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Abstract

Numerical wave tank is established on the basis of computational fluid dynamics (CFD) method,
and numerical computation and simulation are conducted for the motion state of ships in waves.
Comparison validation is carried out between the computation results and experimental data of ships,
and they are in in good agreement. A numerical simulation method for ships sailing in waves is deduced;
the hydrodynamic force borne by Yu-Kun and the moving posture of the ship in heading waves under
different navigational speeds are computed. According to the research, numerical simulation based on
numerical wave tank can be realized and controlled more easily when compared with the test. Able to
gain the trim angle and squat of ships sailing in heading waves, it has extensive application values for

drivers to master the keel clearance.
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1. Introduction

In recent years, with the rapid development of
computer technology, the application of computation-
al fluid dynamics (CFD) and computer technology
have also developed quickly, and it has gained rapid
expansion to simulate and compute the motion state
of ships by utilizing computational fluid mechanics.
With the continuous expansion and application of
CFD of ships, numerical wave tank (NWT) [1] tech-
nology has also made a progress. Numerical wave
tank can carry out motion simulation studies for ships
in waves by simulating physical tank.

Compared with physical tank, numerical wave
tank has advantages of low cost, non-contact flow
field measurement and scale-free effect; besides, it
can eliminate the influence of sensor size and model
deformation on the flow field in physical model ex-
periment, and acquire detailed flow field information.
Therefore, it has drawn much attention and its appli-
cation range has become wider and wider [2-4]. It has
provided an important new approach for hydrody-
namic performance studies of ships. In recent years,
it has become a focused issue for domestic and over-
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seas researchers to study hydrodynamics of
ships via numerical simulation method based
on numerical wave tank technology, and an
important research progress has been made in
the aspects of ship maneuverability, rapidity
and ship performance prediction in waves [5-
10]. However, different researchers will use
different computational methods and realiza-
tion means. Some of them are not systematic
and comprehensive enough due to the sim-
plification of the issue, some researches need
to be further improved, and the computation
results of some researches should be verified
and analyzed. Due to the importance of hy-
drodynamic performance and motion predic-
tion of ships in waves, targeted, detailed and
systematic study is still required. Only in this
way, can the squat of ships in waves be accu-
rately predicted.

In this paper, systematic numerical simu-
lation study will be conducted for the motion
of ships in regular waves on the basis of nu-
merical wave tank technology. Firstly, a wave

No. 7— 2015




Engineering science

environment expression method for numerical sim-
ulation of the ship sailing in waves is derived, so as
to successfully simulate the regular waves and verify
the effectiveness of wave absorbing. Secondly, mov-
ing postures of the ship sailing in waves under differ-
ent navigational speeds are simulated and computed
in numerical wave tank, especially the rolling angle;
besides, contrastive analysis is made with relevant
test data in [11]. Finally, the heaving and pitching
motions of the ship model in regular heading waves
are simulated and predicted, and squat of the ship in
waves of different parameters is worked out.

2. Numerical tank

2.1 Control equation

Based on viscous flow CFD theory and multiphase
flow theory, a three-dimensional numerical wave tank
similar to physical test tank is established. In a cuboid
shape, the upper part of the tank is air and the low-
er part is water. In this paper, a reference coordinate
system fixed on the ship and sailing steadily with the
ship is used to simulate and compute the hydrody-
namic force borne by the ship in waves. As for the
flow field, continuity equation and NS equation are
set as control equations.

(1

2

Based on viscous flow CFD theory and multiphase
flow theory, a three-dimensional numerical wave tank
similar to physical test tank is established. In a cuboid
shape, the upper part of the tank is air and the low-
er part is water. In this paper, a reference coordinate
system fixed on the ship and sailing steadily with the
ship is used to simulate and compute the hydrody-
namic force borne by the ship in waves. As for the
flow field, continuity equation and NS equation are
set as control equations.

In the formula, », refers to the velocity compo-
nent of fluid particle at i direction; f, means the
mass force; S, indicates the additional momentum
source term; P denotes the fluid pressure; p signi-
fies the fluid density, defined as »=2 4,0, in which the
volume fraction; a, means the ratio between the fluid
volume of phase ¢ and the total volume in the unit
and iaq =1; u is the dynamic viscosity coefficient of
phas€' volume fraction average, defined as the same
form of density.

