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Abstract

In marine engineering, appendages such as fin stabilizers and/or T-foils are made to rotate and to reduce the motion of ships.
Research on the hydrodynamics of ships fitted with active appendages has significantly improved the design and control of such
ships. However, most studies focus on fixed rather than rotating appendages, thereby ignoring the hydrodynamic unsteadiness of
active appendages. To enhance the reliability and precision of the numerical simulations, we propose the use of overlapping grids
for simulating advanced catamarans fitted with a pair of rotating T-foils under each bow. The fundamental purpose of the
overlapping grid technique is to realize information exchange via regional overlap sharing in each subdomain of the computing
domain, instead of using the method of boundary sharing, thus greatly alleviating the difficulty of generating the subdomain grid;
moreover, the technique guarantees the quality of the subdomain grid. Within the main computational domain, a subdomain was
allocated to accommodate the T-foil. Overlapping meshes near the interface between the two domains enable information flow
during the simulation; the overlapping grids are updated at every iteration step because the subdomain rotates. The instantaneous
trim and sinkage responses of the catamaran to the T-foil rotation were reproduced. From the moment the active T-foil stopped
moving, there was no change in the ship’s sailing attitude, indicating that the response was in real time. By comparing with EFD
data, the numerical results showed reasonable agreement, indicating the feasibility and effectiveness of the technique in simu-
lating the hydrodynamics of ships fitted with active appendages.
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1 Introduction provide a stronger ability to improve the seakeeping of high-

cruising ships. In this work, we focus on a high-speed cata-

With the flourish of high-speed ships in recent years, main-
taining effective seakeeping under high-cruise velocity and
rough conditions has become a critical issue. Matching fin
stabilizers and T-foils to hulls has been widely proposed to
realize this. Some appendages actively work in the water to
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maran equipped with a pair of T-foils under the bow of each
semi-hull. Ji et al. (2006) used T-foils to reduce the longitudi-
nal motion of the hull. The function of foils is to increase the
added mass and change hydrodynamic lift damping (Yang
et al. 2017; Jiang et al. 2016; Liu et al. 2016; Liu 2016; Jin
etal. 2015; Sietal. 2015; Liu 2014; Ma 2012; Shao and Wang
1981). Assisted by a control system, active T-foils can be
suitably rotated in real time to counteract excessive trim or
sinkage much better than fixed foils.

The hydrodynamic characteristics of T-foils have been in-
vestigated in many studies. Esteban et al. (2005) and Liang
et al. (2013) evaluated the lift coefficient by deducing an em-
pirical expression obtained using linear regression from ex-
perimental results. The results might have limitations if the
influence of the free surfaces is not considered, as such influ-
ence has been confirmed to be significant in experiments
when the T-foil is close to a free surface (Ning 2017; Wang
2017; Liang 2015; Yang 2012; Chen et al. 2010). In fact, the
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closer the T-foil is to the free surface, the smaller the lift is.
Yang et al. (2013) used the panel method to calculate the
hydrodynamics of a T-foil under the bow of a trimaran, where
the effects of both free surfaces and hulls were considered.
The investigation results showed that the lift increased as the
T-foil approached the hull surface, in contrast to a free surface.
However, in Yang’s work, the running attitude of the trimaran
was presumed, and viscous effects of the T-foil and hulls were
still not considered. Deng et al. (2014) used the approach of
Reynold-averaged Navier—Stokes equations to perform nu-
merical simulations of a trimaran matched with a fixed T-foil.
They concluded that the foil can improve seakeeping ability
but slightly increases navigation drag. However, under certain
conditions, the unsteady hydrodynamics of active T-foils
might be significant, leading to a difference from those of
fixed T-foils. Hao et al. showed that if the Strouhal number
of'the foil is beyond a certain threshold, the rotational foil can
produce averaged positive thrust in flows (Hao et al. 2015).
One can imagine that if steady methods are used to analyze the
hydrodynamics of foils, the thrust will always be negative in
the presence of drag. Unfortunately, Deng’s meshing method
cannot be employed for simulating active T-foils, because
meshes between the hull and T-foil are not independent.
Once the T-foil boundary moves, an operation error will occur
in the iterative computation process.

