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Abstract: The computational fluid dynamics method is used to analyze the attitude and resistance of
a side-damaged frigate DTMB-5415 during steady flooding phase. The volume of fluid method is
used to capture the interface between water and air. The shear stress transport k-w model is employed
to include the turbulence effect. The dynamic overlapping grid method is utilized to deal with the
mesh update due to the ship motion in the simulation. First, the resistance, floating position and
wave profile of an intact ship for different forward speeds are calculated. By comparing the results
with experimental data, the calculation method is verified. Then, the resistances, attitudes and flow
fields for the ship in intact, side-damaged (symmetrical and asymmetric flooding) and damage-
repaired conditions are calculated and compared. For the side-damaged condition, the main change
of the ship’s attitude is that the ship’s sinkage increases as the forward speed increases. Compared
with symmetrical flooding, the ship’s heel increases during asymmetric flooding, while the sinkage
decreases. For symmetrical flooding, the resistance of the ship increases significantly compared to
the intact ship case. The increased resistance is mainly caused by the increase of ship sinkage. The
existence of opening that affects the flow field causes additional increase of ship resistance. The
pressure resistance is the main component of increased resistance, which is similar to the asymmetric
flooding case.

Keywords: damaged ship; flooding; resistance; attitude; CFD

1. Introduction

When a sailing ship encounters accidents such as groundings and collisions, the ship
may be damaged. Sea water floods into compartments through the damaged opening. As a
result, the safety of the damaged ship declines. In general, the ship flooding process in calm
water after damage can be divided into three phases [1]: (I) transient phase, (II) progressive
phase, (III) steady phase. In the first two phases, the water in the compartments accumulates
rapidly, which will exacerbate the magnitude of ship motion such as heave, roll and pitch
or even make the ship capsize [2—4]. If the ship survives the first two phases, it will undergo
a steady flooding phase [5]. In this phase, the motions of the damaged ship and floodwater
are almost stable. It is necessary to assess the safety of the damaged ship returning to port
without external help. Compared to an intact ship, the attitudes of a damaged ship in calm
water change significantly due to water flooding, which influences the performance of ship
resistance. To provide relevant support for the damaged ship’s safe return to port, it is
necessary to investigate the characteristics of the damaged ship’s attitudes and resistance
during the steady flooding phase.

The ship’s resistance is normally evaluated by model test [6,7] and numerical sim-
ulation [8-10]. The method of model test requires special equipment and facilities and
the costs are significant. With the advantages of relative low cost and flexibility on flow
fields analysis, the method of numerical simulation based on computational fluid dynamics
(CFD) had been widely used to predict the resistance of intact ships [11-14] and ships with
bottom openings or moonpools [15,16]. Based on solving the Reynolds Averaged Navier
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Stokes (RANS) equation, the resistance characteristics for ships with large mid-bottom
openings or moonpools were investigated by analyzing the flow fields around the ships.
Also, different parameters of the bottom openings, such as positions, shapes and sizes, were
investigated to show their influences on a damaged ship’s resistance performance [17-19].
It indicated that the damaged ship resistance is sensitive to changes of different parameters.
Based on the flow field in the moonpool, the characteristics of ship resistance with a bottom
opening were investigated [20,21]. By comparing different motion modes of the flow field
in the moonpool, such as sloshing mode, piston mode, the coupled mode of sloshing and
piston, the additional resistance influenced by the movement of flow field in the moon-
pool were investigated. The study can provide a powerful reference for the design of the
moonpool type to improve the ship’s resistance performance. So, the types of moonpool
were proposed to improve the ship’s resistance performance and sailing attitudes [22,23].
Different types of moonpools, such as the recess type and corner-cutting type moonpools,
improved the motion of fluid in the moonpool. The additional resistance caused by the
moonpool was effectively reduced. Besides the calm water condition, the ship resistance
caused by the waves cannot be ignored. The characteristics of resistance for ships with
bottom openings or moonpools were investigated in waves [24].

