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Abstract
Ocean energy has progressively gained considerable interest due to its sufficient potential to meet the world’s energy demand, and the blade is 
the core component in electricity generation from the ocean current. However, the widened hydraulic excitation frequency may satisfy the blade 
resonance due to the time variation in the velocity and angle of attack of the ocean current, even resulting in blade fatigue and destructively 
interfering with grid stability. A key parameter that determines the resonance amplitude of the blade is the hydrodynamic damping ratio (HDR). 
However, HDR is difficult to obtain due to the complex fluid–structure interaction (FSI). Therefore, a literature review was conducted on the 
hydrodynamic damping characteristics of blade-like structures. The experimental and simulation methods used to identify and obtain the HDR 
quantitatively were described, placing emphasis on the experimental processes and simulation setups. Moreover, the accuracy and efficiency of 
different simulation methods were compared, and the modal work approach was recommended. The effects of key typical parameters, including 
flow velocity, angle of attack, gap, rotational speed, and cavitation, on the HDR were then summarized, and the suggestions on operating 
conditions were presented from the perspective of increasing the HDR. Subsequently, considering multiple flow parameters, several theoretical 
derivations and semi-empirical prediction formulas for HDR were introduced, and the accuracy and application were discussed. Based on the 
shortcomings of the existing research, the direction of future research was finally determined. The current work offers a clear understanding of 
the HDR of blade-like structures, which could improve the evaluation accuracy of flow-induced vibration in the design stage.
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1  Introduction

The abundance of ocean energy can satisfy nearly five 
times the world’s energy demand (Chen et al., 2018). Espe‐
cially for tidal and current marine energy, the economically 
exploitable resource was estimated at 1 000 and 180 TWh 
per year, respectively (Chen et al., 2018; Xie et al., 2020) 

As shown in Figure 1, energy converters, such as the tidal 
current turbine (Nachtane et al., 2020) and marine current 
turbine (Xie et al., 2020), were widely used to generate 
electricity. The core component is the blade, which trans‐
fers the kinetic energy of the flow to the mechanical energy 
of the runner (Zhu et al., 2022). The reliability analysis of 
the blade is crucial due to the expensive costs and difficulty 
of maintenance for the energy converter in the ocean.

The safety and stable operation of the energy converter 
are seriously threatened by the blade fault, such as the 
blade crack in Figure 2 (Xie et al., 2020). Xie et al. (2020) 
indicated the relationship between the root cause and the 
flow environment, such as the rapid change in the surround‐

Figure 1　Concept of marine current turbine farm (Chen et al., 2018)
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ing flow velocity (Nicholls-Lee et al., 2011; Chen et al., 
2012). In addition, the attack of angle (AOA) was variable 
due to changes in the ocean current direction (Wang et al., 
2021b; Bai et al., 2022). This variation leads to changes in 
blade force (Wang and Wan, 2020). In particular, the power 
density substantially increased with the rising velocity, as 
shown in Table 1. Moreover, changes in the trailing edge 
shedding frequency can be attributed to variations in flow 
velocities and AOAs (Wu et al., 2022). In this situation, 
satisfying the blade resonance is possible. Thus, the ampli‐
tude of vortex-induced vibration can be increased by more 
than 100 times, resulting in serious blade damage (Zobeiri 
et al., 2012; Zeng et al., 2021b).

As shown in Figure 3, the hydrodynamic damping ratio 
(HDR) is a key factor in controlling the resonance ampli‐
tude of underwater blades (Coutu et al., 2012). Accurately 
calculating the deflection and stress of a blade under exter‐
nal excitations is crucial in the design stage. With the wide‐
spread exploitation of ocean energy and increasing concerns 
regarding failure assessment in the early life of blades, 
Trivedi (2017) and Dehkharqani et al. (2018) carefully per‐
formed literature reviews to introduce the fluid – structure 
interaction (FSI) behaviors of blades. Available excitation 
methods for the underwater blades and the corresponding 
responses were summarized, and the effect of free-stream 
velocity on the HDR was extensively analyzed (Trivedi, 
2017; Dehkharqani et al., 2018). However, detailed descrip‐
tions of the specific processes of HDR acquisition methods 
were lacking, and systematic comparisons between various 
methods were also insufficient. In addition, with the devel‐
opment of HDR acquisition methods, a considerable amount 
of HDR data has been recently reported with various flow 
parameters (such as cavitation and rotation conditions), and 
a comprehensive understanding of HDR must be realized 
(Chen et al., 2020b; Zhou et al., 2023). Moreover, the HDR 
is an FSI parameter that requires tedious preliminary work 

and a long time to determine the HDR of a blade-like struc‐
ture (Kohtanen and Davis, 2019; He et al., 2014). Therefore, 
from the viewpoint of actual engineering, establishing a 
prediction formula to determine the HDR in the design 
stage is preferred.

This study aims to assess the hydrodynamic damping 
characteristics of blade-like structures, focusing on the fol‐
lowing three aspects: 1) introducing the experimental and 
simulation methods to quantitatively obtain the HDR; 2) 
summarizing the typical flow parameters that affect the 
HDR; 3) proposing the existing empirical prediction formu‐
las for HDR.

