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Abstract: [Objective] To investigate ship power characteristics and the difference between the towing model and
self-propulsion model for ship motion response in waves, numerical simulations of ship self-propulsion performance
in waves are carried out. [Methods] In this paper, the KCS ship model and KP505 propeller model are selected, and
the unsteady Reynolds-averaged Navier-Stokes (URANS) method is used to carry out computational fluid dynamics
(CFD) simulations of ship self-propulsion in waves. The in-house URANS solver HUST-Ship and in-house
structured dynamic overset grid code HUST-Overset are combined to solve the motions of the self-propelled ship in
waves, and the improved body-force model is selected as the propulsion model. Towing simulations for KCS with
two degrees of freedom (2-DOFs) in waves and self-propulsion simulations with 3-DOFs under different wave
conditions are carried out, and the differences between these methods are discussed in detail. Finally, the components
and their specific proportions of added power during ship self-propulsion in waves are analyzed in detail using the
logarithmic analysis method. [Results] Regarding the added power of a self-propelled KCS in waves, the added
resistance is responsible for 74%-77% while propulsive efficiency accounts for 23%-26%, that is, the added
resistance occupies a larger proportion. [Conclusion] Reducing ship motion to decrease added resistance is the most
effective approach to reducing added power.
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tion in real voyages due to environmental factors

0 Introduction

Conventional ship design focuses on the impacts
of ship resistance and self-propulsion performance
on the speed and economy of ships in still water [,
However, a ship inevitably undergoes marked mo-
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such as wind, waves, and currents. The consequent
wave-added resistance and stalling further affect the
ships' economy. Therefore, evaluating and optimiz-
ing the kinematics and seaworthiness of self-
propelled ships in waves, not just in still water, is
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crucial for ships' safety and economy.

At present, three major methods to predict ships'
seakeeping performance are available, i.e., model
test, potential-flow theory, and computational fluid
dynamics (CFD) viscosity simulation. Experimental
fluid dynamics (EFD) is able to provide the most re-
liable data and uncertainty analysis results for CFD
verification, and it is still irreplaceable for the time
being, despite its long cycle and high costs. In re-
cent years, CFD has gradually been regarded as an
effective method of predicting and evaluating ships'
seakeeping performance due to its advantages of
high fidelity, low cost, and high precision. Simon-
sen et al. !l used EFD and CFD to study the perfor-
mance of a standard ship model of the container
ship of the Korea Research Institute of Ships and
Ocean Engineering (KRISO Container Ship, abbre-
viated as KCS) in still water and regular head
waves. They also carried out CFD simulation with
the wunsteady Reynolds-averaged Navier-Stokes
(URANS) software, namely, CFDSHIP-IOWA and
STAR-CCM+ ,
AEGIR. The uncertainty analysis and evaluation

and the potential-flow program

based on EFD data show that the level of uncertain-
ty is comparable to that of the planar motion mecha-
nism (PMM) in still water but is higher than that of
the PMM in waves. Compared with the potential-
flow results, the motion and average resistance re-
sults obtained with URANS software are closer to
measured data. Wei et al. B employed the URANS
method to investigate the navigation performance
of monohull, twin-hull, and trimaran new-concept
high-speed shuttle vessels in waves. Resorting to
STAR-CCM+, Zhang et al. ¥ studied the seakeep-
ing performance of a small-waterplane-area trima-
ran ship and found that the seakeeping performance
of the boat became better when its side hull was
close to the bow. Jin et al. 1 adopted STAR-CCM+
to predict the hydrodynamic characteristics of two
liquefied natural gas (LNG) carriers in regular head
and oblique waves and studied the load on ships
and the ships' motion under different wave condi-
tions by evaluating the numerical uncertainty
through uncertainty analysis. Their calculation re-
sults are in excellent agreement with the result giv-
en by the EFD and that predicted by the potential-
flow program.

