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ABSTRACT

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/)

1. Introduction

The surface effect ship (SES) is a hybrid between hovercraft and
catamaran, under which an air cushion is trapped between demi-
hulls and bow/stern seals (skirts). The air cushion allows SES to
partially glide on the air layer and thus can substantially reduce
the running resistance as well as the wave loads. Generally, due to
the interaction between demihull and air pressure hydrodynamics,
cushion air dynamics and bow/stern seal dynamics, the seakeeping
performance of SES is highly complicated and special phenomenon
might arise, such as the cobblestone effect (including acoustic res-
onance) in short waves [6]. Nonetheless, in middle to long waves
with small-amplitudes, the interaction between seals and waves is
not significant and dynamic response of seals can also be ignored
due to the slowly-varying motion of SES, so one only needs to con-
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sider the demihull hydrodynamics, air pressure hydrodynamics and
cushion air dynamics [6,8,9,10,21].

The demihull hydrodynamics involves the radiation and diffrac-
tion waves/forces due to the interaction between demihulls and
waves, which could be evaluated by solving the Neumann bound-
ary condition problems on the wetted surface of demihulls as
those on catamarans. Typically, the three-dimensional (3D) linear
or nonlinear numerical methods such as URANS method [1,22],
finite element method [7] or Rankine source method [2] were
exploited to obtain relatively precise hydrodynamics of demi-
hulls. However, the 3D methods are computationally expensive and
might be hard to meet the engineering demands such as hydro-
dynamic optimization. To enhance the computational efficiency,
Guo et al. [8-10] employed a linear 2.5D method to calculate
the hydrodynamic parameters in connection with demihulls of an
SES running in small-amplitude waves and obtained satisfactory
results. The 2.5D method is highly efficient due to the dimen-
sionality reduction on the control equation and body conditions
from 3D to 2D [5,9,10,17], while only the free surface condition
remains 3D.
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The air pressure hydrodynamics refers to the radiation water
waves/forces excited by the fluctuating air cushion pressure. In
the computational fluid dynamics (CFD) methods, the air pres-
sure hydrodynamics and cushion air dynamics are coupled to each
other and need to be simultaneously solved at each time step [1].
Alternatively, in potential theory the air pressure hydrodynamic
problem could be deliberately decoupled from the air cushion dy-
namic problem, and specialized methods can be employed to in-
dividually solve the air pressure hydrodynamic problem, e.g., the
analytical methods for pressure patches [9,20], 3D Green’s func-
tion method for zero-speed air cushion supported platform [16], a
single-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-
sure in the cushion produced by the change in air mass due to
air inflow/leakage and in air volume due to the motion of SES
and elevation of free surface under the cushion. In cushion air dy-
namics the control equations and all relevant conditions including
air inflow/leakage, SES motion and wave pumping effect, need to
be considered. In the potential theory, the control equations for
air dynamics commonly could be the nonlinear adiabatic equa-
tion [21] with/without the linear Helmholtz equation [6,10,16]. The
adiabatic equation connects the air pressure, density, volume and
acoustic speed, which is necessary in compressible air flows. The
Helmholtz equation is optional, which can differentiate the uneven
distribution of air pressure in the cushion and thus is suitable for
solving large scale problems [15] or the acoustic resonance prob-
lem [6]. The air inflow counts on the characteristics of the fan
performance curve, which might be the linear equation [1,6,9,10],
or the quadratic one [4,12,21]. The air leakage was modeled us-
ing various methods ranging from Bernoulli’s equation [6], Euler’s
equation [12] to Navier-Stokes (NS) equations [13]. According to
Hirata and Faltinsen [13], the air leakage model from the incom-
pressible NS equations was compared with the Bernoulli’s one,
and the viscous effect was found to be not significant under the
rigid stern seal bag assumption, which suggests that potential the-
ories are appropriate for modeling the air leakage. Obviously, all
the above-mentioned air leakage models are nonlinear due to the
possible irregular variance of leakage area and the square root of
pressure difference between cushion and atmosphere. Neverthe-
less, in some works [8-11,14], for the sake of simplicity, the air
leakage was linearized based on the assumptions of small wave
amplitude and small hull motion amplitude. This simplification
might be rational if one only considers the linear seakeeping per-
formance. However, once the wave amplitude is not small enough,
or the nonlinear effects of the air dynamics and SES motion be-
come important, the linearized air leakage model will not hold
anymore.

According to the experimental results from authors’ SES model
in small-amplitude waves [8], the heave and pitch responses are
almost linearly proportional to wave amplitudes while the fluctu-
ating cushion air pressure, midship accelerations have significant
nonlinear effects. It also suggests that the nonlinear effects of the
SES should not be neglected and the existing linear models [8-
11] are not appropriate for the nonlinear performance prediction.
To this end, the source of nonlinearity for the SES will be exam-
ined and a novel efficient seakeeping motion prediction model will
be developed to take into account the nonnegligible nonlinear ef-
fects of the seakeeping performance in this paper. Based on the
developed model, the nonlinear air dynamics and motion response
of the SES will also be investigated.