“Live” grid (in the background)

“Live” grid (in the subdomain)

Overlapping band
(@ Initia mesh

Overlapping band
(b) Mesh after digging ahole
Fig. 1 Digging process. a Initial mesh. b Mesh after digging a hole

Based on the viscous flow theory, an overlapping grid tech-
nique is proposed in this study to numerically simulate the
motion of a catamaran fitted with a pair of T-foils. Because
the model is symmetrical, only one semi-hull and T-foil are
generated and simulated. The key point is to set up two do-
mains in the flow field that establish a background comprising
the main body and a subdomain containing the T-foil. In each
domain, a meshing is generated, and the two meshes overlap
across the interface between the subdomain and the back-
ground field. The overlapping grids typically consist of three
or four layers. The flow information between the subdomain
and the background field is exchanged through receiving and
transmitting grids in the overlapping layers. With the rotation
of the subdomain, overlapping grids are updated at each iter-
ation step. As a result, one can obtain the sinkage and trim
response, as well as the variation in the navigation resistance
to the flapping T-foil.

2 Theory of Numerical Simulation

The finite volume-based STAR-CCM+ software is used to
solve the fluid field around the after body. The governing
equations of the incompressible viscous fluid are described
by the Reynold-averaged Navier—Stokes and continuity equa-
tions. To close this set of equations, the shear stress transport
(SST) k-w turbulence model is used since it accounts for the
transport of the turbulent shear stress and gives highly accu-
rate predictions of the onset and the amount of flow separation
under adverse pressure gradients. The governing equation of
the flow field and mathematical expression of SST k-w turbu-
lence mode are described below:
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where u; and u; are the time average of velocity component (7,
j=1,2, 3); p is the time average of pressure; p is the fluid
density of water at 20° (998.16 kg/m®); u represents the
dynamic viscosity coefficient of water (0.001003 kg/ms);
pu;u'] and S; are the Reynolds stress term and volumetric
force, respectively.

The transport equation of & is as follows:
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The transport equation of w is as follows:
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Fig. 2 Transmission of variables

where G, and G, are turbulent kinetic energies due to the
average velocity gradient; Y; and Y, are turbulent dissipation
terms.

3 Overlapping Grid Technique

The basic purpose of the overlapping grid technique is to
realize information exchange using the method of regional
overlap sharing in each subdomain of the computing domain,
instead of using the method of boundary sharing, thus greatly
alleviating the difficulty of generating the subdomain grid;
moreover, the technique guarantees the quality of the
subdomain grid. Therefore, this technique can be applied for
simulating a numerical model with complex shapes. It has
many advantages, such as high precision of flow field calcu-
lation, high efficiency, and strong wall stickiness simulation
ability, which make up for the disadvantage of poor shape
adaptability of grid structure.

The overlapping grid technique requires dividing the com-
puting domain into two or several subdomains in the calculat-
ed fluid field, and then the moving boundary can be simulated
using the motion of the subdomains (Kehoe et al. 1983).
These subdomains and background domain can be overlapped
by any means, and these domains can exchange information
through the overlapping grids.

The subdomain contains the entire moving body. Normally,
the number of independent relative motions of the moving
body dictates the number of subdomains. The boundary shape
is determined by the specific subdomain boundary shape and
motion of the moving body. In this case, the subdomains and
the background field are independent of each other.

Fig. 3 3D model of ship and T-foil
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The subdomain and background domain are coupled via
the outer boundary, i.e., the overlapping part of subdomain
and background domain, and thus, the coupled areas be-
come a virtual boundary that acts as an interface. In each
subdomain and background domain, the grid is indepen-
dently generated. After the coupling, a portion of the back-
ground grid is “dug.” As shown in Fig. 1. In this process,
the grid status is determined. The grid is usually divided
into an “active” grid, “inactive” grid, “interpolated” grid,
and “transfer” grid. In the “active” grid, we need to solve
the equations of the grid mesh on the grid nodes. In the
“inactive” grid, there are no equations to be solved, and in
the “digging” process, the “inactive” grid will be dug.
Usually the “dead” grid is the part inside the subdomain
boundary in the background domain. There is a strip
through the overlapping area on the interface boundary.
This area consists of the three- or four-level grid, only
where the grid is overlapping. The “interpolated” and
“transfer” grids are inside the overlapping band. The
“interpolated” grid in the background domain separates
the “active” grid from the “inactive” grid. In the subdomain,
the “interpolated” grid is associated with the boundary grid.
Variables are transmitted from the “transfer” grid to the
“interpolated™ grid via interpolation (Zhang et al. 2007).