In addition to the wave environment, the rotating
propeller also induces a ship to be affected by dy-
namic factors, including time-varying wake flow
distribution, propulsion factors, ship motion, stall-

ing, and reserve power. With the development of
ship design, studying the influence of propeller load
fluctuations on ships' navigation performance in
waves is of great significance because the power
and the rotational speed of the engine undergo huge
fluctuations under this operating condition. Wang et
al. 9 studied the motion response and stalling of the
standard self-propelled ship model, the Office of
Naval Research Tumblehome (ONRT), in regular
head waves by combining CFD with dynamic over-
set grid technology. The agreement between CFD
and EFD results indicates that the method is suit-
able for self-propulsion prediction in waves. Lee et
al. Mpredicted the power gain/speed loss and the
propulsion performance of the KVLCC2 ship mod-
el by integrating URANS with the finite volume
method (FVM) and the volume of fluid (VOF) mod-
el. Then, simulation calculations of towing and self-
propulsion in still water and waves were conducted
to forecast the self-propulsion factor, resistance, and
wave-added resistance. Moreover, they investigated
the speed-power relationship and propulsion perfor-
mance in waves by four methods, including the Tay-
lor expansion method, the direct dynamic method,
the load variation approach, and the constant thrust
method.

In summary, the present studies of ships' sea-
keeping performance primarily focus on the test
and simulation of constrained models. However, re-
search results on the influence of the propeller on
the ship motion characteristics of self-propelled
models, as well as those on the reserve power or
stalling in waves and propulsion performance of
self-propelled models, are scarce. For this reason,
CFD simulation of free direct navigation in waves
will be conducted by the URANS method on the ba-
sis of the KCS ship model and the KP505 propeller
model in this study; the self-propelled motion of a
ship in waves will be solved by coupling the self-
developed URANS solver, HUST-Ship, and the self-
developed structured dynamic overset grid code,
HUST-Overset; moreover, an improved body-force
propeller propulsion model based on the hybrid
blade element-momentum method will be chosen to
ensure a proper balance among prediction accu-
racy, prediction reliability, and computational effi-
ciency 19, Specifically, the motion response char-
acteristics and the wave-added resistance in the
case of the constrained KCS model with two de-
grees of freedom (2-DoFs) (heave and pitch) in
waves are studied, and the reliability of numerical
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calculation in waves is verified by experimental da-
ta. Next, an improved body-force method is em-
ployed to simulate the direct navigation of the KCS
self-propelled model with 3-DoFs (heave, pitch,
and surge) under different wave conditions. The
aim is to study the motion response characteristics,
reserve power, and propulsion efficiency of the
KCS in a free direct navigation state in waves,
thereby comparing and analyzing the differences in
motion characteristics between the constrained mod-
el and the self-propelled model of ships under the
same frequency of encounter. Eventually, the major
factors affecting the power gain of a ship in waves
and their specific proportions are analyzed by a log-
arithmic analysis method to provide a reference for
the numerical prediction of the shafting power char-
acteristics of free self-propelled ships in waves.

1 Numerical methods

1.1 Governing equations and improved
body-force model

In this paper, the self-developed CFD solver,
HUST-Ship, will be used for the CFD simulations
of towing and self-propulsion in still water and
waves. The reliability of HUST-Ship has been veri-
fied 121 by the simulations of various propellers,
ships, and underwater vehicles in still water and
waves. The Reynolds-averaged Navier-Stokes
(RANS) governing equations can be obtained by av-
eraging the continuity equation and the momentum

conservation equation over time:
Ou;
— =0
ox, (1
1op 1 0 u;
R (ul—pu/u;’)+ﬁl
dx;
()
where u; and u; (i, j = 1, 2, 3) are the time-averaged

0u; ou;

— +u, - I
or 0x;, pdx pox;

7

components of the velocity vector in the three direc-
tions of the 3D Cartesian coordinate system; x; and
x; are the velocity component-based coordinates in
the three directions; ¢ is time; p is density; p' is the
dynamic fluid pressure; u is the dynamic viscosity

coefficient of fluid; —pu;#; is Reynolds stress; 1y, is
the force on the unit volume of the propeller.

In addition, the two-equation eddy-viscosity k- w
model is chosen to serve as the turbulence model in
this paper ['31.

The so-called body-force method is to add a sim-
plified cylindrical area at the stern of a ship to re-
place the propeller and add a body-force term f;; to

the right end of the momentum equation to generate
the corresponding force and moment for the propel-
ler. In this paper, an improved body-force model,
the modified Osaka University method (MOUM) (¢
will be employed. This is a blade element-momentum
theory (BEMT) considering the viscous effect of a
3D propeller, and it takes the instantaneous speed at
the propeller disk at the current time as the advance
speed of the propeller during iterative calculation.