The change of free surface in the tank is simulated
via VOF (volume of fluid) method, i.e.
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In the formula, g, and a, refer to the volume frac-
tions of air phase and water phase respectively. When
a, =0.5, it is the free surface.

2.2 Numerical wave generation and wave ab-
sorbing technology

In order to predict the hydrodynamic force and
motion of ships sailing in waves, the wave environ-
ment that meets computing requirements should be
simulated at first. In another word, numerical wave
generation should be realized in the tank. In numer-
ical simulation of this paper, direct input method is
adopted. In other words, the fluid flow velocity func-
tion is given at the entrance boundary, so as to realize
wave generation; this method is simple and feasible.
According to linear wave theory, the wave equation
and velocity field of regular waves in deep water are
as follows:

4

&)

In the formula, £ means the wave amplitude; &
refers to the wave number; «, denotes the circular
frequency of waves. ox, oy and oz are defined as
length direction (the direction that the wave advanc-
es) of the tank, width direction of the tank and water
depth direction respectively. Wave generation in the
tank is realized by simulating the flexible wave plate
movement at the entrance boundary of the tank, i.e.
giving the velocity distribution of fluid particles.

2.3 Expression of waves under reference coor-
dinate system

Suppose that the incident wave faces the ship
along the direction of axis. Based on wave theory,
the velocity potential of the incident wave in fi-
nite depth water under the fixed coordinate system
0, —xyx 1s:

(6)
In the formula, H is the water depth of the tank;

A, meets the relational expression

According to coordinate transformation, when
the ship direction of incident wave and axis form the
angle of #, the velocity potential can be expressed
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as:

(7)

The coordinate system o-x'y’z’ fixed on the ship

and sailing steadily with the ship under U is set as

reference coordinate system, and coordinate trans-

formation between reference coordinate system and
fixed coordinate system is expressed as:

®)
Formula (8) is substituted into formula (7), and the
velocity potential of incident wave under o —x'y'z' is

)

Where the encounter frequency w, = @, — kU cos

The expression of wave surface in the tank is
1 =¢,cos(k(x'cos S+ y'sin f)—a,t) .

Velocity expression of fluid particle under
reference system is

(10)

2.4 Ship motion in waves

When the ship sails in waves, the ship motion and
surrounding three-dimensional flow can realize cou-
pling. According to motion theory of ships in waves,
the force and moment of force borne by the ship in
the tank are:

(11)
(12)

In the formula, £ and M, are external force and
moment of external force borne by the ship respec-
tively; [r] refers to the shear stress component; p
means the fluid pressure; n represents the outer nor-
mal direction of hull surface; m indicates the ship
model mass; . denotes the coordinate vector of the
ship model mass center and the subscript C means
the mass center; » signifies the coordinate vector of
any point on the hull surface; g means the accelera-
tion of gravity.

According to Newton’s second law, theorem of
motion of mass center and theorem of moment of mo-
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mentum centering on mass center are adopted. Thus
the six degrees of freedom kinematics equation of the
ship is

(13)
(14)

In the formula, v. means the linear velocity vec-
tor component of the ship; [/.] refers to the inertia
component; «, signifies the angular velocity vector
of ship rotation. After the external force and moment
of external force acting on the ship are gained, veloc-
ity and angular velocity of ship motion can be solved
through formula (13) and formula (14).

When the ship moves in the flow field, the hy-
drodynamic force of fluid on the ship will drive ship
motion. In return, the ship motion will affect the sur-
rounding flow field, and these two can realize cou-
pling.

3. Model and grid

3.1 Establishment of computational domain
model

On the premise of meeting the test requirements,
relative motion coordinate system was adopted in set-
ting of computational domain [5]. The length, width
and height of computational domain were set as 3.5L,
2.6L and 1.1L. The distance between the inlet and
bow was 1L, the distance between the outlet and bow
was 1.5L, the distance between mid-ship section and
left and right boundaries was 1.3L, and the distanc-
es between free surface and up and down boundaries
were 0.1L and 1L, as shown in Figure 1

Figure 1.The computational domain model

3.2 Brief introduction to “Yu-Kun”

The teaching-training ship of Dalian Maritime
University, “Yu-Kun” was set as numerical simula-
tion test object of this paper. Main parameters of “Yu-
Kun” are presented in Tablel:
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Table 1. The main parameter of “Yu-Kun”

Main Features Real Vessel Model
Length overall (m) 116 232
Designed waterline length (m) 106.5 213
Length between perpendiculars (m) 105 2.1
Ship width (m) 18 0.36
Molded depth(m) 8.35 0.167
Designed draft d(m) 54 0.108
Block coefficient Cp 0.56 0.56

3.3 Establishment of hull model and rudder
model

When models were established, solid modeling
was adopted for both hull and rudder. Hull model and
rudder model were established separately.

