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a b s t r a c t 

In many existing works, the seakeeping motions and air dynamics of a surface effect ship (SES) were 

assumed to be linear under small-amplitude waves (wave amplitude to wave length ratio ≤ 5%) to en- 

hance the computational efficiency. However, according to SES model test results, it was found that even 

in small-amplitude waves, the fluctuating air cushion pressure shows significantly nonlinear effects. To 

precisely reveal this distinctive feature, the origin of nonlinearity was carefully investigated and the air 

leakage was considered as the main source of nonlinearity based on mathematical analysis in this paper. 

The reason is that the variance of clearance height under seals is comparable to the clearance height 

at equilibrium state in small-amplitude waves, which makes the air leakage area intermittently equal to 

zero without any harmonic variance. Therefore, an efficient partial nonlinear numerical model for the SES 

dynamics was proposed by combining a linear frequency-domain hydrodynamic model based on the ef- 

ficient 2.5D methods with a nonlinear time-domain air dynamic model. The nonlinear parts of numerical 

results from the partial nonlinear model, including the fluctuating air pressure and midship accelerations, 

agree well with experimental results. The results demonstrate the effectiveness of the partial nonlinear 

model on the SES seakeeping performance prediction, and confirm that its nonlinearity mainly originates 

from the air leakage. 

© 2022 Shanghai Jiaotong University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The surface effect ship (SES) is a hybrid between hovercraft and 

atamaran, under which an air cushion is trapped between demi- 

ulls and bow/stern seals (skirts). The air cushion allows SES to 

artially glide on the air layer and thus can substantially reduce 

he running resistance as well as the wave loads. Generally, due to 

he interaction between demihull and air pressure hydrodynamics, 

ushion air dynamics and bow/stern seal dynamics, the seakeeping 

erformance of SES is highly complicated and special phenomenon 

ight arise, such as the cobblestone effect (including acoustic res- 

nance) in short waves [6] . Nonetheless, in middle to long waves 

ith small-amplitudes, the interaction between seals and waves is 

ot significant and dynamic response of seals can also be ignored 

ue to the slowly-varying motion of SES, so one only needs to con- 
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ider the demihull hydrodynamics, air pressure hydrodynamics and 

ushion air dynamics [ 6 , 8 , 9 , 10 , 21 ]. 

The demihull hydrodynamics involves the radiation and diffrac- 

ion waves/forces due to the interaction between demihulls and 

aves, which could be evaluated by solving the Neumann bound- 

ry condition problems on the wetted surface of demihulls as 

hose on catamarans. Typically, the three-dimensional (3D) linear 

r nonlinear numerical methods such as URANS method [ 1 , 22 ], 

nite element method [7] or Rankine source method [2] were 

xploited to obtain relatively precise hydrodynamics of demi- 

ulls. However, the 3D methods are computationally expensive and 

ight be hard to meet the engineering demands such as hydro- 

ynamic optimization. To enhance the computational efficiency, 

uo et al . [8–10] employed a linear 2.5D method to calculate 

he hydrodynamic parameters in connection with demihulls of an 

ES running in small-amplitude waves and obtained satisfactory 

esults. The 2.5D method is highly efficient due to the dimen- 

ionality reduction on the control equation and body conditions 

rom 3D to 2D [ 5 , 9 , 10 , 17 ], while only the free surface condition

emains 3D. 
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The air pressure hydrodynamics refers to the radiation water 

aves/forces excited by the fluctuating air cushion pressure. In 

he computational fluid dynamics (CFD) methods, the air pres- 

ure hydrodynamics and cushion air dynamics are coupled to each 

ther and need to be simultaneously solved at each time step [1] . 

lternatively, in potential theory the air pressure hydrodynamic 

roblem could be deliberately decoupled from the air cushion dy- 

amic problem, and specialized methods can be employed to in- 

ividually solve the air pressure hydrodynamic problem, e.g., the 

nalytical methods for pressure patches [ 9 , 20 ], 3D Green’s func- 

ion method for zero-speed air cushion supported platform [16] , a 

ingle-domain 2.5D method [10] or a multi-domain 2.5D method 

11] for high-speed SES. 

The cushion air dynamics relates to the fluctuating air pres- 

ure in the cushion produced by the change in air mass due to 

ir inflow/leakage and in air volume due to the motion of SES 

nd elevation of free surface under the cushion. In cushion air dy- 

amics the control equations and all relevant conditions including 

ir inflow/leakage, SES motion and wave pumping effect, need to 

e considered. In the potential theory, the control equations for 

ir dynamics commonly could be the nonlinear adiabatic equa- 

ion [21] with/without the linear Helmholtz equation [ 6 , 10 , 16 ]. The

diabatic equation connects the air pressure, density, volume and 

coustic speed, which is necessary in compressible air flows. The 

elmholtz equation is optional, which can differentiate the uneven 

istribution of air pressure in the cushion and thus is suitable for 

olving large scale problems [15] or the acoustic resonance prob- 

em [6] . The air inflow counts on the characteristics of the fan 

erformance curve, which might be the linear equation [ 1 , 6 , 9 , 10 ],

r the quadratic one [ 4 , 12 , 21 ]. The air leakage was modeled us-

ng various methods ranging from Bernoulli’s equation [6] , Euler’s 

quation [12] to Navier-Stokes (NS) equations [13] . According to 

irata and Faltinsen [13] , the air leakage model from the incom- 

ressible NS equations was compared with the Bernoulli’s one, 

nd the viscous effect was found to be not significant under the 

igid stern seal bag assumption, which suggests that potential the- 

ries are appropriate for modeling the air leakage. Obviously, all 

he above-mentioned air leakage models are nonlinear due to the 

ossible irregular variance of leakage area and the square root of 

ressure difference between cushion and atmosphere. Neverthe- 

ess, in some works [ 8-11 , 14 ], for the sake of simplicity, the air

eakage was linearized based on the assumptions of small wave 

mplitude and small hull motion amplitude. This simplification 

ight be rational if one only considers the linear seakeeping per- 

ormance. However, once the wave amplitude is not small enough, 

r the nonlinear effects of the air dynamics and SES motion be- 

ome important, the linearized air leakage model will not hold 

nymore. 