2  Definition of HDR

Damping is the removal of energy from a vibratory sys‐
tem (Crandall, 1970), and the damping ratio is a parameter 
that reflects the capability to dissipate energy during oscil‐
lations (Kaminer and Kavitskii, 1976). Considering the 
damping ratio, the motion equation of a single-degree-of-
freedom linear system is as follows (Yao et al., 2014; 
Gauthier et al., 2017):

mÿ + cẏ + ky = F ( t ) (1)

where m, c, and k are the mass, damping, and stiffness coef‐
ficients, respectively; y is the displacement; the superscripts 
with one point and two points represent the first- and second-
order derivatives of time, respectively; and F ( t ) is the 
external load.

The vibration does not move periodically and returns to 
the equilibrium position at the fastest speed when the damp‐
ing coefficient reaches a critical value. This damping coef‐
ficient is called the critical damping coefficient, as shown 
below (Bulatovic, 2002):

cr = 2 km (2)

Figure 2　Picture of a blade crack in the actual engineering (Xie 
et al., 2020)

Table 1　Power density at different conditions for a marine current 
(Chen et al., 2018; Fraenkel, 2002)

Velocity (m/s)

Power density (kW/m2)

1

0.52

1.5

1.74

2

4.12

2.5

8.05

3

13.9

Figure 3　 Role of the damping ratio in controlling the resonance 
amplitude (Coutu et al., 2012)
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The total damping ratio is defined as the ratio between 
the damping and critical damping coefficients (Gauthier 
et al., 2017):

ζ t = c/cr (3)

The total damping ratio can be divided into three catego‐
ries (Trivedi, 2017; Dehkharqani et al., 2018): 1) the HDR, 
or fluid-added damping ratio; 2) the structural, friction, or 
Coulomb damping ratio; 3) the material, or hysteretic damp‐
ing ratio. In flowing water, the HDR was substantially larger 
than the structural and material damping ratios (Trivedi, 
2017). Therefore, the total damping ratio of structures in 
water was regarded as the HDR in some references (Roth 
et al., 2009; Bergan et al., 2018b). In some previously pub‐
lished works (Reese, 2010; Blake and Maga, 1973), the 
HDR was also defined as the only contribution of the flow‐
ing water; that is, the HDR = 0 in still water. The HDR in 
the current study is interpreted as the dissipated energy capa‐
bility of the water (Trivedi, 2017; Dehkharqani et al., 2018) 
as follows:

ζh = ζ t − ζs (4)

where ζh is the HDR and ζs is the damping ratio in the 
structure (includes the structural and material damping).

3  Quantitative identification methods of HDR

3.1  Experiment methods

As shown in Figure 4, the experimental measurement of 
HDR comprises the following three parts: structural excita‐
tion, vibration response acquisition, and HDR calculation. 
The structural excitation type can be divided into impulse and 
sweep excitations. The vibration response acquisition can 
also be divided into contact and noncontact measurements.

3.1.1 Structural excitation
A transient load is applied to the structure through impulse 

excitation, thereby simultaneously stimulating multiple 
modes of the structure. The HDR is theoretically measured 
based on the gradually decayed vibration amplitude after 

excitation removal. As early as the 1970s, Blake et al. (1972; 
1973) used the hammer as a traditional impulse excitation 
tool for hydrofoil excitation. In recent years, semi-sub‐
merged plates and hydrofoils still use the hammer due to 
its reliability and convenience (Xiu et al., 2018). Structure 
excitation without disturbing the flow is difficult for a 
hammer in fully submerged water. In this situation, Roth 
et al. (2009) and Roth (2012) applied impulse excitation 
using the spark-generated bubble. Specifically, bubble col‐
lapse generated strong shock waves, which then traveled 
toward the blade and provided impulse excitation (Roth 
et al., 2009).

The excitation frequency continuously changes for the 
sweep method and triggers the resonance, and the HDR can 
be measured in accordance with the resonance amplitude 
of the structure. The piezoelectric macrofiber composite 
actuator (MFC) (Bergan et al., 2018b; Seeley et al., 2012) 
and the piezoelectric ceramic material patches (PZT) are 
the most commonly used devices (Presas et al., 2014). The 
signal generator was frequently used together to produce 
sweep voltage, which was then fed to MFC or PZT through 
a power amplifier (Zeng et al., 2022a). The operating voltage 
of MFC and PZT ranges from −500 V to 1 500 V (Seeley 
et al., 2012) and from −200 V to 400 V (Yao et al., 2014), 
respectively, indicating the MFC has the potential to pro‐
duce remarkable structural deformations. For example, 
Bergan et al. (2018b) adapted the MFC to excite the hydro‐
foil with two fixed sides. The PZT has the advantage of its 
small size and flexible arrangement, enabling its embed‐
ment in the structure and thus avoiding interference with 
the flow(Torre et al., 2013; 2014; Cha et al., 2016). Espe‐
cially in rotating conditions, Presas et al. (2015; 2016) and 
Zeng et al. (2023a) realized the controllable excitation of a 
rotating disk by combining PZT and slip rings. Electro‐
magnetic technology has also been recently used to excite 
underwater structures. For example, Weder et al. (2019) 
placed a permanent magnetic cube (mass 1.05 g) on a disk 
and then applied excitation using the electromagnetic coil, 
with an excitation frequency ranging from 0 to approxi‐
mately 2 388 Hz.