1.2 Free surface capturing

In this paper, the single-phase Level-set method
will be employed in the simulation to capture the
change in the free surface. In ship and marine engi-
neering studies, the mutual transformation between
the water phase and the gas phase is generally not
considered, that is, no mass conversion at the two-
phase flow interface, and the density and the viscos-
ity of air are much smaller than those of water.
Therefore, the impacts of air density and viscosity
can be ignored in simulation so that the single-
phase Level-set method can be employed for solv-
ing. The distance between an arbitrary point in the
flow field and the free surface is defined as ¢, and
the free surface can then be expressed as ¢ = 0. The
Level-set equation is expressed as 4

3¢ ~
S, TYVe=0 3)

where v is the velocity vector. ¢ = 0 represents the
free surface, ¢ > 0 and ¢ < 0 indicate the cases in air
and in water, respectively.

1.3 Wave-making and wave-eliminating
methods

In the HUST-Ship solver, the velocity boundary
wave-making method "Swill be utilized to generate
target waves. When the target waves to be simulated
exhibit a wavelength of 4 and a wave height of 4,
the change /(¢) in the free surface at the entrance is

I(1) = Acos(kx, —wt+¢) (4)

The corresponding velocity components on the

velocity boundary are

coshk(x; +d)
= A _—_— S ) —_
=Aw—c- "7 costkx, —wt+9)  (5)
f. hk 3 d .
iy = A SIS H D) G ki —witg)  (6)

sinh kd
where 4, k, , and ¢ are the amplitude, wavenum-

ber, circular frequency, and initial phase of the sub-
component regular waves, respectively; d is the wa-
ter depth; x,/x; and u,/u; are the coordinates and ve-
locity in the first/third coordinate direction, respec-
tively. To reduce the impact of wave reflection on
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the simulation results in the course of wave elimina-
tion, this paper will employ two methods, namely
grid attenuation and momentum-based wave elimi-
nation.

1.4 PI speed controller

In self-propulsion control, the proportional inte-
gral (PI) speed controller is a method to directly
match the propeller's rotational speed by free direct
navigation %1 and its principle is to control ship
speed with the PI regulator to meet the set value, i.e.,

n:Pe+IIedl‘ (7
where n is the propeller's rotational speed; P is the
sip 18 the differ-
ence between the target speed u, and the actual

proportional coefficient; e = u,—u
ship speed ug,,; I is the integral coefficient.

In the self-developed software HUST-Ship, the
values of P and / will be given at the initial moment
of calculation. Then, they vary with each calcula-
tion time step until the target speed is reached and
force balance in the direction of the ship's length is
achieved. The rotational speed matching under the
self-propulsion point is now completed.

2  Operating conditions and grids

2.1 Operating conditions in simulation

The ship model and the propeller model simulat-
ed in this paper are KCS with rudder and the KP505
propeller, respectively, and the scale ratio is 1:37.89.
The experimental data on the open water, resis-
tance, self-propulsion, and head-wave motion re-
sponse of the model are all from the Tokyo 2015
workshop 71, According to the experimental operat-
ing conditions of the Tokyo 2015 workshop, the
CFD simulation conditions (2-DoFs) are set as
shown in Table 1. In the table, L,, is the length be-
tween the perpendiculars of the ship; the ship speed
corresponding to the Froude number F, = 0.26, as
well as the rotational speed of self-propulsion in
waves, can be matched by the PI speed controller.

2.2 Structured overset grids

In this paper, structured dynamic overset grids
will be used and processed by the self-developed
overset grid program HUST-Overset. This program
is grid-point oversetting of structured grids and in-
volves three steps, namely, digging holes, finding
points, and identifying contributory units. Specifi-
cally, holes are dug by a hole mapping method
based on uniform Cartesian coordinate grids; then,

Table 1 Parameter setting for operating conditions in
CFD simulation

Number of operating Wavelength Wave height Propulsion
condition in simulation /L, AIL,, model
1 Still water Still water
2 0.65 0.0108
3 0.85 0.0142 w/o
4 1.15 0.0192
5 1.95 0.0325
6 0.65 0.0108
7 0.85 0.0142
MOUM
8 1.15 0.0192
9 1.95 0.0325

the data structure based on the alternating digital
tree (ADT) is taken to find contributory units for
the interpolation points, and the relationships of the
contributory units with the interpolation points can
be obtained by tri-linear interpolation ['3-1°],

