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A 1.5 MW horizontal-axis wind turbine blade and fluid field model are established to study the difference in the unsteady flow field
and structural vibration of the wind turbine blade under one- and two-way fluid-structure interactions. The governing equations
in fluid field and the motion equations in structural were developed, and the corresponding equations were discretized with the
Galerkin method. Based on ANSYS CFX fluid dynamics and mechanical structural dynamics calculation software, the effects of
couplings on the aerodynamic and vibration characteristics of the blade are compared and analyzed in detail. Results show that
pressure distributions at different sections of the blade are concentrated near the leading edge, and the leeward side of two-way
coupling is slightly higher than that of one-way coupling. Deformation along the blade span shows a nonlinear change under the
coupling effect. The degree of amplitude attenuation in two-way coupling is significantly greater than that in one-way coupling
because of the existence of aerodynamic damping. However, the final amplitude is still higher than the one-way coupling. The
Mises stress fluctuation in the windward and leeward sides is more obvious than one-way coupling, and the discrepancy must not

be ignored.

1. Introduction

As wind power technology continuously grows, the gen-
erating power of wind turbines has increased from the initial
500 W to the current >2 MW, and the diameter of the wind
wheel from the original 3m has currently extended to
>100 m [1]. However, due to the long span, short chord, and
good flexibility of the blades, it becomes more susceptible to
aeroelastic issues caused by inertial forces, elastic forces, and
aerodynamic loads during the actual operation. In some
severe cases, the blade may be deformed too much and may
cause fracture damage, which will bring huge losses to the
wind farm [2]. Therefore, an accurate method for fluid-
structure interaction analysis must be established for wind
turbine blades, which offers important engineering signifi-
cance for blade design and performance analysis.
According to the data transfer on fluid-structure in-
terfaces, coupling can be categorized into one-way and two-
way solutions [3]. The calculation process of one-way
coupling is shown in Figure 1. It reveals that the solution

of flow field and structure domain is independent, and the
data transmission is carried out only when the convergence
conditions are reached in each solver. However, the struc-
tural model does not feedback the deformation of the mesh
after it receives aerodynamic forces generated by the fluid
field, which reduces accuracy but saves considerable time
and resources. Compared with one-way coupling, two-way
coupling is more complex and involves additional com-
putational time and resources. The accuracy of the solution
is also improved. The solution is shown in Figure 2. In the
first step of transient analysis, the convergence of the fluid
field is transmitted as forces to the structure model, which
uses the convergence as a boundary condition to calculate
the deformation in the structure. The deformation is passed
into the fluid field, causing the fluid grid to re-mesh. The
process will iterate until the fluid forces and structural
displacement reach the preset convergence criterion.
Researchers have done a lot of analysis in numerical
simulation and experimental study to reveal the dynamic
response and the mechanism of the blade under fluid-
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FIGURE 2: Two-way coupling solution.

structure interaction. Lee et al. [4] developed an analytical
process considering the effects of aerodynamic pressure and
finite element analysis to determine the structural response
of FRP wind turbine blades in fluid-structure interaction. Yu
and Kwon [5] used a coupled CFD-CSD method to predict
the unsteady aerodynamic load behaviors and blade de-
formation considering tower interference. Hsu and Bazilevs
[6] and Bazilevs et al. [7] employed a nonmatching interface
discretization approach with shells NURBS-based iso-
geometric analysis (IGA). It revealed that coupling FEM and
IGA gives a good combination of efficiency, accuracy, and
flexibility of the computational procedures for wind turbine
coupling. Korobenko et al. [8] and Miao et al. [9] presented a
simulation of two back-to-back horizontal-axis wind tur-
bines at full scale to study the wake and its effects on
downstream wind turbine. Kumar and Wurm [10] studied
the propeller composite blade on the fluid-structure cou-
pling. Dynamic mesh technology was used to analyze the
structure and flow field deformation, and the results were in
good agreement with the experiment. Lanzafame et al. [11]
used a moving reference frame model to simulate NREL
PHASE VI and compared the result with NREL’s design
reference data which showed good capabilities of the
modified transitional model. Rafiee et al. [12] used the
modified BEM theory and CFD method to analysis
horizontal-axis wind turbine, combined with ANSYS and