3.1.2 Vibration response acquisition
The most commonly used contact vibration measure‐

ment devices are acceleration sensors, which are typically 
attached to or embedded in the surface of a structure. The 
reliability of these sensors was generally recognized and 
was widely used, such as in experiments with hydrofoils 
(Blake and Maga, 1973), disks (Presas et al., 2017), and 
blades (Chen et al., 2020a). PZT has a voltage output after 
deflection; thus, this device was also used for vibration 
response acquisition. For example, Yao et al. (2014) mea‐
sured the vibration of the hydrofoil at a velocity ranging 
from 3 m/s to 21 m/s using the PZT. Similarly, Presas et al. 
(2019) adapted the PZT as a sensor to obtain the vibration 
response of the runner (with a radius of 200 mm). Torre 

Figure 4　Schematic of the vibration measurement of a hydrofoil 
(Bergan et al., 2018b)
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et al. (2013) and Zeng et al. (2021b) compared the vibration 
response results of the hydrofoil obtained by the accelera‐
tion sensor and PZT, respectively, and found that the natural 
frequencies are in good agreement.

A noncontact vibration measurement device does not 
interfere with the flow on the one hand and does not affect 
the structural properties on the other. The laser Doppler 
vibrometer (LDV) is a typical noncontact vibration mea‐
surement device, and the basic measurement principle is 
shown in Figure 5 (Zobeiri, 2012). Xiu et al. (2018), Roth 
et al. (2009), Kohtanen et al. (2019), Seeley et al. (2012), 
and Bergan et al. (2018a) obtained the time evaluation of 
the vibration response of nonrotating structures, such as 
plates and hydrofoils. In the rotating condition, Weder et al. 
(2019) designed an interesting system and then measured 
the vibration response of the rotating disk using LDV, as 
shown in Figure 6. In this figure, a polar scan unit was 
developed and co-rotated with the rotor assembly, and the 
light produced by the LDV was then reflected by the mir‐
ror of the scanner. In addition to the LDV, fiber optic tech‐
nology was also used for displacement measurement of the 
hydrofoils, specifically for simultaneous measurement of 
multiple marking points (Pernod et al., 2019; Maung et al., 
2021). This finding indicates the good applicability of fiber 
optic technology in characterizing the mode shape of the 
structure.

3.1.3 HDR identification
The identification method of HDR is closely related to the 

structural excitation method. The free vibration of a single-
order mode is finally obtained for the impulse excitation. 
In this situation, the logarithmic decay method (Younes 
et al., 2007) and the Hilbert transform method (Jacobson 
et al., 2019) are often applied to identify the HDR of the 
underwater vibrating hydrofoil. The forced vibration is 
finally obtained for the sweep method, and the HDR is 
identified based on the vibration amplitude near the reso‐
nance frequency. Therefore, Seeley et al. (2012) and Zeng 
et al. (2022b) fitted the resonance curve using the dynamic 
amplification method and then obtained the HDRs. In addi‐
tion, the half-power bandwidth method and the circle fit‐
ting method (Silva, 2000) were employed to identify the 
HDRs of the forced vibrations.

1) For the logarithmic decay method, the total damping 
can be identified by fitting the discrete points of the free 
vibration as follows:

y ( t ) = Ae− ζtωn sin (ωdt + φ) (5)

where y(t) is the instant displacement, A is the amplitude, t 
refers to the time, ωd is the damped angular natural fre‐
quency, and φ is the initial phase.

2) Considering the Hilbert transform method, the har‐
monic conjugate of the original signal y(t) is obtained as 
follows (Jacobson et al., 2019):

y͂ (t ) =
1
π ∫− ∞

∞ y ( )τ
t − τ dτ (6)

where τ is the time scale.
The vibration response can then be expressed as a func‐

tion of a harmonic conjugate pair, as shown below:

Y (t ) = y (t ) + y͂ (t ) = A(t )e( )iθ ( )t t (7)

where A(t ) = e( )− ζt( )t ωn( )t t  is the instantaneous envelope and 
θ (t ) is the instantaneous vibration phase.

The instantaneous natural frequency can be calculated 
as follows:

ωn(t ) = dθ (t ) /dt (8)

The instantaneous damping ratio can finally be calculated:

ζ t(t ) =− 1
ωn( )t

dlnA( )t
dt

(9)

3) The dynamic amplification method fits the frequency–
amplitude curve to obtain the HDR as shown below (Yao 
et al., 2014):

β =
1

( )1 − ω2
e /ω2

n

2
+ 4ζ 2

t
ω2

n /ω2
e

(10)

Figure 6　Schematic of the vibration measurement of a rotating disk 
using the LDV (Weder et al., 2019)

Figure 5　Basic measurement principle of LDV (Zobeiri, 2012). 
(a) Laser source; (b) Brag cell; (d) Measurement volume; (e) Receiving 
lens; (f) Photodetector; (g) Signal processing
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where β is the dynamic amplification factor and ωe is the 
excitation angular frequency.

4) The β reaches its maximum value, that is, β0 = 1/ (2ζt ), 
when the ωe coincides with the ωn. The half-power band‐
width is defined as the width of the frequency–amplitude 

curve if the amplitude is 1/ ( 2 β0 ). A function can then 
be established as follows (Silva, 2000):

1

( )1 − ω2
e /ω2

n

2
+ 4ζ 2

t
ω2

n /ω2
e

=
1

2 2 ζ t

(11)

Assuming the 0 < ζ t < 1/2 2 and ζ 4 → 0, Equation (11) 
can be written as:

ζ t =
Δω
2ωn

=
||ω1 − ω2

2ωn

(12)

where the Δω is the half-power bandwidth; ω1 and ω2 are 

the frequencies, where β = 1/ ( 2 β0 ).
5) The circle fit method must construct the frequency 

response function as follows:

H (ωe ) =
y ( )ωe

F (ωe )
= Hr(ωe ) + jHi(ωe ) (13)

where y (ωe ) and F ( )ωe  are the FFT of vibration response 

and excitation signal, respectively. Hr(ωe ) and Hi(ωe ) are 

the real and imaginary parts of the frequency response func‐
tion, respectively.