According to the experimental results from authors’ SES model 

n small-amplitude waves [8] , the heave and pitch responses are 

lmost linearly proportional to wave amplitudes while the fluctu- 

ting cushion air pressure, midship accelerations have significant 

onlinear effects. It also suggests that the nonlinear effects of the 

ES should not be neglected and the existing linear models [8–

1] are not appropriate for the nonlinear performance prediction. 

o this end, the source of nonlinearity for the SES will be exam- 

ned and a novel efficient seakeeping motion prediction model will 

e developed to take into account the nonnegligible nonlinear ef- 

ects of the seakeeping performance in this paper. Based on the 

eveloped model, the nonlinear air dynamics and motion response 

f the SES will also be investigated. 

The paper is organized as follows. First, the experimental results 

f the SES model are preprocessed and analyzed in both the time 

nd frequency domain. Then, a partial nonlinear numerical model 

or the SES seakeeping motion is presented. Finally, the numeri- 

al results are compared with the experimental ones to verify the 
2 
ffectiveness of the proposed model, and conclusions are summa- 

ized. 

. Results processing of model tests 

The SES presented in this paper is also called as partial air 

ushion supported catamaran (PACSCAT) in Guo et al . [8] . The 

lane projections, 3D model and physical picture of the SES model 

re illustrated in Fig. 1 . The model scale is 1:10. Principal parame- 

ers of the SES model are shown in Table 1 . The longitudinal posi-

ion of the center of gravity (COG) is 0.08 m from the midship to- 

ards the stern. In the “cushion-on” state, the outside draft at COG 

educes to 0.107 m and the inside draft (air cushion side) is only 

.031 m. In the running state, the average trim angle is about 3.45 °. 
he model tests were performed in the towing tank of dimensions 

10 m × 6.5 m × 6.8 m, equipped with a flap wave-maker and 

owing carriage. More details for the SES and model tests, as well 

s uncertainty analysis can be found in Guo et al . [8] . 

In the model tests, a 16-channal data acquisition device was 

mployed to synchronously record the time series of heave, pitch, 

uctuating air pressure in the midship and midship acceleration. 

wo cases, i.e. the SES runs in two wavelengths ( λ = 12 , 14m ) at

peed U = 5 . 0m / s , are chosen in the following study, from which

he maximum encountered frequency is 0 . 777 Hz ( λ = 12m ) . The 

riginal experimental data involved high-frequency noise ( > 20Hz) 

ue to the precision limit of sensors and/or vibrations from other 

quipments such as fan. A zero-phase lowpass Butterworth filter 

as exploited to eliminate the high-frequency noise of experimen- 

al data without phase distortion, in which the cutoff frequency for 

he point 3 dB below the passband value was set at 4 Hz (more 

han 5 times of the maximum encountered frequency). According 

o our test, the filtered data are not sensitive to the cuttoff fre- 

uency varying from 4Hz to larger ones. 

Fig. 2 (a)-(d) depict the zero-mean experimental data and the 

rocessed data on heave ( η3 ), pitch ( η5 ), fluctuating air pressure 

 ̂  p ) and midship acceleration ( ̈ηm 

) obtained from the SES model 

unning under speed U = 5 . 0m / s in waves of length λ = 12m , re-

pectively. Though for each speed and wavelength, the test lasted 

or about 30 s, only 6 seconds’ steady-state test data were used 

or analysis. To avoid confusion, the starting time of the data was 

et to 0 rather than the original one. In the figures, the green dot 

ash lines labeled by “Original” are the original experimental re- 

ults. The black lines labeled by “Filtered” are the processed exper- 

mental results filtered using the zero-phase low-pass Butterworth 

lter, and the red dash lines labeled by “Sinusoidal” are the re- 

ults by sinusoidal curve fitting. From Fig. 2 (b), (d) one notes that 

he original data are quite noisy and it is hard to observe the real 

hape before preprocessing, while the heave and fluctuating air 

ressure data ( Fig. 2 (a), (c)) have relatively less noise. One can also 

otice that the “Sinusoidal” and “Filtered” curves almost coincide 

ith each other in Fig. 2 (a)-(b), which suggests that the heave and 

itch motion are perfectly linear. In contrast, as shown in Fig. 2 (c)- 

d), the “Filtered” curves that are significantly different from the 

Sinusoidal” ones, revealing the nonlinear effects on the fluctuat- 

ng air pressure and midship acceleration. 

To reduce the truncation effect on the Fourier transform of time 

omain series with limited length, the filtered experimental data 

ere preprocessed by the Hann window [18] . Fig. 3 (a)-(d) further 

epict the discrete Fourier transform of the preprocessed experi- 

ental data. In Fig. 3 (a) and (b) one can only find a main peak

or heave and pitch response at the encountered frequency f 0 , re- 

pectively, while high frequency peaks are not significant. On the 

ther hand, in Fig. 3 (c) and (d) one can clearly observe at least 

 peaks for the fluctuating air pressure and midship acceleration 

ccuring at the base frequency (encountered frequency) f 0 , double 

requency 2 f , respectively, and higher frequencies are even visible. 
0 
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Fig. 1. The plane projections, 3D model and physical picture of the SES model. 

Table 1 

Principal parameters of the SES model [8] . 

Parameters Value Parameters Value 

Model scale 1:10 Moment of inertia for pitch ( I yy ) 77.4 kg ·m 

2 

Mass (M) 145 kg Model running speed ( U) 5 . 0m / s 

Overall length (L ) 3.0 m Static cushion overpressure ( p 0 ) 510 Pa 

Beam (B ) 0.7 m Air inflow rate ( Q 0 ) 150 m 

3 /h 

Cushion length (l) 2.5 m Wave amplitude ( η0 ) 0.025 m 

Cushion breadth (b) 0.24 m Air density (25 °C) ( ρa ) 1.185 kg / m 

3 

Water density ( ρw ) 1000 kg / m 

3 Proportion of air cushion displacement 21.5% 
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l

omparing Fig. 3 (c) and (d), one notes that the relative magnitude 

f the fluctuating air pressure at 2 f 0 is larger than that of the mid-

hip acceleration, i.e. ˆ p ( 2 f 0 ) / ̂  p ( f 0 ) > η̈m 

( 2 f 0 ) / ̈ηm 

( f 0 ) , which indi-

ates that the nonlinear effects on midship acceleration are not as 

trong as the fluctuating air pressure. 