The above research studies are mainly focused on engineering ships with bottom
openings. However, the positions of openings are not only at the bottom of the ship but
also on the port or starboard in real accidents. The flow fields around ships and inside
the compartments are different due to different damaged positions, which influences the
characteristics of a damaged ship’s resistance. At present, there are few studies on the ship
resistance for the side-damaged conditions. In addition, considering the ship’s internal
layout, the compartments could be arranged with or without longitudinal bulkheads. The
flooding cases can be categorized into two scenarios: symmetrical flooding and asymmetric
flooding [25,26], in which the attitudes and resistance characteristics are difference. To
provide more relevant support for the damaged ship’s safe return to port, in this paper, the
resistance of a ship in side-damaged conditions were investigated, including symmetrical
and asymmetric flooding. Based on the CFD method, the characteristics of attitudes and
resistance of frigate DTMB-5415 in calm water were analyzed. The resistance, attitudes and
flow fields for the intact, side-damaged and damage-repaired conditions were calculated
and compared. The influence of opening and sailing attitudes on the flow field and ship
resistance are discussed.

2. Methods

The CFD solver STAR-CCM-+ is applied to investigate the ship resistance problem.
Water and air are considered incompressible fluids. The volume of fluid (VOF) method
is used to capture the interface between water and air. The fluid motion is governed by
the continuity and the RANS equations described in the Cartesian coordinate system,
as follows:

ou;
BTCZ- =0 (1)
1
d(ou;)  O(puiu;) 0P %u; 0T e
ot + ax] - ax; + yaxjxi aX] +EA+S @
ou d
T aTci("‘”i) =0 ®)

where t is the time; x; (i = 1, 2, 3) is the coordinate component (x, y, z); u; is the fluid velocity
component in the x;-direction; p is the density of water; u is the effective viscosity; P is the
pressure; Tj; is the Reynolds stress; F; is body force; S; is the source term in the x; direction;
« is the fluid volume fraction; The shear stress transport k-w model is employed to include
the turbulence effect and combined with Y-plus (Y+) insensitive wall treatment to treat the
flow behavior in the near-wall region.
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For the discretization of the governing equations, the time terms are calculated by
a second-order implicit scheme. In Equation (2), the convection term and diffusion term
adopt the second-order upwind scheme and central differencing scheme, respectively. The
convective term in Equation (3) adopts the second-order high-resolution interface capture
scheme (HRIC). The semi-implicit method for pressure linked equation (SIMPLE) algorithm
is employed for the pressure-velocity coupling.

Three degrees of freedom of motion (heave, roll and pitch) is considered in this study.
The motion equations of the ship are as follows:

miy3 = F3 (4)
Iyany = My (5)
Is5115 = Ms (6)

where m is the mass of the ship; 73 is the vertical displacement of the center of gravity; F3
is the vertical force acting on the ship; I44 and Is5 are the ship moment of inertia relative
to the center of mass about x-axis and y-axis, respectively; #4 and #5 are the roll angle
and pitch angle, respectively; My and M5 are the roll and pitch moments acting on the
hull, respectively.

The dynamic overlapping grid method is utilized to deal with the mesh update due
to the ship motion in the simulation. The flow domain is divided into overlapping area
and background area. By the interpolation calculation of overlapping grid, the flow field
information is exchanged mutually.

3. Studied Cases and Validation
3.1. Ship and Compartment Models

The frigate DTMB-5415 with two damaged compartments is selected as the ship to
investigate the attitudes and resistance performance at different forward speeds. Normally,
when a ship is damaged, it will return to port by itself or be towed to port with the help
of a salvage boat at a low speed. Under war conditions, the damaged frigate may need to
sail at a high speed. Thus, the Froude numbers, which are from 0.05 to 0.4, are selected to
analyze. For a symmetrical flooding case, two damaged compartments are located at the
midship along the x-axis, as shown in Figure 1. The total length of the two compartments
is 17% of the ship’s length. The damaged condition is reasonable for a warship, which
has to preserve functionality after two compartments are damaged [27]. Two vents are
arranged at the top of the compartments for air ventilation during the flooding process.
The scale ratio of the frigate model and damaged compartments is 1/24.83, as shown in
Tables 1 and 2. For an asymmetrical flooding case, the compartments are halved along the
mid-longitudinal section. The port side parts are retained, as shown in Figure 2. Besides
the damaged condition, the ships under intact and damage-repaired conditions are also
investigated. Details of the repaired condition are described in Section 4.1.

