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Abstract: [Objectives] Surf-riding/broaching is one of the five stability failure modes included in the second genera-
tion intact stability criteria of the International Maritime Organization (IMO). The current regulation is limited in that
it only applies to propeller-driven ships. To address this issue, this paper carries out some investigations into the surf-
riding stability failures of water-jet propelled ships so that the regulation can be further completed. [Methods] On the
basis of the mechanical model of the water-jet propulsion units and the one-dimensional surge motion equation of
ships in following seas, a mathematical surf-riding motion model is built. The fourth-order Runge-Kutta method is
used to solve the equation, and time domain motion simulation for the water-jet propelled ship is achieved. With a
high-speed wave-piercing tumblehome ship as the sample ship, the characteristics of the conditions for the occur-
rence of surf-riding are obtained through systematic time domain numerical calculation. [Results] The numerical
simulation results show that within the range of wave conditions required by IMO's second generation intact stability
criteria, surf-riding occurs in 80.9% of conditions when the Froude number (Fr) is 0.4, and when the Fr is reduced to
0.3, the percentage drops to 59.4%. [Conclusions] This study provides a theoretical model and a numerical approach
necessary to evaluating the surf-riding/broaching stability of water-jet propelled ships, and it can be used to evaluate
the stability safety of this type of ship.
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0 Introduction

Intact stability is one of the most important per-
formance indexes for the safety design of ships. For
this purpose, the International Maritime Organiza-
tion (IMO) has formulated mandatory laws and reg-
ulations to ensure sufficient intact stability of ships.
With the continuous emergence of new conceptual
ship types, the development trend of large-scale
ships is becoming more pronounced, and the appli-
cability of the current criteria of ship intact stability
to new ships has attracted increasing attention in the
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industry. Therefore, IMO began to formulate the
new second-generation intact stability criteria for
ships in 2009 (hereinafter referred to as the second-
generation stability criteria). After ten years of re-
peated discussions, all the specifications were
passed at the 6" (SDC6) meeting of the IMO Sub-
Committee on Ship Design and Construction held
in London, Britain in 2019 . As a result, as the
supplement and alternative solution for the current
specifications, the second-generation stability crite-
ria will change the former method of formulating
criteria on experiences in the future. In addition, the
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criteria, by introducing the concept of direct assess-
ment of stability, can provide personalized stability
assessment methods for new conceptual ships and
ships of super-dimension ratios. After the second-
generation stability criteria are incorporated into the
peremptory standard, a ship type needs to be im-
proved if it cannot meet the requirements, and it can
enter the international ship market only after meet-
ing the requirements. Therefore, this is not only an
important and urgent task faced by the design and
research units of ships but also a huge challenge
that must be faced by the development of the do-
mestic shipbuilding industry 1.

Surf-riding/broaching is one of the five stability
failure modes in the second-generation stability cri-
teria. In following seas, the phenomenon that a
high-speed ship suddenly loses its course-keeping
ability and turns sharply at a high speed is called
broaching. When the broaching occurs, the predeter-
mined course still cannot be maintained under the
maximum rudder angle, with violent yawing and
large-angle heeling, which directly endangers the
navigation performance and safety of the ship in the
waves. Surf-riding is a prerequisite for broaching,
and both navigation practices and ship model tests
show that surf-riding is a dangerous state. There-
fore, direct verification of surf-riding is required in
the second-generation intact stability criteria by
IMO.

According to the results of mechanical analysis,
surf-riding is a dynamic equilibrium state of the lon-
gitudinal wave force, thrust, and resistance when
the ship speed is equal to the wave speed. Up to
now, the main methods used to predict the surf-
riding include the analytical method B3-3, model test
method [®), and numerical simulation method !"). The
current level 2 vulnerability criteria of surf-riding/
broaching are checked through solving the critical
propeller speed of the ship by the Melnikov method
according to the bifurcation theory of nonlinear dy-
namics and thereby determining whether the ship is
in danger of surf-riding.