The paper is organized as follows. First, the experimental results
of the SES model are preprocessed and analyzed in both the time
and frequency domain. Then, a partial nonlinear numerical model
for the SES seakeeping motion is presented. Finally, the numeri-
cal results are compared with the experimental ones to verify the
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effectiveness of the proposed model, and conclusions are summa-
rized.

2. Results processing of model tests

The SES presented in this paper is also called as partial air
cushion supported catamaran (PACSCAT) in Guo et al. [8]. The
plane projections, 3D model and physical picture of the SES model
are illustrated in Fig. 1. The model scale is 1:10. Principal parame-
ters of the SES model are shown in Table 1. The longitudinal posi-
tion of the center of gravity (COG) is 0.08 m from the midship to-
wards the stern. In the “cushion-on” state, the outside draft at COG
reduces to 0.107 m and the inside draft (air cushion side) is only
0.031 m. In the running state, the average trim angle is about 3.45°.
The model tests were performed in the towing tank of dimensions
510 m x 6.5 m x 6.8 m, equipped with a flap wave-maker and
towing carriage. More details for the SES and model tests, as well
as uncertainty analysis can be found in Guo et al. [8].

In the model tests, a 16-channal data acquisition device was
employed to synchronously record the time series of heave, pitch,
fluctuating air pressure in the midship and midship acceleration.
Two cases, i.e. the SES runs in two wavelengths (A = 12, 14m) at
speed U = 5.0m/s, are chosen in the following study, from which
the maximum encountered frequency is 0.777Hz (A = 12m). The
original experimental data involved high-frequency noise (>20Hz)
due to the precision limit of sensors and/or vibrations from other
equipments such as fan. A zero-phase lowpass Butterworth filter
was exploited to eliminate the high-frequency noise of experimen-
tal data without phase distortion, in which the cutoff frequency for
the point 3 dB below the passband value was set at 4 Hz (more
than 5 times of the maximum encountered frequency). According
to our test, the filtered data are not sensitive to the cuttoff fre-
quency varying from 4Hz to larger ones.

Fig. 2(a)-(d) depict the zero-mean experimental data and the
processed data on heave (73), pitch (ns), fluctuating air pressure
(p) and midship acceleration (#jm) obtained from the SES model
running under speed U = 5.0m/s in waves of length A = 12m, re-
spectively. Though for each speed and wavelength, the test lasted
for about 30 s, only 6 seconds’ steady-state test data were used
for analysis. To avoid confusion, the starting time of the data was
set to O rather than the original one. In the figures, the green dot
dash lines labeled by “Original” are the original experimental re-
sults. The black lines labeled by “Filtered” are the processed exper-
imental results filtered using the zero-phase low-pass Butterworth
filter, and the red dash lines labeled by “Sinusoidal” are the re-
sults by sinusoidal curve fitting. From Fig. 2(b), (d) one notes that
the original data are quite noisy and it is hard to observe the real
shape before preprocessing, while the heave and fluctuating air
pressure data (Fig. 2(a), (c)) have relatively less noise. One can also
notice that the “Sinusoidal” and “Filtered” curves almost coincide
with each other in Fig. 2(a)-(b), which suggests that the heave and
pitch 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-
ing air pressure and midship acceleration.

To reduce the truncation effect on the Fourier transform of time
domain series with limited length, the filtered experimental data
were preprocessed by the Hann window [18]. Fig. 3(a)-(d) further
depict the discrete Fourier transform of the preprocessed experi-
mental data. In Fig. 3(a) and (b) one can only find a main peak
for heave and pitch response at the encountered frequency fy, re-
spectively, while high frequency peaks are not significant. On the
other hand, in Fig. 3(c) and (d) one can clearly observe at least
2 peaks for the fluctuating air pressure and midship acceleration
occuring at the base frequency (encountered frequency) fo, double
frequency 2 fy, respectively, and higher frequencies are even visible.
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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,y) 77.4 kg-m?
Mass (M) 145 kg Model running speed (U) 5.0m/s
Overall length (L) 3.0 m Static cushion overpressure (pg) 510 Pa
Beam (B) 0.7 m Air inflow rate (Qp) 150 m3/h
Cushion length (1) 2.5 m Wave amplitude (179) 0.025 m
Cushion breadth (b) 0.24 m Air density (25 °C) (0a) 1.185 kg/m3
Water density (pw) 1000 kg/m3 Proportion of air cushion displacement  21.5%

Comparing Fig. 3(c) and (d), one notes that the relative magnitude
of the fluctuating air pressure at 2 fy is larger than that of the mid-
ship acceleration, i.e. p(2fy)/P(fo)> fim (2fo)/iim (fo), which indi-
cates that the nonlinear effects on midship acceleration are not as
strong as the fluctuating air pressure.

The distinctive nonlinear features of the air pressure and the
motion response should result from the small displacement pro-
portion of the air cushion (only 33% of the SES displacement),
which reduces the influence of the fluctuating air pressure on the
SES motions. Thereby, in our previous works [8-11], only the lin-
ear models were applied to predict the seakeeping motions. Once
the displacement of the air cushion contributes to a larger propor-
tion, e.g., 80%, the motions of the SES show significant nonlinear
effects, which requires more appropriate models for analysis. To
address the issue, a partial nonlinear model consiting of nonlinear
air dynamic model and linear hydrodynamic model will be devel-
oped to ensure that the main futures of the nonlinear effect can
be taken into account without increasing significantly the compu-
tational burden.