The resonant peak of a single modal will appear as a cir‐
cle based on the plotted Hr(ωe ) and Hi(ωe ) in a complex 

plane (i.e., Nyquist plot). The total damping ratio can then 
be identified as follows (Bergan et al., 2018a; Anthony 
et al., 2012):

ζ t =
ω2

a − ω2
b

2ωn

1

ωa tan ( )0.5Δθa + ωb tan ( )0.5Δθb

(14)

where Δθ represents the phase difference from the resonance 
point, and the subscripts a and b represent the points close 
to the resonance point.

3.1.4 Evaluation of experimental methods
Considering the excitation method, the application of 

a hammer to a transient force is recommended for the 
semi-submerged structure due to its convenience and non-
interference with the flow. If the blade rotates in water, then 
the embedded MFC and PZT are proven reliable. Especially 
in prototype blade testing, MFC should be used with a power 
amplifier to produce sufficient structural deformations.

Considering the vibration response acquisition, the LDV 
is initially recommended because of its non-interference 
with the FSI behaviors and easy calibration between volt‐

age and displacement signals. The LDV can even be adopted 
under rotating conditions in combination with a polar scan 
unit. However, the LDV also has its drawbacks, such as its 
unsuitability for an opaque environment. In this situation, 
the embedded PZT in the blade is recommended as a sen‐
sor due to its capability to follow the structural movement. 
Notably, the PZT is sensitive to temperature and relatively 
fragile (Dehkharqani et al., 2018) Thus, the application of 
PZT must be within the allowable voltage range.

Considering HDR identification, Zrayka and Mucchi 
(2019) conducted a comparison among several methods 
in a MATLAB environment, and the cycle fit method was 
recommended due to its good robustness. Jacobson et al. 
(2019) used self-compiled functions to control the damping 
ratio of vibration signals and discussed the applicability of 
various HDR identification methods, such as multicompo‐
nent signals, short signal intervals, and high-noise input 
signals, under adverse conditions. Zeng et al. (2022b) mea‐
sured the vibration response of a hydrofoil and systemati‐
cally compared five identification methods of HDR, as 
shown in Table 2. In the table, M1–M5 refer to the loga‐
rithmic decay, Hilbert transform, dynamic amplification, 
half-power bandwidth, and circle fitting methods. The 
results showed similarities in the accuracy and uncertainty 
of the different methods. However, considering the loga‐
rithmic decay and half-power bandwidth methods are simple 
to use and fast to implement according to Equations (5) 
and (12), these methods should be used in free and forced 
vibration, respectively. The Hilbert transform method is 
recommended for the situation with time-varying HDR.

3.2  Simulation methods

The numerical simulation methods of HDR have also 
received extensive attention to obtain vibration signals con‐
veniently and analyze the internal flow mechanism. These 
methods mainly include the unsteady vortex lattice method 
(UVLM), the modal work approach, and the two-way FSI 
method.

3.2.1 Unsteady vortex lattice method
The UVLM is based on potential flow theory and assumes 

structural vibration in an inviscid, incompressible, and irro‐
tational fluid (Kohtanen and Davis, 2019) The HDR can 
then be calculated by performing the following two steps:

1) The unsteady force distribution on the structure can 
be calculated based on the circulation of vortex singularities 
over the structure and the wake (Kohtanen and Davis, 2019; 

Table 2　 Comparison of different damping ratio identification 
methods (Zeng et al., 2022b)

Method

Ave HDR

Uncertainty

M1

0.015

3.81%

M2

0.014 9

6.95%

M3

0.016 4

6.72%

M4

0.015 5

7.65%

M5

0.016

2.21%
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Chen et al., 2020a) as follows:

F = ∑
a = 1

M ∑
b = 1

N − ( )ΔpΔS
ab

nab (15)

where F is the unsteady force vector; M and N represent the 
node number of chordwise and spanwise, respectively; sub‐
scripts a and b determine the node position; Δp is the pres‐
sure difference; ΔS is the area; and n is the normal vector.

2) The HDR can be determined by combining the vibra‐
tion information and the unsteady force as follows (Chen 
et al., 2020a):

ζh, i =
Fdamping

2miωn, iv
(16)

Fdamping = F sin ϕ (17)

where Fdamping is the damping force induced by the phase 
difference (ϕ) between the unsteady force and motion, m is 
the modal mass of the ith modal, ωn is the angular natu‐
ral frequency, subscript i represents the ith modal, and v is 
the vibrating velocity.

3.2.2 Modal work approach
The ratio of the dissipated energy in a vibrating cycle to 

the total energy of the vibrating system is calculated using 
the modal work approach (Monette et al., 2014; Nennemann 
et al., 2016). This approach only transferred the information 
of the structural field to the flow field; thus, this approach is 
also called the one-way-coupled simulation method (Tengs, 
2019; Wang et al., 2021a).