N

After the models were established, bulk treatment
was conducted according to the actual relative posi-
tions of hull and rudder.

Figure 2. The 3D geometry model of hull and rudder by “Yu-Kun”

The structured hexahedral grid was adopted for
partitioning of “Yu-Kun” hull grid and rudder grid.
Partitioning of hull grid and rudder grid was treated
separately.

The structured grids shown in Figure 3 were
gained, and the number of hull surface grids is 22,540.

Figure 3. Girds on hull

Overset grid completed transfer of flow field infor-
mation through interpolation boundary (pore bound-
ary), so body-fitted grid generation treatment should
be conducted for grids on hull and rudder surface.
In order to increase the overset grid quality, hull and
rudder were made to form O-type body-fitted grids
through extruding form. According to the Reynolds
number of actual ship, dimensionless distance of grid
wall at boundary layer was set as y+=60, dimension

less grid thickness at the first layer of hull surface was
set as Ayp=2e-6, the growth rate of grids was set as
Ratio=1.25, and there were 45 extrapolation layers.
As for body-fitted grids of rudder, there were 41 ex-
trapolation layers, and other parameters were the sa-
me with hull settings. The number of O-type body-fit-
ted grids on the hull and rudder is 400,050 and 92,742
respectively, as shown in Figure 4.

Figure 4. Body-fitted grids
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Structured hexahedral grid was adopted for grid
partitioning of computational domain. In order to bet-
ter calculate the viscous flow filed around the ship,
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grid refinement treatment was conducted on bow,
stern and free surface, and the number of grids is
727,056, as shown in Figure 5.

Figure 5. Computational grids and Overset grids

After grid generation was completed for hull, rud-
der and computational domain, oversetting should be
conducted for hull body-fitted grids, rudder body-fit-
ted grids and computational domain grids.

3.4 Setting of boundary conditions

The control equation of fluid motion has infinite
possible solutions. For any physical phenomenon, a
complete mathematical model should contain control
equation and corresponding boundary conditions at
the same time. Boundary condition refers to the rule
that the solution variable gained at the boundary of
solution domain or its first-order derivative changes
with position and time. Only by giving reasonable
boundary conditions, can the solution of flow field
be gained. Therefore, boundary condition is the nec-
essary condition that endows CFD problem with a
fixed solution, and all CFD problems have bounda-
ry conditions. Boundary conditions of computational
domain in this paper are inlet, outlet, wall and open
boundaries.

3.5 Boundary conditions and discretization
schemes

In numerical simulation, boundary conditions of
the tank are set as follows: flexible wave plate move-
ment is simulated at the entrance, and velocity dis-
tribution is set according to formula (11); the navi-
gational speed is set at the entrance boundary in the
form of fluid velocity; the outlet boundary is set as
outflow boundary condition; the top and bottom of

(a) H=0.018

(b) H= 0.028 (c)

the tank are set as velocity boundary condition,
and the left side and right side are set as symmetry
boundary condition. In order to solve the control
equation, discretization should be conducted for the
control equation. The discretization method adopted
by FLUENT is finite volume method. In this paper,
the control equation in the flow field is solved on the
basis of FLUENT solver. Moreover, transient term in
second-order implicit discrete momentum equation is
adopted, and second-order upwind discrete convec-
tive term and diffusion term are used. Pressure — ve-
locity coupling is solved with iterative computation
by applying SIMPLE method. By compiling user
defined function (UDF), numerical wave generation,
wave absorbing and velocity boundary setting are re-
alized in FLUENT software.

4. Numerical simulation results and analysis

4.1 Numerical simulation of regular waves

In this paper, simulation and verification are con-
ducted for generation and spreading of regular waves
with the cycle of 7=1.0s and wave amplitude of
H=0018 , H=0.028and H =0.038 in numerical
wave tank. In the simulation process, monitoring
points of wave height are set in the tank, and the
time-dependent duration curve of wave surface can
be gained .After simulation and computation for a
certain period, the simulated regular waves almost
reach a steady state and the wave amplitude is identi-
cal with the given wave amplitude.