There are several methods for realizing the interpolation,
such as distance weighted interpolation, linear interpolation,
and least squares interpolation. Figure 2 illustrates the way
variable values are transmitted (Feng et al. 2008). An interpo-
lation function is established in the coefficient matrix of the
algebraic equations to ensure that the overlapping grid is im-
plicitly coupled. Each “interpolated” grid, the center of which
is marked with a small hollow circle, is picked out successive-
ly from the background domain and subdomain. The flux
between the “active” grid and the nearest “interpolated” grid
is almost the same as between the two adjacent “active” grids.
However, as long as the “interpolated” variable value at the
center of the grid is used, the weighted variable value is re-
placed by

¢“received”gn'd = Zai¢i (5 )

where 0; is the weighting factor for the interpolation, and ¢ is
an independent variable value at the “transfer” grid V;; sub-
script i contains the entire “transfer” grid center in the inter-
polation element (shown as a triangular link). In this case, the
algebraic equations involve the three adjacent grids Ny, N,
and N; in the same region and the nearest grids N4, N, and Ng
in the overlapping band from the other region.

Moreover, the segmented grid in this paper has adaptability
characteristics. The adaptive grid is expected to be dense in the
region with large physical solution, while the latent region of
the material is relatively sparse, so that a high efficiency is
obtained while maintaining high accuracy. Adaptive grid
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Fig. 4 Mesh generation

technology mainly includes a moving grid method and local
refinement or coarsening of the grid method.

4 Numerical Simulation of the T-Foil
Hydrodynamics

4.1 Main Hull and T-Foil Models and Calculation
Program

In this study, a wave-piercing catamaran was modeled, with an
active T-foil configured on the semi-hull. The distance between
the centerline of the T-foil and the stern seal plate was 2.486 m,
and the dip deep of the T-foil was 60 mm. After the meshing
was completed, a multiphase flow model was built, using the
volume-of-fluid model to capture the free surface. In fact, there
was a long distance between the free surface and the T-foil, and
the wave-making effect had no influence on the T-foil. The SST
k-w turbulence model and the first-order upwind scheme which
are illustrated in the literature (Piperno 1997) were adopted for
modeling. An implicit unsteady approach was used with a first-
order temporal discretization with a time step of 0.0025 s. In the
implicit unsteady approach, each physical time step involved
20 inner iterations to converge the solution for the given time
step. The time step was limited based on the Courant—
Friedrichs—Lewy (CFL) number as given by Eq. (6).
UAt

CFL = —

N (©)

Fig. 5 Illustration of sub-region

The CFL defines a dimensionless relationship between the
flow velocity U, local grid size, and the time step. The CFL
number was maintained at less than 1; therefore, no more fluid
could enter a given cell than was available in the upwind cell
during each time step. It is possible for simulations with a
larger CFL to produce solutions, but they will not be time-
accurate.

In the present work, the boundary conditions are specified
as follows. At the inlet, the velocity (both for water and air) is

(a) Mesh for the main fluid region around T-foil

(b) Mesh for subdomain around the T-fail

(c) Mesh after superoposition

Fig. 6 Mesh before and after superposition. a Mesh for the main fluid
region around the T-foil. b Mesh for subdomain around the T-foil. ¢ Mesh
after superposition
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Background domain Overlapping band

Fig. 7 Illustration of mesh after hole has been dug

specified by the moving forward speed of main hull and T-foil.
At the outlet, hydrostatic pressure is applied. A symmetry
condition is used at the longitudinal section in center plane
for axial symmetry model. The model is considered a rigid
body, and no-slip condition is imposed on main hull and T-
foil’s surface. The 3D model of ship and T-foil are given in
Fig 3. And the mesh generation of the wave-piercing catama-
ran with T-foil is shown in Fig. 4.

The resolution of the mesh near the wall has significant
effect on computational accuracy. In this study, 13 boundary
layers were set to capture the flow near the wall, and the
boundary layer mesh was refined with prism elements.
Surface mesh size and non-dimensional wall distance of
the first cell center Y+ were set to 0.006 L and 60,
respectively.

4.2 Pretreatment of Grid and Domains
in the Overlapping Grid

The central idea of the overlapping grid method is to set up the
two domains in the flow field, a background domain (main
fluid domain) and a subdomain including the T-foil (Nirschl
2005). The subdomains are elliptical cylinders, and their cross
section is shaped like a wing (Fig. 5).

Grids are generated independently for the two domains.
Figure 6a shows the background grid for the background do-
main, near the T-foil but not containing it. The subdomain

Background grid

Overlapping band grid Overlapping grid

Fig. 8 Stage of sailing at 0° angle of attack
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(a) Attimeto

(b) Attimet;
Fig. 9 Stage of control (upswing): 0°-8°. a At time fy. b At time #,

contains the T-foil; its meshing is shown in Fig. 6b. With the
grids generated, the grid distribution of the flow field is finally
obtained by superimposing the two grids (Fig. 6¢).