Water-jet propulsion is a special type of ship pro-
pulsion. Compared with the traditional propeller-
driven ships, water-jet propelled ships have excel-
lent maneuverability and controllability and can op-
erate in the condition of shallow draught. With the
advantages of a small underwater acoustic signal,
high propulsion efficiency at a fast ship speed, and
great cavitation resistance, such ships have been
widely used in the field of international shipbuild-

ing industry (especially in the field of high-
performance ships). However, water-jet propelled
ships also face the risk of surf-riding. Given that the
current specifications are only suitable for propeller-
driven ships, in terms of verifying the second-gener-
ation intact stability criteria on water-jet propelled
ships, some limitations still exist in the applicability
of the criteria to ship types.

In response, a mathematical surf-riding model is
built on the basis of a mechanical model of the
water-jet propulsion units and a one-dimensional
surge motion equation of ships in following seas.
The fourth-order Runge-Kutta method is used to
solve the motion model and achieve time domain
motion simulation of water-jet propelled ships.
With a high-speed wave-piercing tumblehome ship
as the sample, the characteristics of the conditions
for the occurrence of surf-riding are obtained
through time domain numerical calculation. This
study provides a theoretical model and a numerical
approach to evaluating the surf-riding/broaching sta-
bility of water-jet propelled ships.

1 Surf-riding motion model of
water-jet propelled ships

1.1 Mechanical model of water-jet pro-
pulsion

The thrust characteristics of the water-jet propul-
sion system are mainly described by the following
two equations 1. Eq. (1) is the thrust equation ob-
tained according to the principle of conservation of
momentum, and it describes the equilibrium rela-
tionship between the momentum change of the wa-
ter flow after being accelerated by the pump and the
produced thrust. Eq. (2) is the head equation de-
rived in light of the energy conservation theorem,
and it describes the equilibrium relationship that the
sum of the kinetic energy, potential energy, and the
flow losses of the water flow through the pump
should be equal to the energy provided by the pump
to the water flow.

T =pQ(V,~aVy) (1)

1+k V2
O vrt-pn @)
2g ! 2¢g

where 7 is the thrust produced by the water-jet pro-

H=

pulsion system; Q is the flux; p is the density of the
aqueous medium; V; and ¥, are the jet velocity and
average inflow velocity respectively; a is the influ-
ence coefficient of the boundary-layer of the hull on
the inflow momentum; H is the head of the pump; g
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is the acceleration of gravity; /4, is the height from
nozzle center to the still water surface; k; and k; are
the coefficients of flow losses at the nozzle and in
the inflow channel respectively; £ is the utilization
factor of stamping that reflects the impact of the
boundary-layer of the hull on the inflow kinetic en-
ergy and is generally expressed as P%:
= (3)
When predicting the propulsion performance of a
water-jet propulsion system, we assume that p, g, &,
are known quantities, and ;, k; represent the coeffi-
cients of momentum and energy losses. If accurate
data are unavailable, the empirical values can gener-
ally be selected ©*!, such as k= 0.02 - 0.03, k;= 0.2
0.3, and a = 0.85-0.9.

1.2 Surf-riding motion model of the wa-
ter-jet propelled ships

The mathematical model of the surf-riding of a
ship in the regular wave involves the three coordi-
nate systems shown in Fig. 1. The inertial coordi-
nate system Og-XpZ; is consolidated with the
ground, and the ship travels along the direction of
wave propagation in the system at the ship speed of
V,. In the wave coordinate system O-¢(, the longitu-
dinal position of the origin of coordinates O corre-
sponds to the trough and moves in the inertial coor-
dinate system at the wave speed of ¢,. The motion
coordinate system G-xz is consolidated with the
hull, and the longitudinal position of the origin of
coordinates G corresponds to the barycenter of the
ship. The longitudinal distance between G and O
represents the relative position of the ship to the
wave. In the figure, {;/4 is the position of the ship

relative to the waves, where 4 is the wavelength.

v, &6A=0.5
Q ,,,,,,,,,, /,{J\ ¢
Xe
E/1=—0.25"T C_,’(,/l 0 75 -W
¢ :

Fig. 1 Coordinate systems of the surf-riding motion model

On the basis of the motion equation of single-
degree-of-freedom surge of a ship in the following
sea, the mathematical equation of surf-riding builds
the equilibrium relationship of the resistance, wave
force, and inertia force acting on the ship and the
thrust generated by the water-jet propulsion system,
as shown in Eq. (4).