Overset grid technology is able to decompose a
complex object into several simple parts, divide
grids on each part separately, and then embed the
grids on each part into the background grids. For ex-
ample, regarding the complex KCS surface in this
study, grid division can be conducted separately on
the main hull, the stern, and the rudder, and the
grids are then spliced into the whole-ship grids, as
shown in Fig. 1. When multiple sets of mutually-
unrelated grids cover the entire computational do-
main, overlapping parts occur among the various
sets of grids. In this case, the grids outside the com-
putational domain shall be dug out by hole digging,
and an interpolation relationship can then be built
for the remaining grids in the overlapping areas.
Therefore, data can be exchanged among the vari-
ous sets of grids through overlapping areas, thereby
solving the entire computational domain; As a re-
sult, overset grids exhibit the advantages of high ef-
ficiency in grid generation, strong wall simulation
ability, and effectiveness in dealing with complex
spatial geometric models. To capture the fine flows
around the hull and the propeller, the grids shown
in Fig. 1 are densified significantly. Free densifica-
tion according to specific needs is also an advan-
tage of overset grids.

3 Analysis of simulation results

3.1 Simulation of towing in waves

Specifically, the constrained KCS model was sim-
ulated in regular head waves according to the test
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(a) Surface grids and volume grids on main body of hull

Fig. 1

conditions provided by the Tokyo 2015 workshop ['*],
with the results shown in Fig. 2. Two DoFs, heave
and pitch, were released in the simulation; the wave-
length of regular waves falls within 0.65L,-
1.95L,,;
1/60). Fig. 2 compares the time-history curve of

the steepness is a constant value (4/1 =

wave height at x;, = 0 obtained by CFD simulation
with the curve of the EFD theoretical value under
four wave conditions. Visibly, the two are almost
identical.

Then, according to the uncertainty protocols rec-
ommended by the international towing tank confer-
ence (ITTC), uncertainty analysis of resistance coef-
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£
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>
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(a) Under a wavelength of 0.65 L, (operating condition 6)

Hull volume grid

Densified
grid 1#

(b) Detailed surface grids and volume grids on stern

Structured overset grids in operating condition of self-propulsion with discrete propeller

ficient Cy, heave transfer function 7F;, and pitch
transfer function 7F; under the condition of a wave-
length of 1.95L,,, was performed. The results of un-
certainty analysis under different grids and different
time steps are shown in Table 2, and the verification
results based on the experimental data are reported
in Table 3. In the two tables, r; and r; are the re-
spective refinement rate for the grid and the time
step; Sg1/Sq2/Sgs and St,/Sr,/St; are the uncertainty
analysis results for sparse/medium/dense grids and
the sparse/medium/dense time step, respectively;
U and U; are the uncertainty of the grids and the
time step, respectively; Ugy is the numerical uncer-
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0.02
0
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—=0.04
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(b) Under a wavelength of 0.85 L, (operating condition 7)
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Fig.2 Comparison between simulation results and theoretical results of regular wave
Table 2 Results of uncertainty analysis under different grids and time steps
Results Results
TG (Us ! D) /% ry (Ur/ D) /%
SGl SGZ SGS STI STZ ST3
C, 10.542 11.811 11.999 4.04 10.552 11.811 11.914 0.29
TF, V2 0.922 0.935 0.938 1.12 2 0.920 0.935 0.942 1.42
TF 1.136 1.111 1.107 0.95 1.131 1.111 1.103 1.20
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tainty; Up is the experimental uncertainty; Uy, is the
verification uncertainty; D is the experimental data.
The analysis results show that the comparison er-
rors E are all smaller than the verification uncertain-
ty Uy, which means that the numerical calculation
results are verified at the Uy, level. Under this wave
condition, the error between the motion response

predicted by simulation and the experimental result
is not larger than 1%. Fig. 3 shows the simulation
and experimental curves of heave and pitch motion
responses. Evidently, the simulation errors are all
below 5%, indicating that HUST-Ship can accurate-
ly predict the motion of ships in waves.

Table 3 Validation results based on test data

(Us ! D) % (Uy/ D) 1% (Usn/ D) 1% (Up ! D) % (Uy 1 D) 1% (E1D) 1%
e 4.04 0.29 433 8 9.10 8.94
TF, 112 1.42 2.54 4 474 037
17, 0.95 1.20 215 4 454 0.65
SR 15

= og| ¢ EFD . . — T 5| e EFD
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e

(a) Heave response curves

Fig.3 Simulation curves and test curves

3.2 Simulation of self-propulsion in waves

This section presents the simulation of self-
propulsion in waves under four wave conditions. In
particular, the self-propelled model releases three
DoFs, i.e., heave, pitch, and surge, takes the target
speed of 2.017 m/s as the control object, and adopts
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(c) Under a wavelength of 1.15 L (operating condition 8)
Fig. 4