MATLAB, to construct fluid-structure interaction in vali-
dation and blade dynamic stall characteristics analysis.
Wilson et al. [13] used k — ¢ and k — w shear stress transport
turbulence to investigate the interactions of horizontal-axis
wind turbine models in the neutrally stratified atmospheric
boundary layer (ABL) and compared flow characteristics of
downstream for ADM, ALM, and FRM rotor models. Leble
and Barakos [14] took a 10 MW offshore floating wind
turbine as the research object. The mooring system dynamics
and the smooth particle hydrodynamics (SPH) coupling
were used to analyze the force and moment of the mooring
system and the pressure distribution on the blade. Zhang
et al. [15] developed governing equations in fluid field and
the motion equations in structural with geometric non-
linearity based on ALE description and analyzed the blade
vibration under FSI and wind shear effect.

Although the dynamic response of the blades and the
flow field characteristics of one- or two-way coupling have
been studied, few works have considered the difference
between the two types of coupling. Therefore, in this work,
the two types of coupling for 1.5 MW horizontal-axis wind
turbine blades are employed under rated conditions by using
the commercial software ANSYS CFX and mechanical
structural solver. The blade’s deformation for each time step
is considered in one- and two-way FSI analysis, to make the
solutions more reliable. The torque and blade surface
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pressure on different sections are evaluated by the CFD
method. The stress and displacement characteristics of the
blade, which can provide the reference value for the
structural stability of the blades, are obtained.

2. Mathematical and Numerical Methods

2.1. Fluid Mechanics Governing Equations. Assuming fluid is
uniform, irrotational, inviscid, and limited to linearly small
perturbations, the fluid equation can be written as

g—i+pd20,

1 g—§+pf/’=0, (1)
op ..

L$+pw—0.

The continuity condition of the fluid is as follows:

2 2 2
P, 9P, OP_Py
ax2 9y 922 K

(2)

I .
or Vzp—c—zp:O,

where u, v, andw are the displacement component along
the x, y, and z direction. p is the density of the fluid; p is a
fluid dynamic pressure. K is the compression modulus of the
fluid. ¢ is the compression wave velocity of the fluid.

Discretized with the Galerkin method, the flow field at
any point of the pressure distribution can be approximated
as

M
P (x, 921 =N'p(t) Y N, (x,,2)p,, (t), (3)
m=1

where N is the shape function vector and p is the pressure
vector.

To bring the boundary conditions into the equation,
equation (3) can be written as

1
m VN-VN'pdQ +— m NN'pdQ + ” Npii, dS;
Q c?)l)a S,

1 T.. 1 T . _
+ ”sﬁ NN'pdS; + ”'S'NN pds, =0,
(4)

where u, is the normal acceleration and S, S, Sy, and S,
represent the surface area of the fluid-structure coupling
interface, free surface, fixed boundary, and infinity border,
respectively.

The normal acceleration on the fluid interface can also be
discretized in Galerin, which is presented as

i, = N! Ar*, (5)

where N is the insertion function vector of the structural
system, Ui, is the normal acceleration vector of the node, r* is

the structural displacement vector, and A is the coordinate
transformation matrix.

Therefore, the discretized fluid equation can be
expressed as

Hp + Ap + Ep + pBr + q, = 0,

H= m VN - VNTdQ,
Q

A= ” NN'ds,,
Clls,

1
m NNTdQ+—” NN'dS;,
0 glls

(6)

E=

QY -

where q, is the input excitation vector.

2.2. Structural Dynamics Equations. The structure equation
of motion can be obtained by the finite element method,
which is shown as follows:

M+ Cr+Kir+£, +£, =0, (7)

where r is the displacement vector, M is the mass matrix of
structure, C, is the damping matrix of structure, K; is the
stiffness matrix of structure, fp is the node vector of fluid
force on the fluid-structure interface, and f; is the external
excitation vector except f,.

On the fluid-structure coupling surface, the pressure
distribution within the fluid element can be approximately
discretized as

p*@ =N;p,. (8)

If there is a normal node virtual displacement vector
é‘ur(f) at the interface, it can be expressed as

su'? = NLsUY, (9)

where N, is the shape function of structure element.
The virtual work can be described as

5We = _J,[S P*(e)aux(le)dsle = _SHEE)T(JJS NSeNerSIe)pe'
e Ie
(10)

Thus, the generalized force vector of the normal di-
rection is presented as

ff(;l) = ( JJS NSeNZdSIe )pe' (1 1)

After coordinate transformation, the generalized force
on the overall coordinates is given as

£17 = AT£) = A" “ N .N!dS,.p,. (12)

Te

Summarize the contribution of each fluid element:

e T
f,= f,) =-B'p. (13)



The equation of motion of the structure under the fluid
can be expressed as

M,i + Cii + Kr—B p + £, = 0. (14)

Equations (6) and (14) form a fluid-structure coupling
system between blades and flow field.