Three steps should be conducted to calculate the HDR. 1) 
The modal analysis (Liang et al., 2007) of the structure is 
performed to calculate the mode shape and corresponding 
natural frequency. 2) The unsteady CFD simulation of the 
flow domain aims to determine the unsteady pressure and 
stress on the structure. In particular, the mode motion of 
the structure was set as the boundary condition in this step 
using the dynamic mesh technology, as shown in Figure 7 
(Wang et al., 2021a). 3) The HDR can be obtained as fol‐
lows (Gauthier, 2017; Čupr et al., 2019):

ζh,i =
ΔW

2π ( )ms,i + mf,i ω
2
nf,i A

2
0

(18)

ΔW =
1
N ∫

0

2πN/ωnf∬
s
( )pn + τ ds ẏdt (19)

where ΔW is the dissipated energy in a vibrating cycle; ms 
and mf are the modal mass in air and water, respectively; ωnf 
is the angular natural frequency in water; A0 is the amplitude 
of the mode shape; and τ is the shear stress vector. ΔW is 
the area integral of the “Wall Power Density” over the mov‐
ing wall using the ANSYS CFX code.

3.2.3 Two-way FSI method
The unsteady CFD and unsteady computational structural 

dynamics are combined in the two-way FSI method. In 
particular, the structural vibration information was trans‐
mitted to the flow field through the FSI surface, and the 
flow pressure was transmitted back to the structure field 
(Liaghat et al., 2014; Zeng et al., 2019a).

Specifically, this method can also be divided into three 
steps. 1) An impulse excitation was applied to the surface of 
the structure to induce the structural vibration, as shown in 
Figure 8(a) (Zeng et al., 2019b). 2) As shown in Figure 8(b), 
the vibration response acquisition was generally based on 
dynamic mesh technology, and the vibration response on 
the FSI interface was monitored. 3) The HDR calculation 
uses the logarithmic decay formula (20) to fit the peak 
points of the vibration response (Zeng et al., 2019a; Liu 
et al., 2015).

y (t ) = Ae− ζtωnt (20)

where y (t ) is the instant displacement, A is the amplitude, 
and t refers to the time.

3.2.4 Accuracy and applicability
The UVLM theoretically performs various simplifications 

on the flow and potentially efficiently obtains the HDR at 
the design stage. However, only simple structures such as 
plates and 2D blades currently benefit from this method, 
and its accuracy is limited in some high-velocity situations. 
For example, Kohtanen and Davis (2019) used the UVLM 
to obtain the HDRs of a plate for the first four modes. In 
quiescent water, compared with the experimental results, 
the relative error was within 11.2%. Meanwhile, the relative 
error remained below 30% for most modes of flowing water. 
Similarly, Chen et al. (2020a) obtained the HDRs of a blade 
at different rotating speeds using the UVLM. The simula‐
tion results are consistent with experimental data at some 
low rotating speed conditions, while the HDR was overes‐
timated by UVLM at some high rotating speed conditions.

Regarding the modal work approach, the fluid pressure 
and shear stress can be accurately captured despite the sim‐
plified vibration mode of the structure. In the case of a 
hydrofoil, Nennemann et al. (2016) obtained the HDRs for 
the first-order bending and torsional modes and generally 
achieved good comparisons between simulation and exper‐

Figure 7　Mode motion is set as the boundary condition for the 
modal work approach (Wang et al., 2021a)
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imental results with relative error within 20%. Gauthier 
et al. (2017) also found that the error of the HDRs for the 
first bending mode was within 10%, as shown in Figure 9. 
Therefore, the modal work approach was widely used for 
the blade-like structures. Tengs et al. (2019) obtained the 
HDRs of hydrofoils when the velocity ranged from 2.5 m/s 
to 45 m/s, which was substantially higher than the experi‐
mental flow velocity. Moreover, Gauthier et al. (2017) and 
Zhang et al. (2021) used the modal work approach to pre‐
dict the HDRs of a Kaplan turbine runner at different flow 
rates, indicating the application potential of this method to 
rotating hydraulic machinery with complex structures. Nota‐
bly, the modal work approach was sensitive to the amplitude 
of the vibrating structure. For example, the error of pre‐
dicted HDR can reach 300% when the deflection of the 
hydrofoil is increased from 0.05 mm to 2.5 mm, and a 
two-way FSI is necessary in this situation (Tengs, 2019).

Compared with other methods, the two-way FSI method 
is theoretically more complete, thereby providing higher 
accuracy. However, the solution of the structural vibration 
equations produced a numerical damping ratio (Liaghat, 
2014; Aquelet et al., 2003). The default value of the numeri‐
cal damping ratio is 0.1 in the ANSYS code, which is unsuit‐
able for all calculation settings. For example, Liaghat et al. 
(2014) indicated that a small numerical damping ratio neces‐
sitated a large time step, easily resulting in the calculation 
divergence. Zeng et al. (2019a) conducted an independent 
analysis of the time step and numerical damping ratio and 
obtained the HDRs of a hydrofoil. They found that the rel‐

ative error was within 8.84% when the velocity ranged from 
2 m/s to 20 m/s. In addition to calculation accuracy, this 
study also focused on calculation time. A total of 94 hours 
were required at one flow condition with 16 cores for the 
simulation of the HDR of a hydrofoil (Zeng et al., 2019a), 
which was approximately 15 times that of the modal work 
approach (Zeng et al., 2020).

