NUMERICAL INVESTIGATIONS OF OBLIQUE TOWING TESTS FOR KCS UNDER DIFFERENT DRIFT
ANGLES

Luyi Xie and DechengWan"
Computational Marine Hydrodynamics Lab (CMHL), State Key Laboratory of Ocean Engineering,
School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai, China
“Corresponding author: dewan@sjtu.edu.cn

1. ABSTRACTAND INTRODUCTION

It is a common method to calculate the derivative of ship's
hydrodynamic through the model towing experiment.
Using CFD method to accurately simulate the model
oblique towing can reduce the cost and period of the
calculation of the derivative of ship's hydrodynamic force.

1.1 Abstract

The simulation results in this paper are calculated using
naoe-FOAM-SJTU, a hydrodynamic solver for ships and
ocean engineering. The two-phase incompressible RANS
equation and SST k- turbulence model were adopted. The
VOF method was used to capture the free surface. The
overset grid method was used to humerically simulate the
KCS ship model oblique towing conditions at fixed speed
and different drift angles. Various hydrodynamic and
detailed flow field information at different drift angles are
obtained. The simulation results show that the ship's
resistance, lateral force, turning moment (moment around
z-axis) and roll moment (moment around Xx-axis) are
positively related to the drift angle of the ship's model. The
free surface wave becomes more severe as the drift angle
increases. The wave surface elevation and sinking nearby
the bow will be much larger than in other areas, and
obvious wave breaking phenomenon can also be observed.

1.2 Instruction

The solver used in this paper is naoe-FOAM-SJTU, which
was developed by the CMHL research group of Shanghai
Jiao Tong University, and is mainly oriented to various
practical problems in ship and ocean engineering. At
present, it has been widely used in various working
conditions.

Zhirong Shen[1] combined the source code of OpenFOAM
and the dynamic overlapping grid technology, and added
the overset grid function to nace-FOAM-SJTU to realize
the calculation function of large-scale object movement. In
the KCS ship model Fr = 0.26, The solver is used in the self
propulsion. The results of the free surface wave height, the
resistance of the ship and the speed of the ship are in good
agreement with the experiments. Based on this, a standard
10/10 zig-zag maneuver and a modified 15/1 zig-zag
maneuver, also achieved good calculation results. Qingjie
Meng[2] used the naoe-FOAM-SJTU solver to carry out

numerical simulation of the oblique towing test of the
KVLCC2 hull shape at different drift angles. The deep and
shallow water are performed separately. Numerical solution
of viscous flow field around the hull under two conditions.
The bottom suction effect of the hull under shallow water
conditions was simulated, and a lot of information about the
flow field around the hull was given. The hull
hydrodynamic changes at different drift angles and different
water depths were analyzed. Jianhua Wang[3] used
naoe-FOAM-SJTU to numerically simulate the oblique
towing test of a ship type under 6 drifting angles (2<4<6<
8< 105 and 129. k-w SST model was used to accurately
predict the hull lateral forces and turning moments under
oblique towing conditions, and the predicted hydrodynamic
derivatives are in good agreement with the experimental
results, verifying that naoe-FOAM-SJTU is reliable for
numerical ~ simulation of static drift tests.The
naoce-FOAM-SJTU also has high accuracy in the pure yaw
and pure sway tests. For example[4], the pure sway and
pure yaw tests of the standard ship model DTMB5415 is
simulated, this paper uses overset grid technology. The
relevant hydrodynamic derivatives of the numerical
prediction are obtained through the least squares regression.
The error of the linear derivative is within 10%, and the
prediction error of the nonlinear hydrodynamic derivative is
within 20%, which has reached the international equivalent
level of forecast. Chenguang sun[5] wused the
naoe-FOAM-SJTU solver and adopted the overset grid
technology to perform a numerical simulation of the
emergency stopping maneuver of K\VLCC2 model. The
results show that the error between the numerical prediction
result and the relevant test data is within 5%. Prove the
reliability of using nace-FOAM-SJTU solver on the
problem of ship stopping and maneuvering. Cong Liu[6]
carried out numerical simulation of the DTC ship's heave,
roll and trim motions in the oblique waves. The calculation
is also performed using the overset grid method, combined
with the open source library wave2Foam to generate the
required wave conditions. It is found that the results of the
average longitudinal and lateral drift forces reach their
maximum values at headings of 60° and 90°, respectively.
The results of ship motion indicate that the heave and pitch
motions are mainly determined by the wave frequency.
Jianhua Wang[7] used naoe-FOAM-SJTU to conduct a
standard 10/10 zigzag maneuver numerical study on the
twin-screw fully appended ONR Tumblehome ship model.
It was found that during the zigzag maneuver in the waves,
the hydrodynamic load had a very significant effect on the
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instability of the freely sailing ship, and the CFD results
obtained were in good agreement with experimental
measurements. The reliability of naoe-FOAM-SJTU in
simulating ship's zigzag maneuvering in waves was
verified.