(b) Pitch response curves

of heave and pitch motion responses

the PI control method to match the propeller's rota-
tional speed corresponding to the target speed. Fig. 4
shows the time-history curves of the propeller's rota-
tional speed and those of the relative ship speed of
the KCS ship model in the course of self-propulsion
in head waves simulated under different wave con-

ditions.
12, 125
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(d) Under a wavelength of 1.95 L (operating condition 9)

Curve of propeller's rotational speed and ship speed curve of KCS ship model in self-propulsion under different wave conditions
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Fig. 5 compares the motion response curves of
the two different simulation methods, namely, the
self-propelled model and the restrained model in
waves. Clearly, compared with the restrained mod-
el, the self-propelled KCS model provides smaller
values of the transfer functions for the ship motion

K10

z ( .

2 08

Q

g 06

‘g 0.4 —e— Constrained model

§ 0.2 —e— Self-propelled model
g 0 A . A A |
ke 0.6 0.9 1.2 1.5 1.8 2.1

ML

e

(a) Heave response curves

responses in head waves. Nevertheless, the devia-
tions are below 5%. Hence, the influence of the pro-
peller on the ship's motion amplitude is insignifi-
cant. The above results verify the rationality of tow-
ing tests in predicting the motion responses of self-
propelled ships in waves.

=

5 12

S 09

2 06

5

Z 0.3 —e— Constrained model

g 0 —e— Self-propelled model
g —0.3 L L L L )
= 0.6 0.9 1.2 1.5 1.8 2.1
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(b) Pitch response curves

Fig. 5 Heave and pitch response curves of self-propelled and constrained models in waves

The simulation results of wave-added resistance
and self-propulsion in waves are presented in Table 4,
where AR is the wave-added resistance and Q is the
propeller torque.

Table 4 Simulation results of wave-added resistance and
self-propulsion in waves

ALy, ARIN OHN'm) n/ (rs™)
Still water 0 2.049 12.021
0.651 2.129 2325 12.754
0.851 10.8 2.41 13.092
1.15 45.556 3.474 15.227
1.951 15.905 2.555 13.475

For a detailed analysis of the factors affecting the
power gain of a ship in waves and their proportions,
the logarithmic analysis method P'will be em-
ployed in this paper to analyze the ship's propulsion
efficiency # = Ru/2nnQ, that is, to quantify the con-
tribution percentages of wave-added resistance R,
ship speed u, and propulsion efficiency # to the re-
serve power of self-propulsion in waves, 2nnQ. The
details are as follows
_ & _Rv-R N Uy,

R oW Uewy

Mg “to | (1Q)y ~ Q).
(nQ).,

(3)
where subscripts w and cw stand for the operating
conditions of waves and still water, respectively.
Since ship speed is taken as the control object of the
simulation, the average end-state ship speed is u,, =
Ugy-

A comprehensive consideration of Eq. (7) and the
simulation results in Table 4 indicates that the pow-
er gain of the KCS ship model during self-propul-

sion in waves is primarily caused by two factors,

propulsion efficiency and wave-added resistance. In
particular, their contributions to the power gain ac-
count for 23%-26% and 74%-77%, respectively. In
other words, the reserve power is mainly caused by
wave-added resistance, which is in turn largely in-
duced by ship motion. Therefore, reducing wave-
added resistance by mitigating ship motion is the
most effective means to lower the power gain in
waves.

4 Conclusions

In this paper, on the basis of the KCS ship model
and the KP505 propeller model, the self-propelled
motion of a ship in waves was solved by coupling
the self-developed URANS solver HUST-Ship with
the self-developed structured dynamic overset grid
code HUST-Overset. In addition, the URANS meth-
od was used for the CFD simulation of a ship's free
direct navigation in waves. The following conclu-
sions were drawn.

1) The comparison between the CFD results and
the EFD data verifies the reliability of coupling
HUST-Ship with the overset grid code HUST-
Overset to solve the motion responses of a ship in
waves.

2) According to the results of motion responses
in waves simulated by the self-propelled model and
the restrained model, the self-propelled model pro-
vides smaller transfer function values for the ship's
motion responses. Nevertheless, the deviation is
lower than 5%. Therefore, the propeller has a minor
impact on the ship's motion responses, and the ratio-
nality of conducting towing tests to predict the mo-

tion responses of a self-propelled ship in waves is
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thereby verified.

3) The power gain of a ship in waves is mainly

caused by two factors, propulsion efficiency and

wave-added resistance, and the contribution of the

latter is larger.
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