The background grid is then “dug.” All grids inside the
oval-shaped domain of the background domain are

(a) Attimeto

(b) Attimet;
Fig. 10 Stage of control (downswing): 0°-8°. a At time y. b At time #
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Fig. 11 Illustration of a swinging T-foil

overlapped with the subdomain grid. Using the “principle of
minimum distance from the wall surface,” the overlapping
grid in the background grid is divided into a “live” grid and
“dead” grid. The “dead” grid is then “dug.” There will be a
strip-shaped overlapping area on the interface boundary. This
area consists of a three- or four-level grid, only where the grid
is overlapping (Fig. 7). Information is exchanged between
subdomain and background domain through the “receive”
and “transfer” grids in the overlapping band. Note that when
the subdomain moves, each iteration step will generate a new
overlapping band.

4.3 Active T-Foil Hydrodynamics Simulation Based
on the Overlapping Grid

The hydrodynamics simulation of the active T-foil can be
divided into three stages:

1. Sailing stage at the initial angle of attack

In this stage, the T-foil-fitted catamaran sails at 4.115 m/s
with an initial angle of attack of 0°. Figure 8 illustrates the grid
distribution around the T-foil after a period of time sailing at
an initial angle of attack, which is set at #,. At this time, the
control system begins to control the T-foil actively.

2. Active control stage (assembly motion stage):

From the beginning of sailing, i.e., at time #,, the active T-foil
begins swinging, regulated by the control system, and stops
swinging at time #; when the angle of attack is 8° (or — 8°).
Figures 9 and 10 show changes in the grid when the angle of
attack actively changes. In the overlapping grid zone, we can
see a relative motion in the background grid, specifically, an
active rotation of the T-foil. A closer inspection of the back-
ground grid shows that the background grid has some ups and
downs and corners; this is because the moving computational
domain method was chosen to model the hull.

This stage is the main stage in the simulation. To show the
movement of the T-foil more intuitively, in the stage from ¢, to

t1, the T-foil contour indicates changes in the plot of the geo-
detic coordinates (Fig. 11). Here ¢ denotes a moment from £,
to #1; G is the center of rotation of the T-foil and moves with
the motion of the hull; 0 is the angle between the direction of
the T-foil chord and the x direction. The time variation of & is

o(t) = 0y = w(t—to) (7)
where w is a constant.
3. Active control after completion of the stage

This stage is introduced to adjust the angle of attack. The
ship maintains the angle of attack of the T-foil while it con-
tinues sailing until time 2.

Absolute Pressure (Pa)
0477, A3 98314 1022304005 1061564005 1100781005

(a) Overlapping mesh

(b) Deforming mesh

Fig. 12 Pressure around the T-foil. a Overlapping mesh. b Deforming
mesh
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(a) Overlapping mesh (b) Deforming mesh

Fig. 13 Velocity vector around T-foil. a Overlapping mesh. b Deforming
mesh

4.4 Simulation Results and Analysis
4.4.1 Flow Field around T-Foil

Here, we explore the real changes of the flow field while the T-
foil is rotated. The pressure field and velocity field around the
T-foil moving with the ship have been analyzed in the litera-
ture (Zhao et al. 2011). In the present study, we examined an
upward swing to illustrate the behavior. The motion of the T-
foil was also used to simulate the active swing of the

1.2

- Lift coefficient curve
0.7
02
o
—&— Deformable grid
=03 —@— Overlapping grid
-0.8 :

-10 -8 -6 -4 =2 0 2 4 6 8 10
Attack angle/(°)

Fig. 14 Dependence of the coefficient of lift on angle of attack for the T-
foil
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Table 1 T-foil resistance test data and CFD values
Fr Angle of attack/(°) EFD/N CFD/N Error value/%
2.83 8 91.86 88.93 3.20
0 85.36 83.41 2.30
-8 92.37 93.45 -1.20
3.03 8 115.89 112.22 3.20
0 108.47 106.82 1.50
-8 116.39 117.24 —0.70
3.18 8 123.62 120.69 2.40
0 115.11 113.54 1.40
-8 125.19 125.93 —0.60
3.41 8 133.43 130.86 1.90
0 125.19 123.66 1.20
-8 137.59 138.32 - 0.50
3.56 8 142.35 140.01 1.60
0 133.31 131.48 1.40
-8 146.15 146.99 —0.60

hydrofoil. When the active motion of the T-foil was complete,
the hull could move in six degrees of freedom. Figures 12
and 13, respectively, show the pressure and speed around the
T-foil in the flow field, with the column of panels showing the
evolution in (a) the overlapping grid where motion is consid-
ered and (b) the deforming grid where motion is not
considered.