(m+m)it+[Ru)—(1-1,)-Tn.w)]— fu =0 (4)
where m is the mass of the ship; m, is the added
mass of surge; u is the real-time surge speed of the

ship in the inertial coordinate system; u is the accel-
eration of surge; R is the resistance acting on the
ship; T is the function of the speed of the pump »
tpis the thrust-deduction factor; f, is the
wave surge force acting on the ship.

and u;

With the transformation relation between the iner-
tial coordinate system and the wave coordinate sys-
tem, the following mathematical equation of surf-
riding in the wave coordinate system can be de-
duced:

(m+m) &+ R +ew)— (1 —1p) - T(n, 6 + cw)]—

Jws)=0 (5)
where &;is the relative longitudinal position of the
ship to the origin of the coordinates in the wave co-
ordinate system and the dots above indicate the de-
rivative to time.

Because the difficulty in modeling the surf-riding
of water-jet propelled ships is that the ship speed
changes at any time under the action of the wave
force, which affects the inflow speed of the pump
and changes the thrust generated by the water-jet
propulsion system. Therefore, the key to the model-
ing is to correctly predict the real-time thrust gener-
ated by the water-jet propulsion system at a variable
ship speed. In terms of surf-riding modeling, the dif-
ference between water-jet propelled ships and pro-
peller-driven ships is also mainly reflected in the
propulsion model, and other components such as re-
sistance and wave force can be modeled according
to the relevant requirements in the second-
generation stability standard of IMO.

The ship resistance is simulated by the polynomi-

al fitting:

Ng

R(uy= " ra (6)

i=1
where Ny is the fitting order, and the third-order or
fifth-order polynomial fitting is suggested by IMO,
and r; is the coefficients after fitting.

The thrust model of the water-jet propulsion sys-
tem is the focus of this study. The equilibrium rela-
tionship of the head needs to be established to pre-
dict the real-time thrust of the water-jet propulsion
system at a variable ship speed. Eq. (2) shows the
head required for the water-jet propulsion system to
generate a certain amount of thrust, and whether the
pump can reach this head is determined by the hy-
draulic characteristics of the pump itself. According
to Reference [10], the head provided by the pump
can be approximated by the following equation

based on the experimental data of the pump model:
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— — (7)
1y n n

0 = VA (8)
where n,is the rated speed of the pump; ¢, ¢,
q, are the fitting coefficients of the head-flux (H-Q)
testing curve corresponding to n,; 4;is the area of

H(n) = (i)2 . [(”0 )Zqz‘Q2+(m)q1 0+

the nozzle.

The model in this paper considers that the aver-
age inflow velocity ¥V, of the pump is equal to the
real-time surge velocity u. When the speed of the
pump n remains constant, the actual flux of the
pump at the current moment can be obtained by
solving simultaneous equations of Eq. (2) and Eq.
(7). Eq. (1) can then be used to calculate the thrust
generated by the water-jet propulsion system at this
time.

The wave surge force fy, is also modeled accord-
ing to the requirements of the IMO standard, and
the details are as follows:

Jwl&s) = —fsintkés) (9)

f = pgké \JF? + F? (10)

Fo= ) S (x)exp[-0.5kd ()] sin k) Ax, (1)

;’;I
F, = ZS (x) exp[~0.5kd (x,)] cos (kx) Ax; (12)
i=1
where k is the wavenumber; (,is the amplitude of
the regular wave; x; is the vertical coordinate of the
ship section of different stations in the inertial coor-
dinate system; d(x;) is the draft of each section in
still water; S(x;) is the submerged area of each sec-
tion in still water; N is the number of stations; f is
the amplitude; F and F,is the sinusoidal component
and cosine component of the force, respectively.