The distinctive nonlinear features of the air pressure and the 

otion response should result from the small displacement pro- 

ortion of the air cushion (only 33% of the SES displacement), 

hich reduces the influence of the fluctuating air pressure on the 

ES motions. Thereby, in our previous works [8–11] , only the lin- 

ar models were applied to predict the seakeeping motions. Once 

he displacement of the air cushion contributes to a larger propor- 

ion, e.g., 80%, the motions of the SES show significant nonlinear 

ffects, which requires more appropriate models for analysis. To 

ddress the issue, a partial nonlinear model consiting of nonlinear 

ir dynamic model and linear hydrodynamic model will be devel- 

ped to ensure that the main futures of the nonlinear effect can 

e taken into account without increasing significantly the compu- 
ational burden. 
i

3 
. Partial nonlinear equations for the SES seakeeping motion 

To analyze the nonlinear features of the air dynamics and SES 

eakeeping performance, a partial nonlinear model is established 

n this section by combining a frequency-domain linear hydrody- 

amic model and a time-domain nonlinear air dynamic model. 

As shown in Fig. 4 , O − XY Z is an earth-fixed coordinate system, 

nd o − xyz is an SES-accompanied coordinate system always paral- 

el to O − XY Z. When the SES is located at its mean position, the x -

xis is pointing towards the bow parallel to the longitudinal plane 

f the SES and the z-axis is pointing vertically upward through the 

OG of the SES. The origins of both coordinate systems are in the 

lane of the mean free surface. 

.1. Nonlinear air dynamics of the SES 

As shown in Fig. 5 , the air dynamics is affected by air inflow, air

eakage, SES motion and elevation of free surface under the cush- 

on. According to the discussion, the air inflow, SES motion and 
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Fig. 2. Time series of experimental results and the processed data on seakeeping performance of the SES running with speed U = 5 . 0m / s and in waves of length λ = 12m . 

‘Original’ refers to the original data recorded in model tests. ‘Filtered’ refers to the data obtained by filtering the original data using a zero-phase lowpass Butterworth filter, 

whose cutoff frequency was set at 4 Hz . ‘Sinusoidal’ refers to the sinusoidal curve fitted results for the filtered curve. The unit for midship acceleration is the gravitational 

acceleration ( g ). 
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levation of free surface under the cushion are initially assumed 

o be linear, while the air leakage is nonlinear. For simplicity, the 

ramework of air dynamic model and its linear components sim- 

lar to Guo et al . [8] are given in Appendix A , and here we only

resent the nonlinear air leakage model that is different from the 

ne in Guo et al. [9–11] . 

Based on the Newton’s second law of motion and using the in- 

nitesimal method, one gets Euler’s equation for the ideal fluid 

12] 

d p 

ρ
+ v d v + gd z = 0 (1) 

here p, ρ, v , z are the pressure, density, velocity, height of a 

article of the ideal fluid, respectively. 

Combining Eq. (A1) and Eq. (1) and ignoring the gravity of air 

nd its flow speed in the cushion, the Bernoulli equation for adia- 
4 
atic compressible flow can be written as 

γ

γ − 1 

)
ˆ p ( x, y, t ) + p 0 + p a 

ˆ ρa 
= 

(
γ

γ − 1 

)
p a 
ρa 

+ 

v 2 a 

2 

(2) 

here ˆ p ( x, y, t ) , p 0 , p a are the section-averaged fluctuating air 

ushion pressure, mean overpressure of air cushion and atmo- 

phere pressure, respectively; ˆ ρa , ρa the air density in the cushion 

nd atmosphere, respectively; γ = 1 . 4 is the ratio of specific heat 

apacities for air; v a the air flow velocity. 

Using the pressure-density relationship Eq. (A1) , with the con- 

ideration of Eq. (A3) , ˆ ρa can be eliminated and Eq. (2) becomes 

v 2 a 

2 

∼= 

p 0 
ρa 

(3) 
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Fig. 3. The Fourier transform on the preprocessed experimental results from the SES running with speed U = 5 . 0m / s and in waves of length λ = 12m . f 0 is the encountered 

frequency for the SES. The responses more than 4 Hz are truncated. 
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From Eq. (3) one gets the expression for air leakage from the 

ushion 

 

out ( t ) = 

(
C f H 

[
h f ( t ) 

]
+ C a H [ h a ( t ) ] 

)
b 
√ 

2 p 0 /ρa (4) 

here: 

(1) H[ x ] considers the shutdown effect for air leakage, which is 

the real clearance height for leakage defined as 

H [ x ] = 

{
x, x > 0 

0 , x ≤ 0 

(5) 

Obviously, H[ x ] is an unsmoothed function and is the only fac- 

or that makes the air leakage ( Eq. (4) ) nonlinear. We did try to

mooth the function H[ x ] but found no significantly different re- 

ults can be obtained as compared to Eq. (5) . 

(2) C f , C a are the flow contraction coefficient for bow and stern 

seal leakage, respectively, which are recommended to be set 

as C f = 0 . 6 , C a = 1 . 0 [ 1 , 6 ]. 

(3) h f (t) , h a (t) are the section-averaged clearance from the in- 

terface between air cushion and water (hereinafter referred 
5 
to as interface) to the underneath of bow and stern seal, re- 

spectively: 

h f ( t ) = h f 0 + ̂

 h f ( t ) = h f 0 + η3 ( t ) + ( y m 

− y g ) η4 ( t ) 

−
(
x f − x g 

)
η5 ( t ) − ζ̄

(
x f , t 

)
(6) 

h a ( t ) = h a 0 + ̂

 h a ( t ) = h a 0 + η3 ( t ) + ( y m 

− y g ) η4 ( t ) 

−( x a − x g ) η5 ( t ) − ζ̄ ( x a , t ) (7) 

here 

(3.1) ζ̄ ( x, t ) is the section-averaged interface elevation defined 

as 

ζ̄ ( x, t ) = 

1 

b 

∫ y m + b/ 2 

y m −b/ 2 

ζ ( x, y, t ) d y (8) 

here y m 

is the transversal center of the air cushion. 
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Fig. 4. Sketch of the coordinate systems. 

Fig. 5. The air dynamics of the SES is affected by 1 © air inflow, 2 © air leakage, 3 © motions of the SES and 4 © elevation of interface under the air cushion. 
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(3.2) x f , x a are the x -coordinate of the bow and stern seal, re-

spectively; 

(3.3) h f 0 , h a 0 are the steady clearance height for the bow and 

stern seal leakage, respectively, which satisfy the following 

condition 

Q 0 = 

(
C f h f 0 + C a h a 0 

)
b 
√ 

2 p 0 /ρa (9) 

(3.4) η3 (t) , η4 (t) , η5 (t) are the heave, roll and pitch of the SES,

respectively. 