Therefore, considering the calculation accuracy and effi‐
ciency, the modal work method is recommended for com‐
plex structures. Meanwhile, the two-way FSI method is 
recommended for cases of large deformation or with strict 
requirements on calculation accuracy.

4  Influencing parameters of HDR

4.1  Effect of incoming flow velocity

Theoretically, flow environments have a considerable 
impact on the energy dissipation capability of the vibration 
system (Vandiver and Chung, 1989; Chaplin and Subbiah, 
1998). Previously published literature revealed three rela‐
tionships between flow velocity and the HDR.

1) The HDR damping ratio increased linearly with ris‐
ing velocity. In the case of a hydrofoil, based on experiments 
performed in 1976, Kamier and Kavitskii (1976) obtained 
the linear relationship between the HDR of the bending 
mode and flow velocity. Similarly, Seeley et al. (2012) repro‐
duced these experiment results for three different hydrofoils 
(as shown in Figure 10) and obtained the slopes between 
HDR and velocity. In addition to the hydrofoil, a cylinder 
also demonstrated the same behavior as the HDR (Yang 
et al., 1985; Chaplin, 2000).

2) The HDR damping ratio remained constant as the 
velocity increased. Especially for some low-velocity con‐
ditions, the results of some experiments performed on the 
hydrofoil (Rankl et al., 2004; Roth et al., 2009; Yao et al., 
2014), tube (Chen and Jendrzejczyk, 1981), plate (Santo, 

Figure 8　Calculation of HDR using the two-way FSI method

Figure 9　HDRs of a hydrofoil obtained by the experiment and the 
modal work approach, and the relative error is within 10% (Gauthier 
et al., 2017)
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1981), and cylinder (Vandiver and Chung, 1989) showed 
that the HDRs almost remained unchanged. In the experi‐
mental work of Roth et al. (2009), the HDR increased lin‐
early with velocity when the velocity ranged from 3 m/s to 
15 m/s but remained constant when the velocity was within 
3 m/s. Based on experimental phenomena, Yao et al. (2014) 
summarized that the HDR increased linearly with the flow 
velocity and remained unchanged when the flow velocity 
was above and below the resonant flow velocity, respec‐
tively. The experiment of Bergan et al. (2019) supported 
the aforementioned result.

3) The HDR displays a sharp drop in the lock-in region. 
This region indicates that the vortex shedding frequency 
was locked onto the structural eigenfrequency over a wide 
range of free-stream velocity (Ausoni, 2009; Liu et al., 
2023). Therefore, the resonance resulted in a sufficiently 
large response amplitude. In particular, the reduction in 
HDR could reach an order of magnitude in the presence of 
lock-in, as shown in Figure 11 (Reese, 2010). The negative 
HDR can also be observed (Zeng et al., 2021b) in the lock-in 
region of the torsional mode of a hydrofoil.

4.2  Effect of AOA

The AOA inevitably exists under off-design conditions, 
and its effect on the modal parameter of blade-like struc‐
tures also attracted increasing attention (Ducoin et al., 2009; 
2012). Reese (2010) and Ducoin et al. (2012) measured 
the vibration response of a hydrofoil and found that the natu‐
ral frequency almost remained the same when the AOA 
ranged from 2° to 8° , indicating the independence of the 
fluid added from the AOA. Considering the hydrodynamic 
behavior, the existence of the AOA changes the pressure 
distribution on the blade, thereby affecting the oscillation 
of the structure. For example, the experiment of Reese 
(2010) indicated that the HDR was varied at the AOA of 
0°, 4°, −4°, and 10°. Zeng et al. (2021b) obtained the HDRs 
of a NACA 0009 hydrofoil at different velocities when the 
AOA ranged from 0° to 6° . Their results showed that the 
AOA slightly affected the HDR when the velocity was below 
the resonant velocity, and the HDR decreased with increas‐
ing AOA when the velocity was above the resonant velocity.

4.3  Effect of gap

The gap in the current investigation is defined as the dis‐
tance between the blade and the rigid wall. The small gap 
has the advantage of energy leakage reduction, resulting in 
hydraulic machinery with superior performance (Xu et al., 
2017). Regarding the vibration characteristic, if the distance 
between the underwater vibrating structure and the rigid 
wall was farther, then the fluid-added mass would decrease, 
thereby increasing the natural frequency (He et al., 2019; 
Rodriguez et al., 2012). Torre et al. (2014) found that the 
gap increased from 0.08% of the span width to 1.43% when 
the reduction of the natural frequency of hydrofoil reached 
12.19%. Considering the HDR, this frequency also gradu‐
ally decreased with the increasing gap (Harrison et al., 
2007; Naik et al., 2003). Specifically, the decreasing trend 
conformed to the asymptote function; that is, the HDR 
hardly decreased when the gap was sufficiently large (Zeng 
et al., 2021a). In the case of a disk, the reduction of HDR 
reached 31.52% when the gap increased from 0.67% to 
3.33% radius, and the reduction was only 4.72% when the 
gap increased from 16.67% to 26.67% radius (Zeng et al., 
2023a). The behavior between the HDR and gap remained 
the same for different fluid media, such as water, acetone, 
and oil (Valentin et al., 2014). Therefore, from the perspec‐
tive of suppressing vibration, a small gap is also recom‐
mended in actual engineering.