H=0.038

Figure 6. Duration curve of wave surface
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4.2 Rolling computation of Yu-Kun

Numerical simulation based on numerical wave
tank technology can solve the complicated hydrody-
namic force problem of ships, and the prediction re-
sult can be included in factors like fluid viscosity and
nonlinearity. In order to compute the motion of ship
model in waves, the wave force and moment of force
borne by the ship should be gained at first. The roll-
ing and pitching angles of the ship in waves are relat-
ed to factors like intrinsic rolling period of the ship,
intrinsic pitching period, wave height, wave length,
wave frequency, and wave direction angle. The ratio
between wave height and wave length is called wave
steepness. The rolling angle of the ship is different
under different wave steepness values. Another factor
that influences rolling angle of the ship is the ratio be-
tween the encounter wave period and intrinsic rolling
period of the ship in waves. When the encounter wave
period is nearly 2 times more than intrinsic rolling pe-
riod of the ship, rolling angle of the ship is the largest.
In this paper, rolling angles of the ship under diffe-

(@) S, =0.03

() S, =0.05

rent wave steepness values and encounter wave peri-
ods are simulated via CFD. Besides, a comparison is
made with experimental results in literature [12]. See
Figure 7 for the comparison results.

According to Figure 5, when the steepness values
are 0.03, 0.05 and 0.07, computation results of this
paper fit the experimental data in literature [12] well.
Under different steepness values, the computation
results are almost identical with the experimental
data in literature [12]. In another word, when the
encounter wave period is nearly 2 times more than
intrinsic rolling period of the ship, rolling angle of
the ship is the largest. When the wave steepness is
0.03, and the ratio between the encounter wave period
and intrinsic period is smaller than 1.83 and greater
than 2.07, the ship cannot reach a stable rolling state
and the rolling angle approaches 0 in a certain period.
When the wave steepness values are 0.05 and 0.07,
similar situations occur during simulation. Therefore,
numerical simulation based on CFD method can be
expanded, and the prediction results based on CFD

(¢) S, =0.07

Figure 7. Maximum value of rolling of the ship under different wave steepness values

will be more accurate. Besides, the interaction among
incident wave, wave making of ship model sailing,
and wave making of radiation can be reflected. Mean-
while, the wave surface is stable and smooth in wave
absorbing area of the tank, showing the effectiveness
of wave absorbing.

4.3 Motion simulation and computation of
ships sailing in heading waves

In numerical simulation for the ship motion in

(@) H=0.018

(b) H=0.028

regular heading waves, this paper mainly considers
heaving and pitching motion modes (the two motions
of heaving and pitching are given). Of course, the
prediction method of this paper can be easily expand-
ed and applied to the six degrees of freedom motion
computation of ships in waves.

(¢) H=0.038

Figure 8. Maximum value of rolling of the ship under different wave steepness values
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Figure 8 presents the amplitude changing curve
of heaving motion of Yu-Kun ship model sailing in
regular heading waves under different navigational
speeds. According to the figure, under different wave
heights, the changing trend of the heaving motion
amplitude with the ratio between wave length and

(@) H=0.018

(b) H=0.028
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ship length is almost consistent. When the ratio be-
tween wave length and ship length is 1.2-1.5, heaving
amplitude of the ship is the greatest. When the ratio
between wave length and ship length is smaller than
0.5, vertical squat of the ship is the smallest.

() H=0.038

Figure 9. Pitching amplitude of the ship under different wave heights

Figure 9 presents the amplitude changing curve
of pitching motion of Yu-Kun ship model sailing in
regular heading waves under different navigational
speeds. According to the figure, under different wave
heights, the changing trend of the pitching motion
amplitude with the ratio between wave length and

(a) H=0018

(b) H=0.028

ship length is almost consistent. When the ratio be-
tween wave length and ship length is 1.2-1.5, pitching
amplitude of the ship is the greatest. When the ratio
between wave length and ship length is smaller than
0.5, pitching of the ship is the smallest.