Using the parameters from Table 1 , one can estimate the 

teady clearance height for the test model to be | h f 0 | , | h a 0 | ≤
 cm . On the other hand, according to the model tests one 

ound | ̂ h f (t) | and | ̂ h a (t) | can reach the level of 2.5cm, and 

 f (t) and h a (t) may change their signs as the motions of the ship 

odel and waves. So the air leakage equation ( Eq. (4) ) is nonlinear

ue to H [ h f (t) ] , H [ h a (t) ] . This is the main different from Guo et

l . [10] , which uses a linearized air leakage model. Another differ- 

nce from Guo et al . [10] is that the equations of the air dynamics

re in established the time domain here, while those in Guo et al . 

10] were established in the frequency domain. 

.2. Hydrodynamics of the SES 

For completeness, the linear potential methods for solving the 

ave and ship motion dynamics are described in this subsection. 

ore detailed are referred to Guo et al . [10] . Since the depth of

owing tank is 7 m, which is not less than the half wavelength of 

ncident waves, the incident waves can be deemed as deep water 

aves with potential 

I = η0 Re 
{

˜ φ0 ( x, y, z, t ) 
}

= η0 Re 

{
ig 

ω 0 

e k 0 z e i ( ωt−k 0 ( x cos θ+ y sin θ ) ) 

}
(10) 
6 
ith 

 = ω 0 − k 0 U cos θ (11) 

here Re { z} takes the real part of complex z; i is the imaginary

umber, η0 the wave amplitude, ˜ φ0 ( x, y, z, t ) the incident potential 

ith unit amplitude, ω the encountered frequency, ω 0 the natural 

requency, k 0 the wave number, θ the incident wave angle. 

Within the framework of linear assumption, the unsteady dis- 

urbance potentials can be written as 

 

 

 

 

 

 

 

φR = 

6 ∑ 

j=1 

η j ( t ) φ j ( x, y, z ) = 

6 ∑ 

j=1 

Re 
{

˜ η j 
˜ φ j ( x, y, z ) e i ωt 

}
φD = η0 φ7 ( x, y, z, t ) = η0 Re 

{
˜ φ7 ( x, y, z ) e i ωt 

}
φP = η8 ( t ) φ8 ( x, y, z ) = Re 

{
˜ η8 ̃

 φ8 ( x, y, z ) e i ωt 
} (12) 

here φ j ( x, y, z, t )( j = 1 , . . . , 6 ) is the radiation potential due to 

nit-amplitude motion of j-th degree; φ7 ( x, y, z, t ) the diffraction 

otential due to incident wave of unit amplitude; φ8 ( x, y, z, t ) the 

adiation potential due to the unit-amplitude fluctuating air pres- 

ure in the first mode; ˜ η j ( j = 1 , . . . , 6 ) the complex amplitude of 

j-th degree of motion; ˜ η8 the complex amplitude of the fluctuating 

ir pressure in the first mode; ˜ φ j ( x, y, z )( j = 1 , . . . , 6 ) the spatial 

omponent of the radiation potential due to unit amplitude mo- 

ion of j-th degree; ˜ φ8 ( x, y, z ) the spatial component of the radia- 

ion potential due to the unit amplitude fluctuating air pressure in 

he first mode. 

The potential ˜ φ j ( x, y, z )( j = 2 , . . . , 7 ) can be calculated by solv- 

ng the Neumann boundary value problem using the classical 2.5D 

ethod [ 8 , 17 ], while the potential ˜ φ8 ( x, y, z ) by solving the mixed

oundary value problem using the 2.5D method that was firstly 

eveloped by Guo et al . [10] . The potential ˜ φ1 ( x, y, z ) is appr ox-

mated to zero according to the slender body assumption of the 

.5D method. Details for obtaining ˜ φ j ( x, y, z )( j = 2 , . . . , 8 ) are not 

iven in this paper. 
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Fig. 6. Numerical flowchart for solving the motions and fluctuating air cushion pressure, where the air leakage model and air dynamic equation (in brown color) are 

nonlinear, while the rest models or equations (in blue color) are linear. 
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Once the complex potentials ˜ φ j ( x, y, z )( j = 2 , . . . , 8 ) are solved, 

he interface elevation in Eq. (A15) can be evaluated by 

( x, y, t ) = η8 ( t ) + ζI ( x, y, t ) + ζR ( x, y, t ) + ζD ( x, y, t ) + ζP ( x, y, t ) 

(13) 

ith 

I ( x, y, t ) = −η0 

g 
Re 

{(
∂ 

∂t 
− U 

∂ 

∂x 

)
φ0 ( x, y, 0 , t ) 

}
(14) 

R ( x, y, t ) = −1 

g 
Re 

{ 

6 ∑ 

j=2 

˜ η j e 
i ωt 

(
i ω − U 

∂ 

∂x 

)
˜ φ j ( x, y, 0 ) 

} 

∼= 

−1 

g 

6 ∑ 

j=2 

(
η j ( t ) Re 

{(
i ω − U 

∂ 

∂x 

)
˜ φ j ( x, y, 0 ) 

}

+ 

1 

ω 

˙ η j ( t ) Im 

{(
i ω − U 

∂ 

∂x 

)
˜ φ j ( x, y, 0 ) 

})
(15) 

D ( x, y, t ) = −η0 

g 
Re 

{
e i ωt 

(
i ω − U 

∂ 

∂x 

)
˜ φ7 ( x, y, 0 ) 

}

= −η0 

g 

(
cos ( ωt ) Re 

{(
i ω − U 

∂ 

∂x 

)
˜ φ7 ( x, y, 0 ) 

}

− sin ( ωt ) Im 

{(
i ω − U 

∂ 

∂x 

)
˜ φ7 ( x, y, 0 ) 

})
(16) 

P ( x, y, t ) ∼= 

−1 

g 

(
η8 ( t ) Re 

{(
i ω − U 

∂ 

∂x 

)
˜ φ8 ( x, y, 0 ) 

}

+ 

1 

ω 

˙ η8 ( t ) Im 

{(
i ω − U 

∂ 

∂x 

)
˜ φ8 ( x, y, 0 ) 

})
(17) 