2 Time domain surf-riding simula-
tion for water-jet propelled ships

The fourth-order Runge-Kutta method is used to
solve the ordinary differential equation correspond-
ing to Eq. (5) and thereby obtain the time history of
the ship speed relative to the wave speed. If the
speed eventually approaches zero (the ship speed is
equal to the wave speed), it means surf-riding hap-
pens. Otherwise, the ship takes on periodic motion
under the action of the wave. In the following sec-
tions, a high-speed wave-piercing tumblehome hull
is taken as an example to study the characteristics
of the conditions for surf-riding of this type of ship
by time domain numerical calculation.

2.1 Particulars of sample ship

The sample ship is ja water-jet propelled high-

speed wave-piercing tumblehome ship as shown in
Fig. 2, and its main particulars are shown in Table 1.
The ship is equipped with four mixed-flow water-
jet propulsion units, and the Froude number corre-
sponding to the design ship speed is Fr=0.4. The
mass of the sample ship is m = 2 834 t, and the add-
ed mass of the surge is set to be m, = 0.1 m accord-
ing to the IMO standard. The thrust-deduction fac-
tor is set to be #, = 0.02 according to the results of
the model test. The resistance data of the sample
ship are obtained on the basis of model tests and fit-
ted by the cubic polynomial.

Fig. 2 Wave-piercing tumblehome hull lines of the sample ship

Table 1 Main particulars of target ship

Particluars Numerical value
Ship length L/m 110.0
Molded breadth B/m 13.4
Draft d/m 39
Block coefficient Cy 0.481
The longitudinal position of buoyant center s
(The midship front is positive) L.p/m
The vertical height of barycenter 53
(The up baseline is positive) V,/m
The diameter of nozzle D;/m 0.75
The rated speed of pump 7 /(r'min™") 603.6
The height from nozzle center to 03

still water surface /_/m

The hydraulic performance particulars of the
pump are obtained from the bench test and convert-
ed to those of an actual pump as shown in Fig. 3. In
the figure, the dots correspond to the test results of
the pump at the rated speed, and the solid line pres-
ents the quadratic polynomial fitting of the test
points. The coefficients corresponding to the pump
are as follows: ;= 0.020 3, ;= 0.24, and o = 0.83.
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e Bench test results of the pump
— Quadratic polynomial fitting results

9 lb lll 1I2 153 1;¥ 1I5 ll6 1I7 18
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Fig. 3 Experimental results of pump's hydraulic performance
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2.2 Time domain simulation calculation
results

Numerical simulation calculation is performed in
the condition of the typical regular wave at the de-
sign ship speed (Fr = 0.4). In the regular wave of
the following sea with the ratio of the wave length
to the ship length A/L = 1.5 and the wave steepness
H/J. = 0.05, the simulation results of the sample
ship's position £;/A and speed relative to the wave
are shown in Fig. 4. As can be noted from this fig-
ure, the ship's position relative to the wave reaches
a stable value after a few cycles of short oscilla-
tions, and the speed relative to the wave also ap-
proaches zero, which indicates that surf-riding hap-
pens to the sample ship in this condition.

0
< —0.05 -
0,10 b

—0.15

0 10 20 30 40 50 60 70 80 90 100

o/\/

¢ 10 20 30 40 50 60 70 80 90 100
Time/s

Speed/(m-s™")
|
~o

Fig.4 Simulation results of the sample ship's position and speed
relative to wave (Fr=0.4, /L = 1.5, H/A=0.05)

Fig. 5 shows the time history curves of the forces
acting on the sample ship in the above typical regu-
lar wave conditions. According to further analysis,
the ship speed is lower than the wave speed in the
initial state, but the ship is accelerated by the wave
force. The hydrostatic resistance is higher at this
time. At the same time, the velocity of the pump in-
flow is accelerated while the pump thrust is re-
duced. The ship reaches an equilibrium state after
about 60 s under the combined action of the wave

force, resistance, and thrust.
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Fig. 5 Simulation results of forces acting on sample ship
(Fr=0.4,1/L=1.5, H1=0.05)

For comparison, the simulation results after in-
creasing A/L to 2.5 are shown in Fig. 6 and Fig. 7.
Because the wave speed is significantly higher than
the ship speed at this time, the ship cannot achieve
the equilibrium state in surf-riding. Therefore, the
ship constantly retrogresses relative to the wave in
terms of position, whereas the speed and force rela-
tive to the wave take on periodic oscillation.