Table 1. Main particulars of DTMB-5415.

Main Particulars Full Scale Model Scale (1/24.83)
Length of waterline (L) (m) 142.0 5.719
Breadth of waterline (B) (m) 19.06 0.768
Draft (T) (m) 6.15 0.248
Displacement (A) (ton) 8636.0 0.554
Vertical center of gravity from baseline (KG) (m) 7.555 0.304
Roll radius of gyration ryy (m) 7.052 0.284

Pitch radius of gyration ry, (m) 355 1.429
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Table 2. Properties of the damaged compartments.

Main Properties Full Scale Model Scale (1/24.83)
Length of damaged opening (m) 12.15 0.49
Height of damaged opening (m) 7.69 0.31
Distance between front of compartment 1 and stern (m) 65.66 2.645
Distance between end of compartment 1 and stern (m) 76.35 3.077
Distance between end of compartment 2 and stern (m) 90.02 3.626
Volume of compartment 1 (m?3) 1510 0.099
Volume of compartment 2 (m3) 1189 0.078
Vent
D —" B
T T A
— Compartment 1 Opening Compartment 2 Jj %
(a)
\ —
X _EL
(b)

Figure 1. Model of frigate with damaged compartments for symmetrical flooding at different views:
(a) Side view (b) Bottom view.

Compartment1  Opening ~ Compartment2

(@)
[ — %
| —)
S W )
(b)
Figure 2. Model of frigate with damaged compartments for asymmetric flooding: (a) Compartments

(b) Ship.
3.2. Validation for Intact Ship

Series of experiments were conducted to measure the resistance, attitudes and wave
patterns for the intact frigate DTMB-5415 at different forward speeds [28]. The length,
width and water depth of the towing tank are 220 m, 9 m and 3.5 m, respectively. To
verify the CFD model, the same cases, which were adopted in the experiment, are selected
for numerical simulations. The calculated resistance and attitudes are compared with
the experimental results. Figure 3 illustrates the computational domain, whose width
and water depth are consistent with those of the experiment. The total length of the
computational domain is 6.5 times that of the ship length. The upstream and downstream
boundaries of the computational domain are set as the velocity inlet and pressure outlet,
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respectively. The remaining boundaries are set as no-slip wall. The computational domain
is divided into an overlapping area and a background area. The background area remains
static, while the motion of the overlapping area is consistent with the motion of the ship.
To eliminate the wave reflection, a momentum source which brings a damping effect is
added at the wave-dissipation area, which is 0.5 L away from the downstream boundary in
the x-direction.

Wall

T 051

1035 Wall
15L A 4

- >

Vi

-5 Overlapping area Background area / Wave-dissipation area

Wall

0.65L

Velocity inlet
1IN0 aMmssaI]

6.5 v
= Wall

Figure 3. Sketch of the computational domain.