3. Partial nonlinear equations for the SES seakeeping motion

To analyze the nonlinear features of the air dynamics and SES
seakeeping performance, a partial nonlinear model is established
in this section by combining a frequency-domain linear hydrody-
namic model and a time-domain nonlinear air dynamic model.

As shown in Fig. 4, O — XYZ is an earth-fixed coordinate system,
and o — xyz is an SES-accompanied coordinate system always paral-
lel to O — XYZ. When the SES is located at its mean position, the x-
axis is pointing towards the bow parallel to the longitudinal plane
of the SES and the z-axis is pointing vertically upward through the
COG of the SES. The origins of both coordinate systems are in the
plane of the mean free surface.

3.1. Nonlinear air dynamics of the SES

As shown in Fig. 5, the air dynamics is affected by air inflow, air
leakage, SES motion and elevation of free surface under the cush-
ion. 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 A = 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).

elevation of free surface under the cushion are initially assumed
to be linear, while the air leakage is nonlinear. For simplicity, the
framework of air dynamic model and its linear components sim-
ilar to Guo et al. [8] are given in Appendix A, and here we only
present the nonlinear air leakage model that is different from the
one in Guo et al. [9-11].

Based on the Newton’s second law of motion and using the in-
finitesimal method, one gets Euler's equation for the ideal fluid
[12]

d7p+vdv+gdz=0 (1)

where p, p, v, z are the pressure, density, velocity, height of a
particle of the ideal fluid, respectively.

Combining Eq. (A1) and Eq. (1) and ignoring the gravity of air
and its flow speed in the cushion, the Bernoulli equation for adia-

batic compressible flow can be written as

( y )ﬁ(x,y,t)+po+pa:( y )&Jrﬁ 2)

y -1 Pa y—-1)pa 2

where p(x,y.t), pg, pa are the section-averaged fluctuating air
cushion pressure, mean overpressure of air cushion and atmo-
sphere pressure, respectively; 0., pq the air density in the cushion
and atmosphere, respectively; ¥ = 1.4 is the ratio of specific heat
capacities for air; vq the air flow velocity.

Using the pressure-density relationship Eq. (A1), with the con-
sideration of Eq. (A3), pa can be eliminated and Eq. (2) becomes

2
oo 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 A = 12m. f; is the encountered

frequency for the SES. The responses more than 4Hz are truncated.

From Eq. (3) one gets the expression for air leakage from the
cushion

Q" (t) = (CeH[hy(t)] + CaH[ha(t)]1)by/2po/ pa (4)
where:

(1) H[x] considers the shutdown effect for air leakage, which is
the real clearance height for leakage defined as

x, x>0

5
0, x<0O (5)

H[x] = {

Obviously, H[x] is an unsmoothed function and is the only fac-
tor that makes the air leakage (Eq. (4)) nonlinear. We did try to
smooth the function H[x] but found no significantly different re-
sults can be obtained as compared to Eq. (5).

(2) Cy, Coare the flow contraction coefficient for bow and stern
seal leakage, respectively, which are recommended to be set
as C; =06, G =1.0[1,6].

(3) hg(t), ha(t) are the section-averaged clearance from the in-
terface between air cushion and water (hereinafter referred

to as interface) to the underneath of bow and stern seal, re-
spectively:

hp(t) = hyo+hp(t) = hyo+ 03(t) + Vm — Yg)a(t)
— (%7 — xg)m5(t) — £ (x1.1) (6)

ha(t) = hao + ha(t) = hao + 03(t) + (Vm — Yg)Na(t)

—(Xa —Xg)Ns5(t) — & (Xa, t) (7)

where

(31) £ (x,t) is the section-averaged interface elevation defined

_ Ym+b/2
faen=g [ ceynod ®)

m—b/2

where yp, is the transversal center of the air cushion.
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(3.2) xf, Xq are the x-coordinate of the bow and stern seal, re-
spectively;

(3.3) hyo, hgo are the steady clearance height for the bow and
stern seal leakage, respectively, which satisfy the following
condition

Q = (thfo + Cahao)by/2po/ pa 9)

(3.4) n3(t), n4a(t), ns(t) are the heave, roll and pitch of the SES,
respectively.

Using the parameters from Table 1, one can estimate the
steady clearance height for the test model to be [hgl, [hgol <
1cm. On the other hand, according to the model tests one
found |f1f(t)| and |hg(t)| can reach the level of 2.5cm, and
hs(t) and hq(t) may change their signs as the motions of the ship
model and waves. So the air leakage equation (Eq. (4)) is nonlinear
due to H[h;(t)], H[ha(t)]. This is the main different from Guo et
al. [10], which uses a linearized air leakage model. Another differ-
ence from Guo et al. [10] is that the equations of the air dynamics
are in established the time domain here, while those in Guo et al.
[10] were established in the frequency domain.