In Eqs. (15) and (17) , the approximate equals signs mean that 

nsteady waves might not be harmonic if η j (t) is not sinusoidal, 

hough the potentials are solved in the frequency domain. In con- 

rast, within the linear framework the unsteady waves are always 

armonic, as suggested in Guo et al . [10] . 
7

.3. Equations of motion of the SES 

As mentioned above, the 2.5D method for hydrodynamics of the 

ES cannot consider the surge motion, so the time-domain equa- 

ions of motion of the SES are 5-DOF that can be formulated as 

( j � =7) ∑ 

j=2 

((
M i j + A i j 

)
η̈ j ( t ) + B i j ˙ η j ( t ) + C i j η j ( t ) 

)
= f i ( t ) , i = 2 , . . . , 6 

(18) 

here M i j , A i j , B i j , C i j are the inertia of the SES, added mass,

amping, restoring force matrix, respectively, and M i j = 0 for j > 6 ;

f i (t) the wave force along the i -th direction. 

The coefficients A i j , B i j , C i j are stationary, where A i j , B i j 

re obtained through the following equations ( i = 2 , . . . , 6 ; j =
 , . . . , 6 , 8 ) 
 

A i j = Re 
{
�i j 

}
/ω 

2 

B i j = −Im 

{
�i j 

}
/ω 

(19) 

i j = −i ωρw 

∫ ∫ 
S B 

˜ φ j n i d s + ρw 

U 

∫ ∫ 
S B 

˜ φ j m i d s − ρw 

U ∫ 
C A 

˜ φ j n i d l (20)

here Im { z} takes the imaginary part of complex z, C A is the 

tern section of the SES, S B the wetted surface of SES demihulls, 

 i ( i = 2 , . . . , 6 ) the generalized normal vector, and m j is defined as 

 m 1 , m 2 , m 3 ) = ( 0 , 0 , 0 ) and ( m 4 , m 5 , m 6 ) = ( 0 , n 3 , −n 2 ) . It is wor-

hy mentioning that in traditional potential theories, the added 

ass and damping coefficients of the time-domain motion equa- 

ions are obtained by calculating the impulse response function 

IRF) for the vessel and then applying that IRF at each time step 

sing a convolution integral to account for the past motion of the 

essel [3] . The added mass and damping coefficients obtained us- 

ng the IRF obviously consider both of the transient and steady ef- 

ect of vessel motions. However, according to the model test data 

elected for study (see Fig. 2 ), the waves and motions of the SES 

re already under steady state. So only the steady part of the 
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dded mass and damping coefficients is considered in this work, 

hich allows one to directly employ the added mass and damping 

oefficients obtained using the 2.5D method for the time-domain 

otion equations. 

C i 8 appears due to the fluctuating air pressure acting on the 

etted deck: 

 i 8 = ρw 

g 

∫ ∫ 
S D 

n i ( x, y ) d x d y (21) 

The wave force f i (t) could be decomposed into 

f i ( t ) = cos ( ωt ) Re { F i } − sin ( ωt ) Im { F i } (22) 

 i = F I + F D (23) 
i i 

ig. 7. Comparison of nonlinear numerical results (labeled by ‘NonLin.’) obtained from

xperimental ones (labeled by ‘Exp.’) with the SES model running speed U = 5 . 0m / s in he

ere filtered using a zero-phase lowpass Butterworth filter to eliminate the high frequen

8

here F I 
i 
, F D 

i 
are the Froude–Krylov force, diffraction force, respec- 

ively. Their expressions are given as follows 
 

F I 
i 

= −η0 · i ρw 

ω 0 

∫ ∫ 
S B 

˜ φ0 n i d s 

F D 
i 

= η0 · �i 7 

(24) 

Nonlinear Eq. (A14) and linear Eqs. (18) are the partial non- 

inear motion equations for the SES, from which all degrees of 

otions (except surge motion) and the fluctuating air pressure 

j (t)( j = 2 , . . . , 6 , 8 ) were solved using the 4th order Runge-Kutta 

ethod with adaptive time steps. 

From the deduction, one finds why air leakage is the main re- 

ource of nonlinear effects for the SES. Under the small-amplitude 

ave condition, the hydrodynamics of the SES demihulls can be 

olved using the linear 2.5D method [8] . The fluctuating air pres- 

ure in the cushion can be modeled using the linear Helmholtz 

quation with consideration of boundary conditions including air 

nlet, SES motion, air leakage and interface elevation. The air inflow 

ate approximately linearly varies with the fluctuating air pressure. 
 the partial nonlinear model to the linear numerical ones (labeled by ‘Lin.’) and 

ad waves of wavelength λ = 12m . Both of numerical results and experimental data 

cy ( f ≥ 4 Hz ) noise. 
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Fig. 7. Continued 
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he interface elevation could be solved using linear 2.5D method 

Guo et al ., 2018). The SES motion should be solved by the com- 

ination of demihull hydrodynamics and air dynamics, which is 

ot the origin of nonlinearity. However, the height of air leakage 

learance at steady state is comparable to even less than the wave 

mplitude or heave amplitude of the SES, which makes shutdown 

ffect for air leakage clearance in waves. Thus, the air leakage is 

nevitable nonlinear and makes the whole SES dynamics nonlinear. 

Fig. 6 depicts the numerical flowchart for solving the motions 

nd fluctuating aircushion pressure ( Eq. (A14) and Eqs. (18) ) in 

he time domain, in which the hydrodynamic coefficients were 

irectly obtained using the 2.5D method in the frequency do- 

ain due to that the incident waves are monochromatic and 

nly the steady effect of the SES motions is considered here. 

rom the figure one can observe that the hydrodynamic param- 

ters A i j , B i j ( i = 2 , 3 , . . . , 6 ; j = 2 , 3 , . . . , 6 , 8 ) in Eqs. (18) were 

olved in frequency domain as in Guo et al . [10] , which do not

ary with time. The time domain wave force f i (t) was obtained 

rom Eq. (22) by solving the wave force F i in the frequency 

omain and taking the real part of F e i ωt . The averaged inter- 
i w

9 
ace elevation velocity ¯̇
 ζ (t) in Eq. (A14) was based on potentials 

˜ 
j ( x, y, z )( j = 2 , . . . , 8 ) , which were also solved in frequency do- 

ain. After solving all hydrodynamic coefficients ( A i j , B i j , f i (t) ),

he motions and the fluctuating air pressure η j (t)( j = 2 , . . . , 6 , 8 ) , 

hich require relatively less computational efforts, are solved in 

he time domain. To differentiate, the nonlinear air leakage and air 

ynamic equation blocks in the flowchart are in brown color, while 

he linear model blocks are in blue color. 