3. Solid Modeling and Boundary Conditions

3.1. Solid Modeling. ANSYS Design Modeler is used to build
the blade solid model and fluid domain to ensure the
compatibility of the model and the accuracy of the simu-
lation results, after the airfoil coordinate is transformed. The
main design parameters of the 1.5 MW wind turbine blade
studied in this work are listed in Table 1, and the model
shown in Figures 3(a) and 3(b) depicts the external sta-
tionary and internal rotating fluid domains, which are
established by the Boolean operation. The internal rotating
domain is slightly larger than the diameter of the rotor and
can thus enclose the entire rotor and capture the fluid
flowing around the blades. The ratio of the length, width, and
height of the external stationary domain is 3D:7D:2.5D,
where D refers to the rotor diameter. The wind turbine is
placed at the central axis of the stationary domain, and the
distance from the inlet is 105m. The following material
properties of the blades are defined as GRP.

3.2. Computational Fluid Dynamics (CFD) Mesh. The quality
of the grid determines the accuracy of the simulation results.
In this work, MESHING in ANSYS Workbench is employed.
The internal rotating and external stationary domains use a
tetrahedral mesh, considering that the generation of tetra-
hedral meshes is fast and adaptable to complex shapes.
Advanced options for the MESHING function are employed
to encrypt the meshes around the blades. The mesh sensi-
tivity study is presented in Table 2; three pairs of different
mesh sizes at the blade surface and rotated domain are
investigated, respectively, to evaluate the grid independently.
To balance the computing resources and precision, the mesh
size of blade surface and rotated domain are selected as 0.3 m
and 1 m, which is only 0.73% relative error to the designed
power of 1.5 MW. The fluid domain consists of 1,799,882
elements, whereby the structure comprises 216,802 ele-
ments. The overall meshing is shown in Figure 4.

3.3. Boundary Conditions. The inlet flow rate is set at 12. The
outlet is defined as open, which allows the fluid to freely flow
through the boundary. Around the stationary domain is
defined as a symmetry, which can reduce the size of the
outflow field and ignore the real wall effect. The ground is
selected as the nonslip wall, indicating that the fluid sticks to
the wall and moves with the same velocity at the wall. One-
and two-way coupling solutions are defined at a transient
state, and the moving grid of the rotating domain must be
turned on in two-way coupling so that it can receive mesh
deformation from the blades. The steady-state calculation
results are set as the initial value for the transient, which can
reduce calculation time. The solution time is set to 10's, and
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the time step is 0.05 s. The frozen rotor method is selected to
handle the rotating, static interface, which can achieve the
same accuracy in an unsteady calculation but consumes less
time than slid or dynamic meshes. Interface grid node
matching is selected and set at GGI mode, and the turbu-
lence model is selected as the SST — w model.

4. Results and Discussions

4.1. Model Reliability Validation. To verify the accuracy of
the mathematical model and the calculation method, the
Mises stress distribution in one-way coupling is carried out
by using the same parameters of the 600 W wind turbine
blade entity model in reference [16]. The calculated value is
in good agreement with reference [16], and the maximum
Mises stress relative error does not exceed 5%. So, the
mathematical model and calculation method in this work
can be used to predict vibration change of large size wind
turbine blades. The corresponding calculation results are
shown in Figure 5.

4.2. Torque and Pressure Distribution under FSI. The torque
variations in one- and two-way coupling solutions under
uniform wind speeds of 4, 8, and 12m/s are shown in
Figure 6. At 4m/s, the torque variation in one-way coupling
is relatively stable. While in two-way coupling, it rises first
and then decreases, and the fluctuation amplitude is large.
With the increase of wind speed, the torque variation in two-
way coupling is generally higher than that in one-way
coupling. At the rated speed, the torque fluctuations in
both FSIs are similar, but those in two-way coupling are
slightly higher than those of the one-way coupling.