The accuracy of calculation is affected by the mesh arrangement and time step. First,
the influence of mesh arrangement on calculation accuracy is discussed. To capture the
wave profile accurately, the free surface mesh at the Kelvin area is refined in three directions.
The whole mesh near the free surface is refined along the vertical direction. Away from the
free surface and ship, mesh size gradually becomes larger. Based on the above principles,
three sets of mesh are generated, namely, fine mesh, medium mesh and coarse mesh.
Parameters of three sets of mesh are listed in Table 3, which includes the number of
mesh, the element size near the free surface, the thickness of the first layer mesh and the
corresponding Y+ value. In STAR-CCM+, when Y+ > 30, the wall function method is used
to bridge the viscosity-affected region between the wall and the fully turbulent region.
When Y+ < 1, the turbulence model for the low Reynolds number is used to resolve the
viscosity-affected region. To avoid the switch of turbulent models near the wall region, in
this study, Y+ on the wet surface of the ship is selected larger than 40, which guarantees
that the wall function is utilized for different mesh arrangements. Figure 4 depicts the
vertical view of medium mesh arrangement for the case of an intact ship. Figure 5 shows
the Y+ distribution on the hull surface with medium mesh. The corresponding range of
Y+ on the wet surface of the ship is from 40 to 120. Except for the wet surface, the Y+
on other parts of the ship (in the air phase) is from 0 to 10. The selected Froude number
is 0.28, and the computational time step is 0.01 s. The calculation results of three sets of
mesh listed in Table 4 are in good agreement with the experimental results. Compared
with the experimental results, the maximum errors of calculated resistance and sinkage are
approximately 1% and 12%, respectively. The trim angle in the numerical simulation and
experiment are approximately 0.5° and 0.1°, respectively, both of which are very small. The
absolute error is less than 0.4°. Table 5 summarizes the results of mesh dependence study
for the resistance, e.g., convergence ratio (Rg), order of accuracy (Pg), correction factor (Cg),
simulation numerical error (Jrg), uncertainty (Ug) and its proportion of total resistance of
model test (%D). Note that Rg is greater than 0 and less than 1, the calculated resistance is
monotonically convergent among three sets of mesh. Figures 6-8 depict the comparisons
of wave elevations on the hull surface and at different longitudinal sections obtained by
numerical simulation and experiment. The calculated wave elevation on the hull surface
has an average deviation of 10 mm. It indicates that the distribution of pressure on the
hull surface in the CFD simulation is different from that in the experiment. Therefore, the
trim angle obtained in the numerical simulation deviates a little from the experimental
measurement. For the area away from the ship, the wave elevations obtained with CFD are
in good agreement with the experimental results.
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Table 3. Three sets of mesh for intact ship case.

Size of Mesh Near the Free Surface in

Mesh Number of Three Directions Thickness of the First Cell Y+ on the Hull
Mesh Near the Hull Surface Wet Surface
x y z
Fine 6.52 million 0.028 m 0.028 m 0.007 m
Medium 3.48 million 0.04 m 0.04 m 0.01m 0.0015 m 40~120
Coarse 2.54 million 0.057 m 0.057 m 0.014 m
Figure 4. Mesh arrangement for intact ship case (medium mesh).
wall Y+
.120.0
96.0
Figure 5. Y+ distribution on the hull for medium mesh.
Table 4. Total resistance, sinkage and trim obtained by three sets of mesh for intact ship (Fr = 0.28).
" Total Resistance (N) Sinkage (m) Trim (°)
Mes
Num. Exp. Error (%) Num. Exp. Error (%) Num. Exp. Error (%)
Fine 44.61 +0.2 —0.0116 +11.5 —0.457 +323
Medium 44.77 44.50 +0.6 —0.0116 —0.0104 +11.5 —0.460 —0.108 +326
Coarse 44.98 +1.1 —0.0117 +12.5 —0.464 +330

Table 5. Results of grid dependence study for intact ship (Fr = 0.28).

Variable RG PG 5RE CG UG UG (D%)
Resistance 0.76 0.78 0.51 0.31 0.51 1.14




J. Mar. Sci. Eng. 2022, 10, 1440 7 of 18

0.020

1
.

- Experiment
Computation

0.015

0.010
N

H

0.005

0.000

_0-005 1 1 1 ]
0.00 0.25 0.50 0.75 1.00

x/L

Figure 6. Comparison of wave elevation on hull surface obtained by computation and experiment
for intact ship.
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Figure 7. Comparison of wave elevation at /L = 0.082 longitudinal section obtained by computation
and experiment for intact ship.

0.006

- Experiment
Computation

0.004
0.002
Sooool
-0.002

WL=0.172
-0.004

-0.006 1 1 1 1 1 1
0.0 04 0.8 1.2 1.6 2.0 24

x/L

Figure 8. Comparison of wave elevation at /L = 0.172 longitudinal section obtained by computation
and experiment for intact ship.
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Three different time steps (i.e., 0.0025 s, 0.005 s and 0.01 s) and medium mesh are
selected for time dependence investigation. The calculated resistance and attitudes based
on different time steps are listed in Table 6, which present similar accuracy. Similar to mesh
dependence study, the results of time dependence study for the resistance are summarized
in Table 7. The Rt is also greater than 0 and less than 1, the calculated resistance is
monotonically convergent among three different time steps. The above comparisons show
that the selection of medium mesh and time step of 0.01 s can guarantee the accuracy

and efficiency of calculation and is adopted for the following analysis. The resistance and
sinkage of the intact ship (Fr = 0.05~0.4) are compared with the experimental data, as
shown in Figures 9 and 10. Good agreements between numerical and experiment results

are obtained.