It can be seen that for a variety of complex ship maneuver
conditions, nace-FOAM-SJTU can obtain satisfactory
results. In this paper, based on the solver
naoce-FOAM-SJTU, the numerical simulation of the static
oblique towing conditions of the KCS ship shape is
performed, and the hydrodynamic coefficient of the ship
model is given according to the calculation results. The
corresponding hydrodynamic derivatives is obtained by
linear regression, The flow field analysis under each
working condition is presented.

2. NUMERICAL METHODS

The governing equation used in this paper is two-phase
incompressible  RANS  equation. The SST kw
two-equation model is used as a supplementary equation,
and the finite volume method is used for discrete. The
unrestricted motion of the ship model in the flow field is
realized using the overlapping grid module in the
independently developed solver nace-FOAM-SJTU.

2.1 Governing Equation

Equation (1) is a continuous equation of fluid, and equation
(2) is a two-phase incompressible RANS equation.
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In the formula, U is velocity , p=1000kg / m3, Pqis the
hydrodynamic pressure, g=-9.81m /s and x=(0,0,1) Tis
the Unit vector, uer = p(v + w) is the effective dynamic
viscosity, where v and vz are kinematic viscosity and vortex
viscosity, and f, is the surface tension term. Since the main
research object is the hydrodynamic force of a ship, the
influence of surface tension can be ignored, so it is taken as
zero.

In order to deal with the low Reynolds number near the
wall and the turbulence area of the principle wall at the
same time, this paper chooses the SST k- model as the
turbulence model, which has the advantages of both the k-¢
model and k-w. Equation (3) is the transport equation of
SST k-co model.
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Where k is the turbulent kinetic energy, which is determined
by equation (4). w is the characteristic turbulent energy

dissipation rate, and the relationship with k is determined by
equation (5). The remaining parameters are determined by a
series of mixing functions, and the definition of some
parameters is determined by equations (4) to (7).
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F1 is a mixed function, which is determined by equation (6):
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The parameter cp; = max{CDkw,lo‘lo} in@©), cp,, is
further defined by equation (7):
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The parameter G in turbulence kinetic transport equation
is defined as G:min(G,cﬂ*kco) , and ¢, =10 ,
G=1$%5=(2S;S;)*2.S is deformation rate of fluid.

The problem studied in this paper is the unsteady two-phase
flow in marine and marine engineering. The VOF method
with artificial compression term in OpenFOAM is used to
capture the water-air interface. And Equation (8) is the
semi-implicit VOF equation .
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Ur is the velocity vector of the compression interface, and
is the volume fraction of the two-phase flow. When a=1
and a=0, they represent the liquid and gas phases,
respectively, and between 0 and 1, the free surface.

2.2 Discrete format

The RANS equation, the turbulence model supplement
method, and the water-air interface capture equation used in
this paper are all discretized using the finite volume method.
The time term uses the first-order implicit Euler format, the
gradient term uses the Gaussian linear interpolation format,
the convection term uses the second-order upwind style, the
diffusion term uses the central difference format, and the
convection term in the VOF equation uses the Van Leer
format to discretize. Speed and pressure are decoupled
using the PIMPLE algorithm. The PIMPLE algorithm is a
combination of SIMPLE and PISO algorithms. Iteratively
corrects a time step multiple times on the basis of PISO, and
takes the last correction result as the initial value of the next
step. Therefore, the PIMPLE algorithm can use a larger
time step for calculation.

3. CALCULATION DOMAIN AND GRID
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The ship shape studied in this paper is a KCS ship model
with a scale ratio of 105. Figure 1 is a schematic diagram of
the ship model.

;__‘

Fig. 1  Ship model

The basic parameters of the ship model are provided by
simman2020, and the specific values are shown in Table 1.

Figure 3 is a grid slice obtained along the longitudinal
section of the hull. It can be seen that the encrypted area is
mainly concentrated around the hull and near the free
surface. A circle of overlapping grids can be seen near the
hull grid. This circle of grids is the key to achieving
unconstrained movement of objects. Fluid information is
transferred between multiple sets of grids.

Table 2  Grid quantity under different working conditions

Drift Grid Free surface Minimum
angle(9 quantity mesh height mesh size
0.3.6.9 3.37TM 0.003125m 0.00625m
12, 15 5.23M 0.003125m | 0.003125m
18 7.69M 0.003125m | 0.0015625m

Tablel KCS model physical parameters

Properties Value

Scale 105
Lop(M) 2.19
Lwi(m) 2.2143
Bu(m) 0.3067
D(m) 0.1810
T(m) 0.1029
Displacement(m?) 0.0449
LCB(%),fwd+ -1.48
Fr 0.216

Fig2 Calculation Domain

Figure 2 is the calculation domain used in the example in
this paper, where the initial point of intersection of the bow
and the waterline in the geodetic coordinate system is
(0,0,0), and the calculation domain range is: -Lyp<x< 3Ly,
~Lop<y<Lpp, ~Lpp=<z=<0.5Lyp. The four sides of the ship are set
as far-field boundaries, and the speed boundary conditions
correspond to zero gradients. To set the study to deep water
conditions, the bottom is also set Is the far field, and the top
is the atmospheric boundary condition.