The spanwise pressure distribution at different blade
cross sections for 12 m/s wind speed is shown in Figure 7. In
both FSIs, the pressure value on the leeward side is greater
than the windward of the blade, which fits the fundamental
characteristic of the wind turbine blade. From the leading
edge to the trailing edge, the pressure at each cross-section
initially increases and then decreases. When the position is
closer to the trailing edge, the difference between the
windward and leeward sides is smaller. The pressure changes
in both FSIs are similar on the windward side and higher in
two-way coupling than those in one-way coupling on the
leeward side, though the discrepancy is not very evident.

4.3. Analysis of Structural Modeling

4.3.1. Blade Vibration. Fluid-structure coupling inevitably
leads to blade deformation. Figure 8 depicts the distribution
of the blade deformation and the vibration change along the
blade span at a rated wind speed. A nonlinear change in
blade span vibration can be observed. From the root to the
tip, the deformation gradually increases and reaches the
maximum at the tip position. According to the vibration
curve of the blade span, when the position is closer to the
root, the difference in amplitude is smaller between one- and
two-way coupling solutions. In contrast, when close to the
tip, the difference between the two couplings is magnified. At
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TaBLE 1: Main parameters of the blade.

Rated power (kW) Rated wind speed (m/s) Rotor diameter (m) nﬁﬁ(li;r Rated rotor speed (rpm) Tip speed ratio Blade section
1500 12 70 3 22.9 7 NACAG3-
XXX
Ground
(a) (b)
FiGure 3: (a) Solid model of the blade. (b) Establishment of the fluid domain.
TasLE 2: The grid-independent validation of the fluid domain and structural domain.
Cell face size at the blade surface
Item 0.2m 0.3m 0.5m
Cell face size at the rotated domain

0.5m Im 2m
Total number of elements 5,231,404 2,016,684 1,155,913
Rotor power 1.5074 kW 1.5109 kW 1.4809 kW
Relative error (%) 0.49 0.73 1.27

FIGURE 4: Mesh of the structure and fluid domain: (a) mesh of the blade; (b) mesh of the computational domain.

0.35s, the coupling is in the initial stage, and two-way
coupling exhibits higher coupling effect than one-way
coupling. At 2.75s, the vibration amplitude difference
reaches the maximum under one- and two-way coupling
solutions within the whole coupling time. At 8.35s, the
coupling tends to be stable, and two-way coupling dem-
onstrates larger amplitude difference than that of one-way
coupling.

The three points a, b, and ¢ are, respectively, obtained at
10, 20, and 34 m of the blade section to analyze the vibration
change under the couplings, which is shown in Figure 9.
Under the coupling effect, the deformation of the three

points involves a decaying sine wave, and the vibration
amplitude of two-way coupling is greater than that of one-
way coupling at the beginning. However, due to the exis-
tence of aerodynamic and structural damping, two-way
coupling exhibits a continuously attenuating vibration
and a lower amplitude than one-way coupling. As time
passed, two-way coupling reaches a steady value earlier than
one-way coupling. With the height of the points on the blade
increasing, the time to reach the stable value is also pro-
longed. From the trend of the vibration curve, it can be seen
that the amplitude of the blade for two-way coupling is
eventually higher than that for one-way coupling.
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contour of the blade under FSI; (b) displacement curves along the blade span at a rated wind speed.
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displacement contrast of three points.

B: transient structural
Equivalent stress 0.35s front
Type: equivalent (von-Mises) stress
Unit: Pa
Time: 0.35
2018/1/10 19:39

2.8069¢7 Max

2.4951e7

2.1834e7

1.8716e7

1.5598e7

1.2481e7

9.363e6

6.2454e6

3.1278e6

10133 Min

0.25
‘A’A
=

g 00
K|
i)
g
g 0.5
—_ <
E Y
5
(=3
=}
S 2 0.10
= g
S
wn o
™~ =
o 0.05
(=1
S
L
[=1
R
n 0.00

0.000

von Mises stress
Contour 1

3.23% + 007
2.915e + 007
2.591e + 007
2.267e + 007
1.943e + 007
1.619¢ + 007
1.296e + 007
9.717e + 006
6.478¢ + 006
3.239%¢ + 006

1.683¢ - 003
(Pa)

(®)

Shock and Vibration

4 A ‘

i 'r‘{!‘l‘\‘l“‘,’