By observing the angle of attack and the location of the T-
foil in the figures, we can draw various conclusions. In (a),
during active control of the T-foil, the simulated overlapping
grid method was used, and in addition to the rotational rigid
movement of the T-foil, the T-foil was also dynamically
coupled with the hull. In (b), only a swinging of the T-foil
can be seen. The position of the T-foil’s center of rotation
did not change. In regard to the velocity vector, we found that
along with the T-foil’s upward swing, the angle of attack in-
creased, and the rate of flow of the T-foil surface increased,
while the lower surface of water flowed more gradually.
Moreover, considering the pressure distribution, the surface
of the front T-foil gradually produced a low pressure area.
When the angle of attack reached 8°, the low pressure area
became apparent. The upper and lower surfaces of the T-foil
slowly generated a pressure difference, which led to the gen-
eration of a lift. As shown in (a) and (b) of the figures, the
hydrodynamic features in both the overlapping mesh and
deforming mesh were the same, except that the T-foil motion
and the superposition of the hull caused a displacement of the
center of the T-foil rotation. Although the position of the T-foil
in the flow field was slightly different, this displacement was
small, and hence, there did not appear to be much difference in
hydrodynamic values between (a) and (b). This agrees with
actual situations.

The coefficients of lift for the T-foils obtained by the two
methods are compared in Fig. 14. The sinkage and trim are
considered in the overlapping grids. Here, the influence of
whether to consider the impact of the ship’s motion can been
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Fig. 15 Calculated and experimental values of trim at different angles of
attack. a Angle of attack 8°. b Angle of attack 0°. ¢ Angle of attack — 8°

seen from the change in the trim. In the overlapping grid
method, the angle of attack of the T-foil in the geodetic coor-
dinate system needs to be added to the trim between the ship
and the T-foil, and this leads to the absolute value for the angle
of attack of the T-foil being higher than that when the ship’s
motion was not considered.

4.4.2 Navigation State and Hull Resistance

Table 1 shows the experimental data and numerical results,
as well as the deviation in form of percentage error. The
hydrodynamic function of the T-foil is to adjust the attitude
of the ship by generating a lift. Therefore, during active con-
trol of the T-foil, the response of the ship’s attitude to an
active swing of the T-foil is the focus in this section. The
overlapping grid method was applied to calculate the ship’s
motion during active swinging, and the time history of the

150
140
130
< 120
1
£ 110 —@— EFD
=
100 —&— CED
90
80
28 3.0 32 34 3.6
Fr
(a) Angleof attack: 8°
170
2
E 120
&
—m@— EFD
—&— CED
70 ]
28 3.0 32 34 36
Fr
(b) Angle of attack: 0°
160
140
<
E 120
= —m— EFD
100 —&— CED
80 - . . ;
28 3.0 32 34 3.6

Fr
(c) Angle of attack: -8°
Fig. 16 Calculated and experimental values of total resistance at different

angles of attack. a Angle of attack 8° b Angle of attack 0°. ¢ Angle of
attack — 8°

ship’s attitude was obtained, which indicates the ship’s re-
sponse. Calculated values (CFD) and experimental values
(EFD) of trim at angles of attack of 8°, 0°, and — 8° are
shown in Fig. 14.

Calculated values (CFD) and experimental values (EFD) of
the trim and the total resistance at different angles of attack of
8°, 0°, and — 8° (Fig. 15 and Fig. 16 separately) show that a
better agreement was obtained using overlapping grid method
(CFD).

As shown in Figs. 15 and 16, when the overlapping grid
method was used, only a small difference existed between the
calculated and experimental values of the attitude response
and resistance at different angles of attack of the T-foil. This
indicates that the response of the ship’s sailing attitude to the
movement of the active appendages calculated using this
method is accurate and reliable, and that this overlapping grid
technique is effective for numerically simulating rigid bound-
ary movements.
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5 Conclusions

The movement of an active T-foil was simulated using an
overlapping grid technique. By simulating an active T-foil
and hull using this technique and determining the ship’s atti-
tude during active T-foil swinging, the ship’s response could
be analyzed and the change in total resistance could be obtain-
ed. From the moment the active T-foil stopped moving, there
was no change in the ship’s sailing attitude, indicating that the
response was in real time. In addition, by comparison, we
found that the test values and calculated values of trim and
total resistance were in good agreement, indicating the accu-
racy, feasibility, and effectiveness of the overlapping grid
technique.
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