3.2. Hydrodynamics of the SES

For completeness, the linear potential methods for solving the
wave and ship motion dynamics are described in this subsection.
More detailed are referred to Guo et al. [10]. Since the depth of
towing tank is 7 m, which is not less than the half wavelength of
incident waves, the incident waves can be deemed as deep water
waves with potential

¢I — UORE{(f;O (*.y.z, t)} _ UORe{ Ciogekozei(wtko(xc059+ysin9))}
0

(10)

with

w = wy — koU cos O (11)
where Re{z} takes the real part of complex z; i is the imaginary
number, 7o the wave amplitude, @q(x, y, z, t) the incident potential
with unit amplitude, @ the encountered frequency, wg the natural
frequency, ko the wave number, 6 the incident wave angle.

Within the framework of linear assumption, the unsteady dis-
turbance potentials can be written as

6 6 ~ .
r =2 0j(09;(xy.2) = X Re{7jj¢;(x. y, z)ei }
j= j=1_ )
¢p = 10$7 (X, ¥, 2,t) = noRe{ 7 (x. y, 2)el }
Pp = N3 (t)Ps (x. 3. 2) = Re{Tlss (x. y. 2)e' }

where ¢;(x,y.z,)(j=1,..., 6) is the radiation potential due to
unit-amplitude motion of j-th degree; ¢;(x,y,z t) the diffraction
potential due to incident wave of unit amplitude; ¢g(x,y,z t) the
radiation potential due to the unit-amplitude fluctuating air pres-
sure in the first mode; 7j;(j=1,...,6) the complex amplitude of
Jj-th degree of motion; #jg the complex amplitude of the fluctuating
air pressure in the first mode; ¢~>j(x,y, 2)(j=1,...,6) the spatial
component of the radiation potential due to unit amplitude mo-
tion of j-th degree; ¢g(x,y.z) the spatial component of the radia-
tion potential due to the unit amplitude fluctuating air pressure in
the first mode.

The potential q3j(x, y,2)(j=2,...,7) can be calculated by solv-
ing the Neumann boundary value problem using the classical 2.5D
method [8,17], while the potential ¢g(x,y,z) by solving the mixed
boundary value problem using the 2.5D method that was firstly
developed by Guo et al. [10]. The potential @;(x,y,z) is approx-
imated to zero according to the slender body assumption of the
2.5D method. Details for obtaining (;Ej(x, v,2)(j=2,..., 8) are not
given in this paper.



JID: JOES

Z. Guo, L. Zhong, K. Wang et al.

[m5G;December 4, 2022;4:55]

Journal of Ocean Engineering and Science xxx (XXXX) XXx

‘/InClanl\} Inpu t
\_wave L
e DU A
i !
S R 2 ) Frequency domain
2';D ipetucd ey s ITterﬁ?ce $;(=2,...7) |2.5D method for hydrodynamic
u:lrl;:::rge air //’ e(g"z(‘lu;m N - Saenls calculation
________ T""_ég_x.?) o\ m@e=2.e [
| » v A
Air /Q' 9 - Air dynamic p(®) —
“d ; Air inflow ; :
I leakage cquation ) Time domain
\ (Eq.4) (Eq.(A14)) \Oi" & el air dynamic
| Motion calculation
% ———————  equations '« —
\\ n;j(t)( = 3.4.5) Eas18) £i(t),Aij.Bij (i.j =2,....6)

Motions and air
pressure output

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.

Once the complex potentials d;]-(x, y,2)(j=2,...,8) are solved,
the interface elevation in Eq. (A15) can be evaluated by

(. 6) =ng(t) + (X% ¥, 1) + Lr(X%. 3, 1) + {p (X, ¥, ) + Lp(X, ¥, 1)

(13)
with
t) = —2R 9 U 9 o,t 14
;l(x Y, ) _E e &_ 5 ¢0(X,y, s ) ( )
1S,
GR(x. Y. t) = —gReiZﬁje“"t<lw U— )qb](x y, O)}
j=2
1 3
= ——>"(nj®ORe} | i - Uss ¢>,(x y,0)
&3
+;ﬁj(t)lm{(1w U )¢>](x Y, 0)}) (15)
Loy t) = ngORe{e““t <1a) uZ )¢7(x y. 0)}
= T’Igo (cos (a)t)Re{ (10) U-— >¢7(x Y, O)}
—sin (a)t)lm{(la) U— >q>7(x Y, O)}) (16)
Grx ) —Z;(Us(f)Re{(lw UL )¢8(X v 0)}
+;ﬁg(t)lm{<1a) U—~— >¢g(x v, O)}) (17)
In Egs. (15) and (17), the approximate equals signs mean that

unsteady waves might not be harmonic if 7;(t) is not sinusoidal,
though the potentials are solved in the frequency domain. In con-
trast, within the linear framework the unsteady waves are always
harmonic, as suggested in Guo et al. [10].

3.3. Equations of motion of the SES

As mentioned above, the 2.5D method for hydrodynamics of the
SES cannot consider the surge motion, so the time-domain equa-
tions of motion of the SES are 5-DOF that can be formulated as

8(j#7)
> ((Mij +Ayj)iij &) + By (t) + Gynj () = fit), i=2,....6
iz

(18)

where M;;, A;jj, Bjj, Gj are the inertia of the SES, added mass,
damping, restoring force matrix, respectively, and M;; = 0 for j > 6;
fi(t) the wave force along the i-th direction.