() H=0.038

Figure 10. Squat of the ship under different wave heights

Squat of the ship in waves is related to heaving and
pitching motions of the ship. According to the com-
putation results, heaving motion and pitching motion
of the ship happen at the same time. When pitching
reaches the maximum value, the heaving amplitu-

(a) H=0018

(b) H=0.028

de is often the smallest; when heaving reaches the
maximum value, the pitching amplitude of the ship
approaches 0. The overall squat of the ship is the su-
perposition of heaving value and the increase value
of ship draught caused by pitching at the same time.

(¢) H=0.038

Figure 11. Free surface waveform with different wave heights
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Figure 11 is the cloud picture for free surface
waveform of Yu-Kun ship model sailing in regular
heading waves under different wave heights. The in-
teraction among incident wave, wave making of ship
model sailing, and wave making of radiation can be
reflected.

5. Conclusion

Numerical wave tank is established on the basis of
CFD method, and systematic numerical computation
and simulation are conducted for the motion state of
ships sailing in regular waves. Firstly, a wave environ-
ment expression method for numerical simulation of
the ship sailing in waves is derived, so as to simulate
and verify generation, spreading and wave absorbing
of regular waves in numerical wave tank. Secondly,
the rolling angle of Yu-Kun ship model sailing in
regular heading waves under different navigational
speeds is simulated and predicted in numerical wave
tank. Finally, the heaving and pitching motion modes
of the ship sailing in heading waves are predicted.
CFD numerical computation results of this paper are
compared with corresponding experimental data, and
they are in good agreement. According to the system-
atic research and computation for the hydrodynamic
force and motion of the ship sailing in heading waves
via numerical wave tank based on CFD method, nu-
merical simulation of this paper can accurately reflect
the interaction among incident wave, wave making
of ship model sailing, and wave making of radiation,
and gain precise prediction results. Thus its appli-
cability and feasibility of predicting ship motion in
waves in numerical wave tank are verified. Compared
with physical model test, method of this paper is more
convenient and efficient; moreover, it has advantages
of scale-free effect, low cost, easy measurement and
control, and ability to gain detailed flow field infor-
mation around the ship. Therefore, this method plays
an important role in analytical investigation of hydro-
dynamic performance and motion prediction of ships
in waves, and has broad application prospects in hy-
drodynamic research of ship and ocean engineering
structures.
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Measurement of Industrial Alcohol Concentration Capacitance
Method and ATA-GA Nonlinear Correction
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Abstract

For the nonlinear output of capacitance sensor in the process of measuring industrial alcohol concentration
and the lack of traditional genetic algorithms for nonlinear fitting, Propose an improved immune genetic
algorithm. This approach combines the advantages of the artificial immune algorithm(AIA) and a genetic
algorithm(GA) in the global search ability and convergence efficiency, introduce improved artificial immune
mechanisms in genetic algorithms, to overcome its inherent precocity, low efficiency inadequate. Experimental
results show that, compared with traditional methods, this method can effectively eliminate the influence of
non-target parameter to sensor output, deal with the nonlinear problems efficiently .

Key words: CAPACITANCE METHOD, INDUSTRIAL ALCOHOL CONCENTRATION, GENETIC
ALGORITHM, ARTIFICIAL IMMUNE ALGORITHM.

1. Introduction

Industrial alcohol is the basis of organic chemi-
cal raw materials and high-quality fuel, widely used
in printing, electronics, hardware, spices, chemical
synthesis, etc. Different areas of industrial alcohol
concentration requirements vary, and accuracy re-
quirements are high, detection of industrial alcohol
concentration in general use of alcohol meter testing,
the principle is in accordance with the solution den-
sity is detected, the method error is large, the accura-
cy is relatively limited. Because of the advantages of
simple structure, high accuracy, fast response, and so
on, the capacitance method has been widely used in
the on-line detection of liquid [1].
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As same as other sensors, capacitance method is
also a serious problem with the nonlinear output[2].
Genetic Algorithm (abbreviated GA) as a traditional
nonlinear global optimization method, the main fea-
ture is not dependent gradient information, especially
for dealing with complex issues and problems in non-
linear. But it is easy to premature convergence to lo-
cal optima, and the phenomenon of "premature"[3].
Artificial immune algorithm (AIA) is the function of
the reference biological immune system, AIA based
on the concentration of antibody breeding strategy
can effectively maintain the diversity of the popula-
tion. In this paper, we introduce the relevant steps of
AIA into GA algorithm, and make corre sponding
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