). Next, we focus on the "plunge lock-in," which
is shown in Fig. 2b. From Fig. 2b, we can observe the reduction
of this plunge lock-in region (green vs. black) upon
incorporating the absorber. The same range can be seen in Fig.
Figs. (3b,3c), where the lock-in region is reduced along with the
mitigated amplitudes of vibrations.

Notice that a third lock-in region in Fig. 2b is due to the
incorporation of the absorber and is not concerning. However,
the plot in Fig. 4 shows that this third lock-in region occurs for
very low damping in the absorber. A slight increase in the
absorber's damping almost vanishes this lock-in region, and the
amplitudes within this range are highly attenuated.

2.5 v
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——with absorber (73 =2, Cab =0.01, Py = 1%)
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FIGURE 3: FREQUENCY RESPONSES OF THE COUPLED
SYSTEM
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FIGURE 4: FREQUENCY RESPONSE OF THE WAKE-
OSCILLATOR FOR DIFFERENT DAMPING RATIOS

To further visualize the absorber's effect on the aeroelastic
system's dynamic behavior, time histories of all primary motions
of the system are generated at a fixed reduced air stream velocity
with and without the vibration absorber. A fourth-order Runge-
Kutta method is used to solve the equations to obtain the
dynamics response. The absorber values are [; = 0.5, w, =
0.2, gy = 1%, y3 = 0.5 and {,, = 0.1. From Fig. 5, we can
observe the VIV mitigation effect of the absorber. The reduction
of these amplitudes is explained by the oscillation of the
absorber, as seen in Fig. 5d. Here, the absorber oscillates at a
relatively higher amplitude. This oscillation is vital in acting as
an opposing force to the host structure, and hence the airfoil
motion is" absorbed" by the motion of the absorber's mass.

For further numerical investigations, Fig. 6 compares the
frequency responses for the cases of a linear and a nonlinear
absorber with two different coupling coefficient values. Fig.6a
shows that for the current application of interest, and within the
same order of magnitude as suggested by the literature [7], the
self-excited LCO does not seem to be affected by incorporating
a nonlinear absorber as compared to the linear counterpart. This
suggests that the forcing within this range of frequencies is not
high enough to trigger the nonlinearities in the absorber.

Furthermore, for a theoretical investigation, Fig.6b
compares the frequency responses for a higher coupling term,
indicating a higher forcing to the system. We observe that the
weekly nonlinear absorber spring outperforms its linear absorber
counterpart in some instances. However, a highly nonlinear
absorber spring degraded the performance compared to the linear
absorber spring. This observation further implies that
incorporating a nonlinear spring for the absorber may be helpful
for certain choices. With the availability of multiple parameters,
this becomes more of an optimization problem and is out of the
scope of the current study. Moreover, the various parameters
affecting the frequency response suggest that analytically
predicting the frequency response (e.g., method of multiple
scales) will enable us to further understand the effect of certain
parameters on the LCO during the synchronization region, which
is left for future work.
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FIGURE 5: COMPARISON OF TIME RESPONSE OF THE
SYSTEM
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FIGURE 6: EFFECT OF NONLINEARITY IN ABSORBER'S
SPRINGS ON THE FREQUENCY RESPONSE FOR (A) LOW
COUPLING (B) HIGH COUPLING

5. CONCLUSION

This work investigated the impact of a vibration absorber on the
VIV of an airfoil structure subjected to an inflow. Previous
studies employed 3DOF governing equations that included the
plunge and pitch motion and the VDP as a wake oscillator to
represent the interaction between the structure and vortices. Such
FSI models elucidated the undesirable phenomenon known as
the "lock-in." This FSI model was extended to a four-degree-of-
freedom aeroelastic system by incorporating the vibration
absorber. Moreover, the entire system was conserved, meaning
the absorber's mass was cut from the host structure. This work
showed the ability of the vibration absorber to reduce the
synchronization region and mitigate the VIV within these
regions. This is a promising effect for safer flight operations or
turbomachinery applications during the lock-in region speeds.

The reduction in the synchronization region was observed by
plotting the coupled system's frequency and the system's
corresponding frequency responses with and without the
vibration absorber.

Moreover, the time histories at a fixed speed revealed the VIV
amplitude mitigation effect of the absorber. Finally, due to the
deemed success in literature, the nonlinear absorber was
investigated and compared with its linear counterpart. However,
the nonlinear absorber did not seem to affect the oscillations
within the range of interest. Nevertheless, a higher coupling term
showed that a nonlinear absorber might underperform or
outperform its linear counterpart, depending on the choice of
parameters. The abundance of parameters suggested an
optimization study and analytical solutions predict the frequency
response to identifying key design parameters for an efficient
vibration absorber. These are left for future work.
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