. Numerical results and discussion 

In this section, numerical results obtained from the partial non- 

inear model are investigated and compared with experimental 

ata selected from the SES model running in two wavelengths 

 λ = 12 , 14m ) at speed U = 5 . 0m / s . The wave probe in model tests

as fixed near the wavemaker and did not move with the SES 

odel, which makes the phase of SES motions with respect to 

aves unknown. Thereby, the phase of heave motion rather than 

ave is set as the benchmark in the following analysis. Similar to 
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ltering the experimental data, the numerical results were also fil- 

ered using a zero-phase lowpass Butterworth filter to eliminate 

he noisy component of frequency larger than 4 Hz. 

.1. The comparison of numerical and experimental results 

The numerical results (black lines labeled by ‘NonLin.’) obtained 

rom the partial nonlinear model are compared with the linear 

nes obtained from the linear model (blue dot dash lines labeled 

y ‘Lin.’) and the experimental ones (red dash lines labeled by 

Exp.’) under the condition that the SES model runs with speed 

 = 5 . 0m / s in head waves of wavelength λ = 12m , 14m , as shown

n Fig. 7 , Fig. 8 , respectively. The linear model is obtained by turn-

ng off the shutdown effect of air leakage in the partial nonlinear 

odel, i.e. setting H[ x ] = x in Eq. (5) . To clearly demonstrate the

inear and nonlinear components of the time-domain results, the 

ime series was preprocessed firstly by the Hann window [18] to 
ig. 8. Comparison of nonlinear numerical results (labeled by ‘NonLin.’) obtained from t

xperimental ones (labeled by ‘Exp.’) with the SES model running speed U = 5 . 0m / s in he

ere filtered using a zero-phase lowpass Butterworth filter to eliminate the high frequen

10 
educe the truncation effect, and then were processed using dis- 

rete Fourier transform to obtain the frequency-domain results. 

From Fig. 7 (a) ∼(d) one notes that the heave and pitch response 

rom nonlinear numerical results are very close to the linear ones, 

nd only a very small amplitude of double-frequency nonlinear 

eave response appears, which desirably corresponds with the ex- 

erimental one. In Fig. 7 (e), (f) the nonlinear numerical results on 

he fluctuating air pressure agree well with the experimental ones, 

here the fluctuating air pressure reveals significant nonlinear ef- 

ects, including not only the double-frequency response, but also 

he triple and quadruple-frequency ones. Obviously, the linear nu- 

erical results can not capture these nonlinear properties at all. 

oreover, one notices that in Fig. 7 (e) the time series of the fluc- 

uating air pressure have sharp troughs and flat crests with several 

ollows, which should result from the shutdown effect of air leak- 

ge given by Eqs. (4) - (5) . Comparing Fig. 7 (e) with Fig. 7 (a) it can

e found the sharp troughs of the fluctuating air pressure occur at 

he crests of heave, which suggests that the air pressure quickly 
he partial nonlinear model to the linear numerical ones (labeled by ‘Lin.’) and the 

ad waves of wavelength λ = 14m . Both of numerical results and experimental data 

cy ( f ≥ 4 Hz ) noise. 
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Fig. 8. Continued 
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rops when the SES moves upward and air leakage gaps open. In 

ontrast, when the SES moves downward and the air leakage gaps 

re closed, the air pressure rapidly grows and reaches its crests. 

ore details about the influence on air dynamics will be discussed 

n the next sub-section. Fig. 7 (g), (h) show that the nonlinear nu- 

erical results satisfactorily reveal the trend the midship acceler- 

tion response of the SES as compared with experimental ones. 

ne notes from Fig. 7 (h) that the triple and quadruple-frequency 

esponses in numerical results appear clearly, while in experimen- 

al ones are not so distinct from the frequencies in their vicinity, 

hich implies there might exist more nonlinear effects on the SES 

ynamics rather than the shutdown effect of air leakage. 

From Fig. 8 one can reach almost the same conclusion as from 

ig. 7 . However, one may note that the amplitude of the fluctuating 

ir pressure at the encountered frequency from the nonlinear nu- 

erical result in Fig. 8 (f) is significantly closer to the experimen- 

al one than the linear one, which suggests the nonlinear model 

an even improve the linear response of the SES. Indeed there also 

xists nonnegligible discrepancy between nonlinear numerical and 

xperimental results. The discrepancy on the fluctuating air pres- 
t

11 
ure is considered to originate from the simplification of numerical 

odels, e.g. the bow and stern skirt dynamics are not taken into 

ccount. 

Nonetheless, from Fig. 7 - 8 it can be concluded that the shut- 

own effect of air leakage is the main resource of nonlinear ef- 

ects, with which the partial nonlinear model can desirably predict 

he nonlinear air cushion dynamics as well as the motion response 

f the SES. 

.2. The factors influencing air dynamics 

It can be seen that the air dynamics, which plays important role 

n the SES dynamics, is vulnerable to factors such as the shutdown 

n air leakage. In fact, there are two key factors influencing the air 

ynamics (air pressure). One is the variation of air cushion vol- 

me, and the other is the variation of air mass in the cushion. 

he variation of air cushion volume can be calculated with the 

onsideration of the internal free surface elevation and motions 

f the SES. The variation of air mass in the cushion can be ob- 

ained by counting the difference between air inflow and air leak- 
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Fig. 9. Comparison of the fluctuating air pressure (blue lines, corresponding to the left y -axis) with the variation of air cushion volume (brown dash lines, corresponding to 

the right y -axis) obtained from the partial nonlinear model. 

Fig. 10. Comparison of the fluctuating air pressure (blue lines, corresponding to the left y -axis) with the air mass increasing rate (brown dash lines, corresponding to the 

right y -axis) obtained from the partial nonlinear model. 
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ge (hereinafter referred to as “air mass increasing rate”). Accord- 

ng to Eq. (A17) , the air inflow is proportional to the fluctuating 

ir pressure. The air leakage is proportional to the air leakage area 

 Eq. (4) ), which is determined by the motions of the SES. To clearly

valuate the influence on air dynamics, both of the variation of air 

ushion volume and the variation of air mass are studied in this 

ub-section. 