- /‘\‘\ ""'VV
[ ‘!’ v v‘g‘v‘*v"v'v'v‘v‘v'v’w ol
0 ’ ) Time (s) ‘ 1

—=— One-way coupling point (a)@z = 10m
—e— Two-way coupling point (a)@z = 10m
—— One-way coupling point (b)@z = 20m
—»— Two-way coupling point (b)@z = 20m
—+— One-way coupling point (c)@z = 35m
—<— Two-way coupling point (c)@z = 35m

(b)

B: transient structural

Equivalent stress 0.35s front

Type: equivalent (von-Mises) stress
Unit: Pa

Time: 0.35

2018/1/10 20:08

2.7215e7 Max
2.4192¢7
2.1169¢7
1.8147¢7

1.5124¢7

1.2101e7

9.0784e6

6.0556e6

3.0329¢6

10133 Min

(c)

Figure 10: Continued.

von Mises stress
Contour 1

3.23% + 007
2.915¢ + 007
2.591e + 007
2.267e + 007
1.943¢ + 007
1.619¢ + 007
1.296¢e + 007
9.717e + 006
6.478e + 006
3.23% + 006

1.267¢ - 003
(Pa)

(d)




Shock and Vibration 9

B: transient structural B: transient structural

Equivalent stress 2.75s front Equivalent stress 2.75s back
Type: equivalent (von-Mises) stress Type: equivalent (von-Mises) stress
Unit: Pa Unit: Pa
Time: 2.75 von Mises stress Time: 2.75 von Mises stress
2018/1/10 19:53 Contour 1 2018/1/10 20:04 Contour 1
6.2986e6 Max 3.239¢ + 007 6.0762e6 Max 3.239¢ + 007
5.5991e6 2.915¢ + 007 5.4014¢6 2.915¢ + 007
4.8996¢6 2.591e + 007 4726666 2.591e + 007
2.267e + 007 2.267e + 007
4.2¢6 4.0518e6
1.943e + 007 1.943e + 007
3.5005e6 3.3771e6
1.619¢ + 007 1.619¢ + 007
2.801e6 2.7023e6
1.296e + 007 1.296e + 007
2.1015e6 2.0275e6
9.717¢ + 006 ¢ 9.717¢ + 006
1.4019¢6 6.478¢ + 006 1.3527¢6 6.478¢ + 006
7.0242¢5 3.239¢ + 006 6.7793€5 3.239% + 006
2896.1 Min 1.267e - 003 3154 Min 1.267e - 003
(Pa) (Pa)
(e) (f) (h)

B: transient structural B: transient structural

Equivalent stress 8.35s front Equivalent stress 8.35s back
Type: equivalent (von-Mises) stress Type: equivalent (von-Mises) stress
Unit: Pa Unit: Pa
Time: 8.35 von Mises stress Time: 8.35 von Mises stress
2018/1/10 19:55 Contour 1 2018/1/10 20:00 Contour 1
1.4877¢7 Max 3.239¢ + 007 1.4398¢7 Max 3.239¢ + 007
1.3225¢7 2.915¢ + 007 1.2799¢7 2.915¢ + 007
1.1572¢7 2.591e + 007 L12¢7 2.591e + 007
2267 .
9920106 67¢ + 007 060066 2.267¢ + 007
1.943¢ + 007 1.943¢ + 007
8.2676¢6 8.0014e6
1.619¢ + 007 1.619¢ + 007
6.6152e6 6.4023¢6
1.296¢ + 007 1.296e + 007
4.9628¢6 4.8031e6
9.717e + 006 9.717e + 006
3.3104e6
¢ 6.478¢ + 006 320396 6.478¢ + 006
1.6579¢6 3239 + 006 1.6047¢6 3239 + 006
5500.8 Min 1.267e - 003 5550.5 Min 1.267e - 003
(Pa) (Pa)

® 0) 0

FIGURE 10: Mises stress cloud of the windward and leeward at different times under one- and two-way FSIs: (a) windward side in one-way
FSI@0.35 sm; (b) windward side in two-way FSI@0.35 s; (c) leeward side in one-way FSI@0.35 s; (d) leeward side in two-way FSI@0.35 s; (e)
windward side in one-way FSI@2.75 s; (f) windward side in two-way FSI@2.75 s; (g) leeward side in one-way FSI@2.75 s; (h) leeward side in
two-way FSI@2.75 s; (i) windward side in one-way FSI@8.35s; (j) windward side in two-way FSI@8.35 s; (k) leeward side in one-way FSI@
8.35s; (1) leeward side in two-way FSI@8.35s.
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FIGURE 11: Mises stress distribution along the windward and leeward sides at different times under one- and two-way FSIs: (a) Mises stress
distribution along the span length@0.35 s; (b) Mises stress distribution along the span length@2.75 s; (c) Mises stress distribution along the

span length@8.35s.