The coefficients A;;, Bj;, G are stationary, where A;j;, Bj;

are obtained through the following equations (i=2,...,6; j=
2,...,6,8)
Aij = Re{ Ajj}/w?
(19)
Bij = —Im{A,]}/a)

Aij = —iwpw // dsjnl-ds + pwlU // ¢~>jm,~ds - ,OWUéf (f)jnidl (20)
S Sg §

where Im{z} takes the imaginary part of complex z, C4 is the
stern section of the SES, Sg the wetted surface of SES demihulls,
ni(i=2,...,6) the generalized normal vector, and m; is defined as
(mq, my, m3) = (0,0,0) and (my, ms, mg) = (0, n3, —ny). It is wor-
thy mentioning that in traditional potential theories, the added
mass and damping coefficients of the time-domain motion equa-
tions are obtained by calculating the impulse response function
(IRF) for the vessel and then applying that IRF at each time step
using a convolution integral to account for the past motion of the
vessel [3]. The added mass and damping coefficients obtained us-
ing the IRF obviously consider both of the transient and steady ef-
fect of vessel motions. However, according to the model test data
selected for study (see Fig. 2), the waves and motions of the SES
are already under steady state. So only the steady part of the
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added mass and damping coefficients is considered in this work,
which allows one to directly employ the added mass and damping
coefficients obtained using the 2.5D method for the time-domain
motion equations.

G appears due to the fluctuating air pressure acting on the
wetted deck:

Gis = pwg / / n;(x, y)dxdy (21)
Sp

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

fi(t) = cos (wt)Re{F} — sin (wt)Im{F} (22)

F=F+F° (23)
U=50m/s,A\=12m [--=-- Lin.

4 ) ) T NonLin.

(a) Heave in the time domain

U =5.0m/s,A=12m

15+ 7T Lin. ]
—NonlLin.
N 7N - ——Exp.

(c) Pitch in the time domain
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where Fi', FiD are the Froude-Krylov force, diffraction force, respec-
tively. Their expressions are given as follows
F'= —no -ipwwo gf Pon;ds
B
EP =1no- Ay

Nonlinear Eq. (A14) and linear Eqgs. (18) are the partial non-
linear motion equations for the SES, from which all degrees of
motions (except surge motion) and the fluctuating air pressure
nj)(j=2,....6,8) were solved using the 4th order Runge-Kutta
method with adaptive time steps.

From the deduction, one finds why air leakage is the main re-
source of nonlinear effects for the SES. Under the small-amplitude
wave condition, the hydrodynamics of the SES demihulls can be
solved using the linear 2.5D method [8]. The fluctuating air pres-
sure in the cushion can be modeled using the linear Helmholtz
equation with consideration of boundary conditions including air
inlet, SES motion, air leakage and interface elevation. The air inflow
rate approximately linearly varies with the fluctuating air pressure.

(24)

U =5.0m/s,A =12m

3.5 T r
Y Lin.
—NonlLin. |
= E XD
2 N —
2 3 4

f(Hz)

(b) Heave in the frequency domain

(d) Pitch in the frequency domain

Fig. 7. Comparison of nonlinear numerical results (labeled by ‘NonLin.") obtained from the partial nonlinear model to the linear numerical ones (labeled by ‘Lin.") and
experimental ones (labeled by ‘Exp.’) with the SES model running speed U = 5.0m/s in head waves of wavelength A = 12m. Both of numerical results and experimental data
were filtered using a zero-phase lowpass Butterworth filter to eliminate the high frequency (f > 4Hz) noise.
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U =5.0m/s, A = 12m

(f) Fluctuating air pressure in the frequency domain

U =5.0m/s, A = 12m
0.08 T T T

0.06

0.02

(h) Midship acceleration in the frequency domain

Fig. 7. Continued

The interface elevation could be solved using linear 2.5D method
(Guo et al., 2018). The SES motion should be solved by the com-
bination of demihull hydrodynamics and air dynamics, which is
not the origin of nonlinearity. However, the height of air leakage
clearance at steady state is comparable to even less than the wave
amplitude or heave amplitude of the SES, which makes shutdown
effect for air leakage clearance in waves. Thus, the air leakage is
inevitable nonlinear and makes the whole SES dynamics nonlinear.

Fig. 6 depicts the numerical flowchart for solving the motions
and fluctuating aircushion pressure (Eq. (A14) and Egs. (18)) in
the time domain, in which the hydrodynamic coefficients were
directly obtained using the 2.5D method in the frequency do-
main due to that the incident waves are monochromatic and
only the steady effect of the SES motions is considered here.
From the figure one can observe that the hydrodynamic param-
eters Aj, By (i=2,3,...,6;j=2,3,..., 6,8) in Eqgs. (18) were
solved in frequency domain as in Guo et al. [10], which do not
vary with time. The time domain wave force f;(t) was obtained
from Eq. (22) by solving the wave force F in the frequency
domain and taking the real part of Fel®t. The averaged inter-

face elevation velocity g“'(t) in Eq. (A14) was based on potentials
q3j(x,y, z)(j=2,...,8), which were also solved in frequency do-
main. After solving all hydrodynamic coefficients (A;;, Bjj, fi(t)),
the motions and the fluctuating air pressure n;(t)(j=2,..., 6, 8),
which require relatively less computational efforts, are solved in
the time domain. To differentiate, the nonlinear air leakage and air
dynamic equation blocks in the flowchart are in brown color, while
the linear model blocks are in blue color.