The variation of air cushion volume can have a significant im- 

act on the air dynamics, and the cobblestone effect is a classical 

xample caused by the resonance of air pressure due to the varia- 

ion of air cushion volume [ 13 , 21 ]. Fig. 9 compares the nondimen-

ional fluctuating air pressure (blue lines, corresponding to the left 

 -axis) with the variation of air cushion volume (brown dash lines, 

orresponding to the right y -axis) obtained by the partial nonlin- 

ar model. The fluctuating air pressure ˆ p is nondimensionalized by 

he mean overpressure p 0 . The variation of air cushion volume de- 

ned as V 0 − V is nondimensionalized by V 0 , where V, V 0 are the

eal time air cushion volume, air cushion volume at equilibrium 

tate, respectively. Fig. 9 (a) shows the similar trend between the 
12 
ariation of air cushion volume and the fluctuating air pressure. 

n Fig. 9 (b) the variation of air cushion volume has a phase lead 

elative to the fluctuating air pressure. 

The variation of air mass in the cushion, or the air mass in- 

reasing rate, is the other important factor that can influence the 

ir dynamics. The air leakage is the only difference between the 

artial nonlinear and the linear model in this work, where the for- 

er considers the shutdown effect on air leakage ( Eq. (5) ), i.e., the

ir leakage area must be nonnegative, while the latter does not 

ave this restriction and negative leakage area may appear. The 

egative leakage area can lead to an unrealistic phenomenon, i.e., 

ir flows from atmosphere to air cushion, although the pressure of 

atter is greater than the former. 

Fig. 10 presents the influence of air mass increasing rate on the 

uctuating air pressure. In Fig. 10 , the air mass increasing rate is 

ondimensionalized as ( Q 

in − Q 

out ) /Q 0 , where Q 

in , Q 

out and Q 0 

re the real time air inflow, real time air leakage and the air leak- 

ge at equilibrium state, respectively. Fig. 10 (a) displays that the 

ir mass increasing rate has a phase lag relative to the fluctuating 
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ir pressure, while in Fig. 10 (b) the two variables almost have the 

ame phase. 

From Fig. 9 and Fig. 10 it can be concluded that both of the

ariation of air cushion volume and air mass have positively corre- 

ated with the fluctuating air dynamics, and the fluctuating air dy- 

amics might not always be able to simultaneous vary with them. 

. Conclusions 

In this paper, an efficient partial nonlinear numerical model 

as developed for predicting the air dynamics and seakeeping per- 

ormance of an SES running in small-amplitude waves. The partial 

onlinear numerical model comprises a linear frequency domain 

ydrodynamic model based on the efficient 2.5D method and a 

onlinear time domain air dynamic model. The air dynamic model 

s nonlinear due to the consideration of the shutdown effect on air 

eakage, i.e., the air leakage area turns zero when the seals are sub- 

erged in water. The presented model has advantage of simplicity 

ut holds the key nonlinear feature of the SES. 

The experimental results suggest that even in small-amplitude 

aves, the fluctuating air pressure of the SES shows significant 

onlinear effect. The numerical results from the partial nonlinear 

odel, including the linear and nonlinear components of fluctuat- 

ng air pressure, heave, pitch and midship acceleration, agree well 

ith experimental ones. The investigation demonstrates the effec- 

iveness of the partial nonlinear model on predicting the SES sea- 

eeping motion and on capturing the nonlinear air dynamics. It 

s also confirmed that nonlinearity of the SES seakeeping perfor- 

ance mainly originates from the nonlinear air leakage. The pre- 

ented partial nonlinear model can be applied to the more general 

ype of SES with large air cushion displacement proportion (e.g. 

0%), while the linear model [10] that cannot capture the nonlin- 

ar air dynamics is only applicable to the small proportion one. 
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ppendix A. The air dynamic model 

Before modeling the air dynamics, several assumptions or sim- 

lifications are made as follows. 

(1) The air in the cushion is assumed ideal compressible, and 

the change of air state is an adiabatic process, which yields 

the pressure ( p) –density ( ρ) relationship 

p 

ργ
= Const (A1) 

nd 

c 2 = γ p (A2) 

here γ = 1 . 4 is the ratio of specific heat capacities for air, c is

he local sound speed. 
13 
(2) In waves of small-amplitude, the fluctuating air cushion 

pressure ( p( x, y, z, t ) ) is assumed to be much less than the 

mean overpressure of air cushion ( p 0 ), while the later is 

much less than the pressure of atmosphere ( p a ), i.e. 

p ( x, y, z, t ) 	 p 0 	 p a (A3) 

Obviously, when the SES locates at its steady state, the air cush- 

on pressure is p a + p 0 . 

(3) It is assumed that the length l and width b of the air cush- 

ion is much larger than its height h , i.e., l, b 
 h , and the

variation of the fluctuating air pressure in the cushion along 

the vertical direction is not significant, then the fluctuating 

air cushion pressure p( x, y, z, t ) can be approximated to 

ˆ p ( x, y, t ) ∼= 

1 

h 

∫ h 

0 

p ( x, y, z, t ) d z (A4) 

(4) The sidewall and end seals of the air cushion can be deemed 

as vertical boundaries, where air cannot penetrate through 

[19] . Then, according to the momentum equation 

ˆ ρa 
d v 
d t 

= −∇ ̂

 p (A5) 

ne obtains 
 

∂ ̂  p 
∂x 

= 0 , x = x m 

± l 
2 
, y m 

− b 
2 

< y < y m 

+ 

b 
2 
, z i < z < z h ( a ) 

∂ ̂  p 
∂y 

= 0 , x m 

− l 
2 

< x < x m 

+ 

l 
2 
, y = y m 

± b 
2 
, z i < z < z h ( b )

(A6) 

here v = ( u, v , w ) is the air velocity, ˆ ρa the air density in the 

ushion, ( x m 

, y m 

) the coordinate of the horizontal center of the 

ir cushion, z i , z h are the z-th coordinate of the interface (the free

urface under air cushion) and the wetted surface, respectively. 

(5) It is further assumed that the wavelength is much longer 

than the air cushion length, and then the air pressure in the 

cushion can be considered to be uniform, i.e. the acoustic 

resonance does not occur. 

Now, we start to model the air dynamics based on the above- 

entioned assumptions. 