Fig. 3 Grid Slice iny=0

In order to capture the free surface under different working
conditions, different mesh encryption areas are set
according to different working conditions. The larger the
drift angle, the larger the required mesh amount. Table 2
shows the corresponding amount of grids under different
working conditions. The number of background grids is the
same in all working conditions, which are 1.97M. The
encryption range of the grids under different working
conditions is near the bow.

Fig.4 Girdsliceinz=0

Figure 4 is a grid slice at Z = 0. The basic size of the
body-fitting grid is 0.025m, and the areas A and B in Figure
4 are additional encryption areas at large drift angles. As
shown in Figure 4, under the conditions of drift angles of 12
and 15 degrees, area A is encrypted at level 3 (size
0.003125m), and area B is not encrypted; under conditions
of drift angle of 18 degrees, region A is encrypted at level 4
(0.0015625m in size), and level 3 encryption for region
B.The corresponding y* of the boundary layer around the
hull is 30. The thickness of the first boundary layer is about
0.001m, and the thickness growth rate is 1.2.

4. RESULTSAND ANALYSIS

This section analyzes the calculation results from both the
hydrodynamic and flow fields. Due to the lack of
experimental comparison, the laws obtained from the
calculation results are given from a qualitative perspective.
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4.1 Hydrodynamic results

The hydrodynamic coefficients extracted in this section
include the longitudinal force, lateral force, turning moment
and rolling moment acting on the ship model, which are
expressed by X, Y, N" and K, respectively. N" reference
point is in the midship, K* reference point is on the
waterline.The formula for converting coefficient from
hydrodynamic force is shown in equation (9).
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The hydrodynamic coefficients extracted in this section
include the longitudinal force, lateral force, turning moment
and rolling moment acting on the ship model, which are
expressed by X', Y*, N" and K, respectively. N reference
point is in the midship, K" reference point is on the
waterline. The formula for converting coefficient from
hydrodynamic force is shown in equation (9).Figures 5 and
6 are scatter plots of the longitudinal and lateral forces on
the ship model at different drift angles, and Figures 7 and 8
are the moment coefficients at different drift angles.
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Fig. 5 Force coefficient X

The most direct purpose of the static oblique drag test is to
obtain the required hydrodynamic derivative based on the
hydrodynamic coefficient. This paper has carried out
numerical simulations on seven static drifting conditions.
The variation trend of the four hydrodynamic coefficients
X, Y, K, N™ with respect to the drift angle complies with
the general physical law. According to the mathematical
model of ship maneuverability, it can be obtained that the
resistance, lateral force and turning moment coefficient of
the ship model under the condition of static oblique tow
satisfy the equation (10):

X | Xi+ X,V
YO = YV Y] (10)
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where X is the hull drag coefficient under a straight tow,
a. According to equation (10) and regression analysis of the
data using the least squares method, different hydrodynamic
derivative values were obtained. The values are shown in
Table 3.
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Fig.8 Moments coefficient K

Table 3 Hydrodynamic derivatives

! !

' ’ '
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Present
Results

0.0999 | 0.1304 | 0.931 | 0.106 | 0.0636

4.2 Flow field

Where Figure 9 to 12 shows the free-surface wave wave at
different working conditions drift angles (0 3 6 9 9.
The shape of the wave wave can explain the changes in the
hydrodynamic force of the ship model. As the drift angle
increases, the asymmetry of the waveform and the elevation
and sinking of the free surface become more pronounced.
The bow peak range and height increase, and the starboard
diffraction phenomenon becomes more pronounced. As a
result, the difference in pressure distribution on both sides of
the hull becomes larger, and the forces and moments also
increase with the drift angle.
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Fig. 9 Free surface at drift angle of 0

Fig. 10 Free surface at drift angle of 3<

Fig. 11  Free surface at drift angle of 6°

Fig. 12 Free surface at drift angle of 9°

Fig. 15 Free surface nearby the bow at drift angle of 18<

Fig. 13 to 15 is the wave surface diagram near the starboard
bow at a drift angle of 12 < 15 <and 18 < It is easy to see
that the waves around the bow are broken.

This is because with the increase of the lateral speed of the
tow, the ship's starboard flow phenomenon is more obvious,
and the bow shape changes greatly, so the level of liquid
subsidence increases, but some water is still attached to the
surface of the hull. When leaving the hull, there will be a
large spatial displacement, which will cause the droplets to
break up, forming a wave break as shown in Figures 13 to
14.However, due to insufficient mesh quantity, it is
impossible to capture the secondary rolling phenomenon
after the wave break.

5. CONCLUSION

In this paper, the RANS method is used to carry out
numerical simulation of the oblique towing conditions of
the KCS ship at different drift angles. In order to ensure the
mesh quality during the numerical simulation, the overset
method is used. The hydrodynamic coefficients obtained
from the simulation results are regularly summarized. It is
found that the ship's longitudinal force, lateral force,
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swaying moment and rolling moment all increase with the
drift angle, and the oblique towing is summarized based on
the hydrodynamic coefficient. The various hydrodynamic
derivatives. In addition, the reasons for the variation of the
hydrodynamic coefficient are analyzed based on the free
surface and wake patterns, and it is found that when the drift
angle is greater than 12< the waves near the bow will
obviously break.
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