4. Numerical results and discussion

In this section, numerical results obtained from the partial non-
linear model are investigated and compared with experimental
data selected from the SES model running in two wavelengths
(A =12, 14m) at speed U = 5.0m/s. The wave probe in model tests
was fixed near the wavemaker and did not move with the SES
model, which makes the phase of SES motions with respect to
waves unknown. Thereby, the phase of heave motion rather than
wave is set as the benchmark in the following analysis. Similar to
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filtering the experimental data, the numerical results were also fil-
tered using a zero-phase lowpass Butterworth filter to eliminate
the noisy component of frequency larger than 4 Hz.

4.1. The comparison of numerical and experimental results

The numerical results (black lines labeled by ‘NonLin.’) obtained
from the partial nonlinear model are compared with the linear
ones obtained from the linear model (blue dot dash lines labeled
by ‘Lin.’) and the experimental ones (red dash lines labeled by
‘Exp.’) under the condition that the SES model runs with speed
U =5.0m/s in head waves of wavelength A = 12m, 14m, as shown
in Fig. 7, Fig. 8, respectively. The linear model is obtained by turn-
ing off the shutdown effect of air leakage in the partial nonlinear
model, i.e. setting H[x] = x in Eq. (5). To clearly demonstrate the
linear and nonlinear components of the time-domain results, the
time series was preprocessed firstly by the Hann window [18] to

U =5.0m/s, A = 14m

. |—NonLin.
% |===EXp.

(a) Heave in the time domain

U =5.0m/s, A = 14m

T T

(c) Pitch in the time domain
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reduce the truncation effect, and then were processed using dis-
crete Fourier transform to obtain the frequency-domain results.
From Fig. 7(a)~(d) one notes that the heave and pitch response
from nonlinear numerical results are very close to the linear ones,
and only a very small amplitude of double-frequency nonlinear
heave response appears, which desirably corresponds with the ex-
perimental one. In Fig. 7(e), (f) the nonlinear numerical results on
the fluctuating air pressure agree well with the experimental ones,
where the fluctuating air pressure reveals significant nonlinear ef-
fects, including not only the double-frequency response, but also
the triple and quadruple-frequency ones. Obviously, the linear nu-
merical results can not capture these nonlinear properties at all.
Moreover, one notices that in Fig. 7(e) the time series of the fluc-
tuating air pressure have sharp troughs and flat crests with several
hollows, which should result from the shutdown effect of air leak-
age given by Eqs. (4)-(5). Comparing Fig. 7(e) with Fig. 7(a) it can
be found the sharp troughs of the fluctuating air pressure occur at
the crests of heave, which suggests that the air pressure quickly

U =5.0m/s, A = 14m

3 T T
----- Lin.
o5t —NonLin
’ - ——Exp.
2r 4
S 15f ]
1F J
05F L 4
0k= AN i
0 1 2 3 4
f(Hz)
(b) Heave in the frequency domain
U =5.0m/s, A = 14m
1 T T r
& === Lin.
| NonLin.
0.8 ll N = (o 1
|
06 1
04t .
l
0.2 [ ]
I
I
k |
0 Nt 23BN - e
0 1 2 3 4
f(Hz)

(d) Pitch in the frequency domain

Fig. 8. Comparison of nonlinear numerical results (labeled by ‘NonLin.’) obtained from the partial nonlinear model to the linear numerical ones (labeled by ‘Lin.") and the
experimental ones (labeled by ‘Exp.’) with the SES model running speed U = 5.0m/s in head waves of wavelength A = 14m. Both of numerical results and experimental data
were filtered using a zero-phase lowpass Butterworth filter to eliminate the high frequency (f > 4Hz) noise.
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Fig. 8. Continued

drops when the SES moves upward and air leakage gaps open. In
contrast, when the SES moves downward and the air leakage gaps
are closed, the air pressure rapidly grows and reaches its crests.
More details about the influence on air dynamics will be discussed
in the next sub-section. Fig. 7(g), (h) show that the nonlinear nu-
merical results satisfactorily reveal the trend the midship acceler-
ation response of the SES as compared with experimental ones.
One notes from Fig. 7(h) that the triple and quadruple-frequency
responses in numerical results appear clearly, while in experimen-
tal ones are not so distinct from the frequencies in their vicinity,
which implies there might exist more nonlinear effects on the SES
dynamics rather than the shutdown effect of air leakage.

From Fig. 8 one can reach almost the same conclusion as from
Fig. 7. However, one may note that the amplitude of the fluctuating
air pressure at the encountered frequency from the nonlinear nu-
merical result in Fig. 8(f) is significantly closer to the experimen-
tal one than the linear one, which suggests the nonlinear model
can even improve the linear response of the SES. Indeed there also
exists nonnegligible discrepancy between nonlinear numerical and
experimental results. The discrepancy on the fluctuating air pres-

1

sure is considered to originate from the simplification of numerical
models, e.g. the bow and stern skirt dynamics are not taken into
account.