4.3.2. Stress Distribution on Windward and Leeward Sides.
Figure 10 depicts the stress contour of the Mises and the
distribution on the windward and leeward sides for wind
turbine blades in one- and two-way coupling solutions at
0.35s, 2.75s, and 8.35s, respectively.

The stress contour reveals that, in both FSIs, the stress is
mainly concentrated in the roots and middle of the blade,
gradually decreases from the root to the tip, and achieves the
maximum at the transition areas of the root to the airfoil.
However, distinguishing the discrepancy from the contour
map is difficult. Thus, the stress distribution curve along the
span length at different times is analyzed, as shown in
Figure 10, which can represent the main differences on the
blade surface.

The stress distribution curve in Figure 11 depicts that the
one- and two-way coupling stress along the span length
presents nonlinear variation. The windward side stress in one-
way coupling exhibits a slightly greater variation than the
leeward side stress during the whole computing time.
However, the two-way coupling is significantly different. In

the initial period of coupling time at 0.35s, the stress dis-
tribution in the windward side at two-way coupling is close to
that of one-way coupling, but the leeward side is much lower
than that of one-way coupling. Thus, the vibration of the blade
is higher in two-way coupling than in one-way coupling. At
the mid-coupling period time of 2.75s, the maximum dis-
crepancy of stress between the one- and two-way coupling
solutions is reached. Therefore, the vibration amplitude dif-
ference between the two coupling solutions is at the maxi-
mum at this moment. At the end of the coupling period time
of 8.35s, two-way coupling tends to be stable and its wind-
ward side stress is greater than the one-way coupling stress.
But the stress in the leeward side is similar to that in the one-
way coupling, which eventually makes the blade vibration in
two-way coupling higher than that in one-way coupling.

5. Conclusions

In this work, the 1.5 MW horizontal-axis wind turbine blade
is analyzed under one- and two-way coupling, and the
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aerodynamic characteristics and vibration changes of the
blades are compared in detail. The conclusions are sum-
marized as follows:

(1) Under low wind speed, the torque variation is
relatively stable in one-way coupling but changes
significantly in two-way coupling. With the increase
of wind speed, the torque amplitude of the two-way
coupling is higher than that of the one-way
coupling.

(2) In one- and two-way coupling solutions, the
pressure of each cross section of the blade initially
increases and then decreases from the leading edge
to the trailing edge. When the position is closer to
the trailing edge of the blade, the difference be-
tween the windward and leeward sides is smaller.
However, on the leeward side, the pressure dis-
tribution of two-way coupling is higher than that of
one-way coupling but the difference is not very
evident.

(3) The deformation along the span length presents
nonlinear variation, gradually increasing from the
root to the tip under the couplings. Three typical
positions at the blade are obtained, and the de-
formations present a decaying sine wave. Due
to the existence of aerodynamic and structural
damping, two-way coupling exhibits a continu-
ously attenuating vibration and a lower amplitude
than one-way coupling and reaches the steady state
earlier.

(4) Under the two couplings, the Mises stress gradually
decreases from the blade root to the tip and achieves
the maximum at the transition areas of the root to
the airfoil. The Mises stress distribution curve be-
tween the windward and the leeward surface is
obviously fluctuant, but stress distribution is close at
the one-way coupling. The difference between the
two couplings cannot be ignored.

Nomenclature

K: Compression modulus of fluid

c: Compression wave velocity of fluid

N:  Shape function vector

u,: Normal acceleration

N;: Insertion function vector of the structural system
t,:  Normal acceleration vector of the node

r*:  Structural displacement vector

A Coordinate transformation matrix

qo:  Input excitation vector

r: Displacement vector

M,: Mass matrix of structure

C,: Damping matrix of structure

K:  Stiffness matrix of structure

f,:  Node vector of fluid force on fluid-structure interface
f,:  External excitation vector except f

du?: Normal node virtual displacement vector

Ng.:  Shape function of structure element.
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