4.4  Effect of rotation

Centrifugal and Coriolis forces are theoretically introduced 
during structure rotation, resulting in highly complex vibra‐
tion characteristics. The centrifugal force generated by rota‐
tion was applied to the structure in the form of a prestress, 

Figure 10　HDRs at different velocities for three different hydrofoils 
(H0, H1, and H3) (Seeley et al., 2012)

Figure 11　Hydrodynamic damping ratio with increasing velocity, 
adapted from Reese (2010)
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thereby affecting the natural frequency of the structure in 
the water (Qiao et al., 2023). Two peaks were detected for 
the frequency domain of each diametrical mode at rotating 
conditions, while only one peak was observed at nonrotating 
conditions (Louyot et al., 2020). In particular, the frequency 
difference between the two peaks was linearly increased 
with the rising rotational speed (Presas et al., 2015).

For the HDR at different rotational speeds, the experi‐
mental results of a disk are shown in Figure 12 (Weder 
et al., 2019). The HDR was increased with rotating speed 
for the low-order modes, which corresponded with the 
behavior of a propeller (Chen et al., 2020a). Meanwhile, 
for some high-order modes in Figure 12, the HDR was 
found to be independent of the rotational speed. Similarly, 
Zeng et al. (2023a) revealed that the HDR of the eight-dia‐
metrical mode also remained almost unchanged when the 
rotational speed increased from 240 r/min to 600 r/min.

Increasing the rotational speed raises the relative flow 
velocity in terms of structure. The pressure and shear stress 
experienced by the underwater structure will also increase 
with the rotational speed, which can explain the increase in 
HDR with the rotational speed. Meanwhile, the character‐
istics of HDR at different rotational speeds must be further 
revealed for some high-order modes. In addition, the consis‐
tency of the adjacent modes under sufficiently large rota‐
tional stalls remains unclear, and determining their impact 
on HDR is also difficult.

4.5  Effect of leading-edge cavitation

Cavitation, which is crucial in the FSI, occurs when the 
local pressure is lower than the saturated vapor pressure 
(Wen et al., 2023b; Sun et al., 2022). On the one hand, the 
fluid in contact with the structure was switched from liquid 
to vapor, resulting in a reduction of the fluid-added mass 
(Liu et al., 2017; Roig et al., 2021; Wen et al., 2023a). In 
particular, the added mass could decrease to 72% of that 
without cavitation when the leading cavitation length was 
greater than the half chord length (Torre et al., 2013). On 
the other hand, changes in the boundary layer characteris‐

tics and the introduction of additional excitation frequencies 
can be attributed to cavitation, revealing the impact of cavi‐
tation on HDR and attracting widespread attention (Zeng 
et al., 2022c; Wang, 2020; Gaschler and Abdel-Maksoud, 
2014). The impact of cavitation on HDR can be divided 
into the following three situations:

1) The HDR decreases with increasing cavity length if 
the velocity is above the resonant velocity. This behavior 
was observed in the experimental work of Zeng et al. 
(2022c), and this phenomenon was independent of AOA, 
as shown in Figure 13. The simulation work of Wang (2020) 
also proved a considerable reduction in HDR in the pres‐
ence of cavitation.

2) The HDR in the lock-in region may increase as the cav‐
ity length decreases. This phenomenon was found through 
experimentation (Zeng et al., 2022c) and simulation (Roig 
et al., 2021) revealing that the resonance was staggered as 
the cavitation changed the natural frequencies.

3) The effect of cavitation on the HDR when the velocity 
is below the resonant velocity is negligible. In particular, the 
HDR for the first torsional mode of a hydrofoil remained 
constant when the cavitation length was from 0 to approxi‐
mately 0.95 times the chord length (Zeng et al., 2022c). 
Similar results were also obtained in the case of a propeller 
(Gaschler et al., 2014).

Despite the established quantitative relationships between 
leading-edge cavitation and HDR, the internal flow mecha‐
nisms remain unclear. Simplifying leading-edge cavitation 
into cavitation bubbles and exploring the mutual mecha‐
nisms between bubble dynamics, structural vibration, and 
energy loss can help reduce the complexity of cavitation. 
Zhang et al. (2023) recently established a universal theory 
for the dynamics of oscillating bubbles by considering the 
viscosity, bubble interaction, and surface tension, which was 
carefully validated by comparing the experimental results. 
Especially on different scales and boundaries, the theory 
proposed by Zhang et al. (2023) demonstrated good appli‐
cability. This finding further indicates that the influence 
mechanism of cavitation on HDR can be explored from the 
perspective of cavitation bubble dynamics in future work.

Figure 12　HDRs at different rotational speeds (Weder et al., 2019)

Figure 13　HDRs at different leading-edge cavitation lengths when 
the velocity is above the resonant velocity (Zeng et al., 2022c)
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5  Prediction formulas of the HDR

The construction of the HDR prediction formula is con‐
ducive to improving the efficiency of vibration analysis in 
the design stage and saving numerical calculation resources 
(Tita et al., 2001; Chin and Lau, 2012). The main methods 
can be divided into theoretical derivation and semi-empirical 
formula construction.