Nonetheless, from Fig. 7-8 it can be concluded that the shut-
down effect of air leakage is the main resource of nonlinear ef-
fects, with which the partial nonlinear model can desirably predict
the nonlinear air cushion dynamics as well as the motion response
of the SES.

4.2. The factors influencing air dynamics

It can be seen that the air dynamics, which plays important role
in the SES dynamics, is vulnerable to factors such as the shutdown
on air leakage. In fact, there are two key factors influencing the air
dynamics (air pressure). One is the variation of air cushion vol-
ume, and the other is the variation of air mass in the cushion.
The variation of air cushion volume can be calculated with the
consideration of the internal free surface elevation and motions
of the SES. The variation of air mass in the cushion can be ob-
tained 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.
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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.

age (hereinafter referred to as “air mass increasing rate”). Accord-
ing to Eq. (A17), the air inflow is proportional to the fluctuating
air pressure. The air leakage is proportional to the air leakage area
(Eq. (4)), which is determined by the motions of the SES. To clearly
evaluate the influence on air dynamics, both of the variation of air
cushion volume and the variation of air mass are studied in this
sub-section.

The variation of air cushion volume can have a significant im-
pact on the air dynamics, and the cobblestone effect is a classical
example caused by the resonance of air pressure due to the varia-
tion of air cushion volume [13,21]. Fig. 9 compares the nondimen-
sional 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 by the partial nonlin-
ear model. The fluctuating air pressure p is nondimensionalized by
the mean overpressure py. The variation of air cushion volume de-
fined as Vo —V is nondimensionalized by Vj, where V, Vj are the
real time air cushion volume, air cushion volume at equilibrium
state, respectively. Fig. 9(a) shows the similar trend between the

12

variation of air cushion volume and the fluctuating air pressure.
In Fig. 9(b) the variation of air cushion volume has a phase lead
relative to the fluctuating air pressure.

The variation of air mass in the cushion, or the air mass in-
creasing rate, is the other important factor that can influence the
air dynamics. The air leakage is the only difference between the
partial nonlinear and the linear model in this work, where the for-
mer considers the shutdown effect on air leakage (Eq. (5)), i.e., the
air leakage area must be nonnegative, while the latter does not
have this restriction and negative leakage area may appear. The
negative leakage area can lead to an unrealistic phenomenon, i.e.,
air flows from atmosphere to air cushion, although the pressure of
latter is greater than the former.

Fig. 10 presents the influence of air mass increasing rate on the
fluctuating air pressure. In Fig. 10, the air mass increasing rate is
nondimensionalized as (Q™ — Q°")/Q,, where QI", Q°' and Q,
are the real time air inflow, real time air leakage and the air leak-
age at equilibrium state, respectively. Fig. 10(a) displays that the
air mass increasing rate has a phase lag relative to the fluctuating
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air pressure, while in Fig. 10(b) the two variables almost have the
same phase.

From Fig. 9 and Fig. 10 it can be concluded that both of the
variation of air cushion volume and air mass have positively corre-
lated with the fluctuating air dynamics, and the fluctuating air dy-
namics might not always be able to simultaneous vary with them.

5. Conclusions

In this paper, an efficient partial nonlinear numerical model
was developed for predicting the air dynamics and seakeeping per-
formance of an SES running in small-amplitude waves. The partial
nonlinear numerical model comprises a linear frequency domain
hydrodynamic model based on the efficient 2.5D method and a
nonlinear time domain air dynamic model. The air dynamic model
is nonlinear due to the consideration of the shutdown effect on air
leakage, i.e., the air leakage area turns zero when the seals are sub-
merged in water. The presented model has advantage of simplicity
but holds the key nonlinear feature of the SES.

The experimental results suggest that even in small-amplitude
waves, the fluctuating air pressure of the SES shows significant
nonlinear effect. The numerical results from the partial nonlinear
model, including the linear and nonlinear components of fluctuat-
ing air pressure, heave, pitch and midship acceleration, agree well
with experimental ones. The investigation demonstrates the effec-
tiveness of the partial nonlinear model on predicting the SES sea-
keeping motion and on capturing the nonlinear air dynamics. It
is also confirmed that nonlinearity of the SES seakeeping perfor-
mance mainly originates from the nonlinear air leakage. The pre-
sented partial nonlinear model can be applied to the more general
type of SES with large air cushion displacement proportion (e.g.
80%), while the linear model [10] that cannot capture the nonlin-
ear air dynamics is only applicable to the small proportion one.
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Appendix A. The air dynamic model

Before modeling the air dynamics, several assumptions or sim-
plifications 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 (p) relationship

% = Const (A1)
and
pc=yp (A2)

where y = 1.4 is the ratio of specific heat capacities for air, c is
the local sound speed.
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(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 (pg), while the later is
much less than the pressure of atmosphere (p,), i.e.

DP(X.¥,2,t) < Po < Pa (A3)

Obviously, when the SES locates at its steady state, the air cush-
ion pressure is p; + po.