• Wave equation for the fluctuating air pressure 

Taking the boundary conditions ( Eq. (A6) ) into account, the 

uctuating air cushion pressure on the interface can be expressed 

s 

ˆ p ( x, y, t ) = −ρw 

g 

7+ N P ∑ 

j=8 

η j ( t ) n j ( x, y ) (A7) 

here ρw 

is the density of water, η j (t) the waterhead, N P the 

umber of modes of the fluctuating air pressure, g the gravitational 

cceleration, n j ( x, y ) a complete set of orthogonal Fourier modes 

xpanded on the interface defined as [ 10 , 16 ] 

 j (x, y ) = 

(
cos (απ(x − x m 

) /l) 
sin (απ(x − x m 

) /l) 

)(
cos (βπ(y − y m 

) /b) 
sin (βπ(y − y m 

) /b) 

)
(A8) 

here α, β are 0 and even for the modes corresponding to the 

osine or odd for the sine, x m 

, y m 

the longitudinal and transversal 

enter of the air cushion, respectively. 

The fluctuating air pressure p( x, y, z, t ) in the cushion satisfies 

he wave equation 

∂ 2 

2 
p ( x, y, z, t ) − c 2 ∇ 

2 p ( x, y, z, t ) = 0 (A9) 

∂t 

http://dx.doi.org/10.13039/501100001809
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Replacing p( x, y, z, t ) in Eq. (A4) by Eq. (A9) comes to 

∂ 2 

∂t 2 
− c 2 

(
∂ 2 

∂x 2 
+ 

∂ 2 

∂y 2 

))
ˆ p ( x, y, t ) = 

c 2 

h 

(
∂ p 

∂z 
| z = z h 
z = z i 

)
(A10) 

ubstituting Eq. (A7) into Eq. (A10) with the consideration of mo- 

entum equation ( Eq. (A5) ), Eq. (A9) turns to 

7+ N P ∑ 

j=8 

(
η̈ j ( t ) n j ( x, y ) − c 2 η j ( t ) 

(
∂ 2 

∂x 2 
+ 

∂ 2 

∂y 2 

)
n j ( x, y ) 

)

= 

ˆ ρa c 
2 

ρw 

g h 

˙ w 

∣∣∣∣z = z h 
z = z i 

(A11) 

here w, ˙ w are the vertical velocity, acceleration of the air in the 

ushion, respectively. 

According to the pressure-density relationship ( Eq. (A2) ) and 

he small fluctuating air pressure assumption ( Eq. (A3) ), one ob- 

ains 

ˆ a c 
2 = γ

(
ˆ p ( x, y, t ) + p 0 + p a 

) ∼= 

γ ( p 0 + p a ) (A12) 

Substituting Eq. (A12) into Eq. (A11) , then multiplying 

q. (A11) by n i ( x, y ) , i = 8 , . . . , 7 + N P , integrating the equation

ith respect to x, y on the horizontal section of the air cushion, 

nd finally integrating the resulting equation with respect to t , one 

ets 

7+ N P ∑ 

j=8 

( 

˙ η j ( t ) + π2 c 2 

( (
α

l 

)2 

+ 

(
β

b 

)2 
) 

∫ η j ( t ) d t 

) 

×
∫ ∫ 

S P 

n i ( x, y ) n j ( x, y ) d x d y = 

γ ( p 0 + p a ) 

ρw 

g h 

×

⎛ 

⎝ 

∫ ∫ 
S D 

n i ( x, y ) w d x d y −
∫ ∫ 

S P 

n i ( x, y ) w d x d y 

⎞ 

⎠ (A13) 

here S D , S P are the wetted deck and interface, respectively. 

According to the uniform air pressure assumption, only 

he first Fourier mode is needed in this paper, i.e. N P = 

 , α = β = 0 , n 8 ( x, y ) = 1 , ˆ p ( x, y, t ) = ˆ p (t) = −ρw 

g η8 (t) . Thereby,

q. (A13) comes to 

˙ 8 (t) A = 

γ (p 0 + p a ) 

ρw 

g h 

(
A 

(
˙ η3 (t) + (y m 

− y g ) ̇ η4 (t) 

−(x m 

− x g ) ̇ η5 ( t ) − ¯̇
 ζ ( t ) 

)
− (Q 

in (t) − Q 

out (t)) 

)
(A14) 

here A = lb is the horizontal area of the air cushion; ηi (t) , i =
 , 2 , . . . , 6 are the surge, sway, heave, roll, pitch, yaw of the SES,

espectively; Q 

in , Q 

out are the air inflow into the cushion and air 

eakage out of the cushion, respectively; ¯̇
 ζ (t) is the averaged inter- 

ace elevation velocity, which is the joint result of incident wave, 

ide hull radiation and diffraction waves and fluctuating air pres- 

ure radiation wave, i.e. 

¯̇
 ( t ) = 

1 

A 

∫ ∫ 
S P 

∂ 

∂t 
ζ ( x, y, t ) d x d y (A15) 
14 
( x, y, t ) = − ˆ p ( x, y, t ) 

ρw 

g 
− 1 

g 

(
∂ 

∂t 
− U 

∂ 

∂x 

)
φT 

= η8 ( t ) − 1 

g 

(
∂ 

∂t 
− U 

∂ 

∂x 

)
( φI + φR + φD + φP ) (A16) 

here U is the sailing speed of the SES, φT = φI + φR + φD + φP 

s the unsteady disturbance potential of water around the SES, 

I , φR , φD , φP are the potential of incident wave, side hull radi- 

tion wave, side hull diffraction wave and the radiation wave due 

o fluctuating air pressure, respectively. The approaches for deter- 

ining these potentials will be described in the next subsection. 

• Air inflow into the cushion 

The air inflow into the cushion is caused by fans. Although the 

ir pressure was considered to be proportional to the quadratic 

f air inflow rate [ 4 , 12 , 21 ], the linear relation between them also

pproximately holds if the fluctuating air pressure is sufficiently 

mall [ 6 , 20 ]. Therefore, the air inflow into the cushion can be writ-

en as 

 

in ( t ) = Q 0 + 

ˆ p ( t ) 

(
∂Q 

in 

∂ p 

)
0 

= Q 0 − ρw 

g η8 ( t ) 

(
∂Q 

in 

∂ p 

)
0 

(A17) 

here ( 
∂Q 

in 
∂ p 

) 
0 

is the air discharge rate with respect to pressure. 
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