5.1  Theoretical derivation

Blake et al. (1972) disregarded the effects of viscosity 
and structural modal mass and proposed an HDR theoretical 
prediction formula for hydrofoils based on two-dimensional 
assumptions. They revealed the relationship between HDR 
and flow velocity, chord length, and natural frequencies in 
air and water as follows:

ζh = γ
u

2πfnwc
+ ζstat (21)

where u is the incoming flow velocity, fnw is the natural fre‐
quency in water, c is the chord length, and γ = 0.5 and 2 for 
the bending and torsional modes, respectively. ζstat is the 
HDR in still water.

Compared with the experimental results, the prediction 
formula proposed by Blake et al. (1973) could successfully 
reflect the linear relationship between the HDR of a hydro‐
foil and flow velocity but overpredicted the HDR. Based 
on the work of Blake et al. (1973), Reese (2010) considered 
the impact of structural modal mass on HDR, which was 
theoretically more complete, as shown below:

ζh = γ
u

2πfnwc

é

ë

ê
êê
ê
ê
ê
1 − ( fnw

fna ) 2ù

û

ú
úú
ú
ú
ú
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where fna is the natural frequency in air.
Kamier and Kavitskii (1976) applied the theoretical pre‐

diction formula of aerodynamic damping to HDR predic‐
tion (Equation (23)). The linear growth trend of HDR with 
flow velocity was also consistent with the experiment data.

ζh =
π
2

uρ fc

mfnw

G (St, h ) + ζstat (23)

where ρ f is the fluid density and G (St, h ) is a constant related 

to the Strouhal number.
Bahrami et al. (2023) focused on flow parameters in the 

near-wall region for the flat plate and introduced a univer‐
sal HDR prediction formula that was independent of struc‐
tural mode shapes as follows:

ζh = ( 4
π ) δs

L
(24)

where L is the characteristic length and δs is the Stokes 
length relative to the Reynolds number.

5.2  Semi-empirical formula construction

Combining experimental results and theoretical deriva‐
tion, the construction of semi-empirical prediction formu‐
las for HDR has also received widespread attention. For 
example, considering viscosity for disks based on kinetic 
energy theory and coupling experimental results, Santo 
et al. (1981) constructed a prediction formula for HDR. 
Vandiver and Chung et al. (1989) conducted a theoretical 
derivation of HDR for submarine cables. They considered 
the effects of fluid-added mass and resistance when express‐
ing the formula and calibrated some key parameters based 
on experimental results. Considering the theoretical works 
of Reese (2010), Bergan (2019) combined a large number 
of experimental results to establish a semi-empirical pre‐
diction formula for the HDR, as shown below:

ζh = 0.873
u

fnw

+ ζstat (25)

Comparing existing HDR prediction formulas, despite 
inconsistency in form, the relationships with key parame‐
ters are generally consistent. HDR was generally believed 
to be directly proportional to the incoming flow velocity and 
inversely proportional to the natural frequency of water. In 
addition, the previously published references showed that 
flow situations, such as lock-in (Zeng et al., 2021b), AOA 
(Zeng et al., 2021b), gap (Xiu et al., 2018), and cavitation 
(Roig et al., 2021), also had a remarkable influence on 
HDR. Therefore, Zeng et al. (2023b) introduced a compre‐
hensive semi-empirical formula by combining theoretical 
derivation and HDR results with different flow parameters:
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u∗ =
u

fnwc
(27)

where u∗ is the reduced velocity; u∗
1 and u∗

2 are the initia‐
tion and termination velocities of the lock-in region, respec‐
tively. u∗

r is the resonant velocity; in the absence of lock-in, 
then u∗

1=u∗
2=u∗

r. The f ( )α , f (dr ), and f ( )σ  are the AOA, 

gap, and cavitation correction terms, respectively.
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6  Conclusions and future works

6.1  Conclusions

The current study aims to review the HDR characteris‐
tics of a blade-like structure, emphasizing the quantitatively 
determined methods and influencing factors.

1) The detailed processes were introduced for the experi‐
ments, and multiple HDR identification methods were com‐
pared. The logarithmic decay and half-power bandwidth 
methods were recommended for the free and forced vibra‐
tions, respectively. The Hilbert transform method was rec‐
ommended for the time-varying HDR.

2) The solving equations of three different methods were 
provided for the simulations, and the corresponding calcu‐
lation accuracy and efficiency were discussed. The modal 
work method considers calculation accuracy and efficiency 
and has good applicability to rotating machinery.

3) The key flow parameters affecting the HDR, includ‐
ing incoming flow velocity, the AOA, the gap, the rotation 
speed, and leading-edge cavitation, were summarized. The 
HDR prediction formulas under different flow parameters 
were then introduced.

6.2  Future works

1) Increasing the HDR of the blade-like structure will 
suppress the resonance amplitude, thereby improving the 
operating stability of the unit. However, attention to the 
structural optimization design aimed at increasing HDR is 
still lacking.

2) When the flow velocity is below or above the resonant 
velocity, several previous experiments have demonstrated 
inconsistencies in the behavior of HDR with flow velocity. 
Therefore, understanding the energy dissipation mechanism 
during the resonant situation is necessary.

3) Most experiments were conducted on blade-like struc‐
tures. From a practical engineering perspective, evaluating 
the HDR of the complete prototype runner is valuable.

4) Current research has shown that rotation will cause two 
natural frequencies in each diametrical mode, and their fre‐
quency difference will increase with the rotational speed. A 
sufficiently large rotational speed may cause the coinci‐
dence of two adjacent diametrical modes. Thus, determin‐
ing the HDR characteristics is crucial.
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