0
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0 20 40 60 R0 100 120 140 160 180 200
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>

Fig. 6 Simulation results of the sample ship's position and speed

relative to wave (Fr=0.4, /L =2.5, H/A=0.05)
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Fig. 7 Simulation results of forces acting on the sample ship
(Fr=0.4, /L =25, HJ=0.05)

This paper uses the proposed surf-riding motion
model and time domain simulation method to calcu-
late and study the ranges of A/L and H/A required by
the IMO's level 2 vulnerability criteria check of
surf-riding/broaching respectively. The surf-riding
occurrence conditions at Fr» = 0.4 (n = 513.4 r/min)
and Fr = 0.3 (n = 349.3 r/min) are shown in Fig. 8.
In the figure, the dark color corresponds to the area
without surf-riding occurrence and the light color
represents the area with surf-riding occurrence. Ac-
cording to the range of wave steepness (H/A = 0.03-
0.15) on the horizontal axis and the range of the ra-
tio of the wave length to the ship length (A/L = 1.0-
3.0) on the vertical axis shown in Fig. 8, a total of
320 conditions are simulated and calculated. The se-
lected range of conditions is in accordance with the
requirement of the level 2 vulnerability criteria
check in <IMO's

second-generation surf-riding/
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broaching stability criteria. In this range of condi-
tions, the ship is more likely to broach after the surf-
riding.

3.0
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2.2
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0
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(a) Fr=0.4
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Fig. 8 Simulation results of the surf-riding occurrence
conditions

The calculation results show that the proportion
of the surf-riding occurrence conditions is as high
as 80.9% when Fr=0.4 and decreases to 59.4%
when Fr=0.3. According to the distribution of the
surf-riding occurrence areas, when A/L is close to 1,
surf-riding occurs even at a small wave steepness
H/Z. With the increase in A/L, the minimum wave
steepness H// required for surf-riding occurrence al-
so increases. Therefore, the sample ship is more
prone to surf-riding occurrence when the wave
length is similar to the ship length, and lowering the
ship speed can effectively reduce the proportion of
surf-riding occurrence conditions. The simulation
and calculation results show that the final equilibri-
um position of the ship after surf-riding is mostly
on the downslope side of the wave, where there is a
strong likelihood of more broaching.

3 Conclusions

Given that the current second-generation stability
criteria of the IMO only apply to propeller-driven
ships, a mathematical model of surf-riding is built
in this paper for water-jet propelled ships according
to the mechanical model of the water-jet propulsion
units and a one-dimensional surge motion equation
of ships in following seas, and it is expected to pro-
vide a theoretical model and a numerical analysis
method for the surf-riding/ broaching stability as-
sessment of water-jet propelled ships and facilitate
the stability safety assessment of this type of ship.
With a high-speed wave-piercing tumblehome ship
as an example, the characteristics of conditions for
the surf-riding of this type of ship are obtained by
systematically implementing time domain numeri-
cal calculation. The results show that the sample
ship is more prone to surf-riding when the wave
length is close to the ship length, and the risk of
surf-riding can be effectively reduced by lowering
the ship speed.

On the basis o f this study, multi-degree-of-
freedom motion models of water-jet propelled ships
can be developed in the future. However, for the
simulation of the broaching motion, a steering mo-
tion model with at least four degrees of freedom
needs to be built for motion modes of surge, sway-
ing, yawing-swing, and rolling. Meanwhile, the
forces on water-jet propelled ships in the wave
should also be modeled.
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