(3) It is assumed that the length | and width b of the air cush-
ion is much larger than its height h, i.e., [,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 pressurep(x, y, z, t)can be approximated to

. 1 h
p(x,y,t)%ﬁ /0 p(x,y,z t)dz (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

dv
02— =—VpP A5
'Oadt p (A5)

one obtains
30 _0, X=Xmt3 Ym—3<y<Ymt3 zi<z<z (@
=0, Xm— 3 <X<Xmtd y=ym+8 zi<z<z, (b)
(A6)

where v = (u,v,w) is the air velocity, p, the air density in the
cushion, (xm, ym) the coordinate of the horizontal center of the
air cushion, z;, z, are the z-th coordinate of the interface (the free
surface 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-
mentioned assumptions.

o Wave equation for the fluctuating air pressure

Taking the boundary conditions (Eq. (A6)) into account, the
fluctuating air cushion pressure on the interface can be expressed
as

7+Np
Py, t) = —pug > 1j(OHN;(X.Y)
j=8

(A7)

where py is the density of water, n;(t) the waterhead, Np the
number of modes of the fluctuating air pressure, g the gravitational
acceleration, nj(x,y) a complete set of orthogonal Fourier modes
expanded on the interface defined as [10,16]

cos(ar (X — xm) /D) [ cos(B (¥ — ym)/b)
njx.y) = (sin(om(x - Xm)/l)) <sin(ﬁn(y Ym)/b)> (A8

where «, 8 are 0 and even for the modes corresponding to the
cosine or odd for the sine, xn, ym the longitudinal and transversal
center of the air cushion, respectively.

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

2

%p(x,y, z,t) —2V2p(x,y,2,t) =0 (A9)
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Replacing p(x,y,z t) in Eq. (A4) by Eq. (A9) comes to
92 (9> 9%\ c(dpz=2z,
<8t2_c (axz+ayz Py =3\5;127) (A0

Substituting Eq. (A7) into Eq. (A10) with the consideration of mo-
mentum equation (Eq. (A5)), Eq. (A9) turns to

i ) 92 92
g <le(t)”j(XaJ’) —C nj(t)(axz + W)”j(’ﬁ)’))
_ ﬁacz . |1Z2=2zp
= pwghw z=2 (A11)

where w, w are the vertical velocity, acceleration of the air in the
cushion, respectively.

According to the pressure-density relationship (Eq. (A2)) and
the small fluctuating air pressure assumption (Eq. (A3)), one ob-
tains

pa€® =y (B(x.¥.t) + Po+ Pa) = ¥ (Po + Pa) (A12)

Substituting Eq. (A12) into Eq. (A11), then multiplying
Eq. (A11) by n;(x,y), i=8,...,7+ Np, integrating the equation
with respect to x,y on the horizontal section of the air cushion,
and finally integrating the resulting equation with respect to t, one
gets

7+Np 2 2
2:ﬁﬂ0+n%2<7)+(§) [0;(0dr
j=8

X /s/ n;(x, y)n;j(x, y)dxdy = %

x /S[ n;(x, y)wdxdy — /S{ n;(x, y)wdxdy (A13)

where Sp, Sp are the wetted deck and interface, respectively.
According to the wuniform air pressure assumption, only
the first Fourier mode is needed in this paper, ie. Np =

1, a=B=0,ng(x,y) =1, p(x,y,t) = p(t) = —pwgns(t). Thereby,
Eq. (A13) comes to

¥ (Do + Pa)
Pwgh

—(Xm — Xg)7)s5(€) — 5(0) - Q") - Q°“t(t))> (A14)

N (DA = (A (7'73 (&) + m — yg)na(t)

where A =1Ib is the horizontal area of the air cushion; 7n;(t), i=
1,2,...,6 are the surge, sway, heave, roll, pitch, yaw of the SES,
respectively; Q'", Q°U are the air inﬂowiinto the cushion and air

leakage out of the cushion, respectively; é(t) is the averaged inter-
face elevation velocity, which is the joint result of incident wave,
side hull radiation and diffraction waves and fluctuating air pres-
sure radiation wave, i.e.

= a
£ = [[ g8 ey Dy (A15)
Sp
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(xy.t) =

owg 8 M_UM>%

Uaax)@l bt goton)  (AI6)

Pyt 1(8 i)

1(0
t)y— | =— —
where U is the sailing speed of the SES, ¢r = ¢ + ¢r + ¢p + Pp
is the unsteady disturbance potential of water around the SES,
&1, ¢r, ¢p. ¢p are the potential of incident wave, side hull radi-
ation wave, side hull diffraction wave and the radiation wave due

to fluctuating air pressure, respectively. The approaches for deter-
mining these potentials will be described in the next subsection.

o Air inflow into the cushion

The air inflow into the cushion is caused by fans. Although the
air pressure was considered to be proportional to the quadratic
of air inflow rate [4,12,21], the linear relation between them also
approximately holds if the fluctuating air pressure is sufficiently
small [6,20]. Therefore, the air inflow into the cushion can be writ-

ten as

Q"(t) =@ + ﬁ(t)(%%‘})o — Qo — pugns () ( 8&“)0 (A17)
where (83(2;;" )0 is the air discharge rate with respect to pressure.
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