Table 6. Total resistance, sinkage and trim obtained by three time steps for intact ship (Fr = 0.28).

Timesteps Total Resistance (N) Sinkage (m) Trim (°)

(s) Num. Exp. Error (%) Num. Exp. Error (%) Num. Exp. Error (%)
0.0025 45.41 +2.0 —0.0114 +9.6 —0.456 +322
0.005 45.18 4450 +1.5 —0.0115 —0.0104 +10.6 —0.457 —0.108 +323

0.01 4477 +0.6 —0.0116 +11.5 —0.460 +326
Table 7. Results of time dependence study for intact ship (Fr = 0.28).
Variable RT PT JRE CT UT UT (D%)
Resistance 0.56 0.83 —-0.29 0.26 0.29 0.65
140} L© Computation ¥
2120
§ 100 -
s
Z 80| ®
§ 60 | o
40t .
20 =
B
w ¥

Figure 9. Comparison of total resistance obtained by computation and experiment for intact ship at

0
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Figure 10. Comparison of sinkage obtained by computation and experiment for intact ship at different

forward speeds.
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4. Attitude and Resistance of Damaged Ship
4.1. Symmetrical Flooding

The medium mesh and time step 0.01 s are selected to calculate the resistance and
attitudes of the ship during symmetrical flooding at different forward speeds. Figure 11
depicts the mesh arrangement for the case of symmetrical flooding. Three mesh sizes inside
the compartments (i.e., 0.007 m, 0.01 m and 0.014 m) are selected for mesh dependence
investigation. The results are summarized in Table 8. The selection of mesh size of 0.01 m
can guarantee the accuracy and efficiency of calculation and is adopted for the following
analysis. The total number of mesh in computational domain is approximately 3.57 million.
The calculated attitudes of the damaged ship are compared with the results of an intact
ship and listed in Table 9. The heel and trim angles of the ship during symmetrical flooding
at different forward speeds are small. They are similar to the zero-speed condition. With
the increase of the forward speed, the sinkage of the ship increases gradually and becomes
larger than that for the zero-speed condition. Compared with the intact ship, the attitudes
of the ship during symmetrical flooding are increased, mainly due to the increase of the
draught by more than 20%. Correspondingly, the changes of the flow field around the
damaged ship cause the resistance to increase significantly. The increased resistance for the
ship during symmetrical flooding ranged from 27% to 42% at different forward speeds, as
listed in Table 10.

A i o o
5 1 51 0 o O o O o

Figure 11. Mesh arrangement for the case of ship under symmetrical flooding.

Table 8. Results of three different mesh sizes inside the compartment for damaged ship (Fr = 0.30).

Number of Mesh Inside the

Mesh Sizes (m) Resistance (N)
Compartment
0.014 30,997 76.28
0.01 87,675 76.42
0.007 247 982 76.72

Table 9. The comparison of attitudes in intact and symmetrical flooding cases at different for-
ward speeds.

Sinkage (m) Trim (°) Heel (°)
Fr Intact Symmetrical Flooding Intact Symmetrical Flooding Symmetrical Flooding
0.00 0.0 —0.052 —0.31 —0.71 0.60
0.05 —0.001 —0.056 —0.32 —1.06 0.59
0.10 —0.002 —0.057 —0.33 —1.07 0.59
0.15 —0.003 —0.058 —0.36 —1.10 0.59
0.20 —0.006 —0.061 —0.39 -1.15 0.58
0.25 —0.008 —0.064 —0.43 -1.18 0.58
0.30 —0.014 —0.070 —0.44 —1.21 0.58
0.35 —0.019 —0.071 —0.45 -1.19 0.62
0.40 —0.026 —0.073 —0.14 —0.82 0.39
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Table 10. The comparison of total resistance in intact, damage-repaired and symmetrical flooding
cases at different forward speeds (unit: N).

Damage-Repaired Symmetrical Flooding

Fr Intact (Increased Ratio) (Increased Ratio)
0.05 1.55 1.85 (19%) 1.97 (27%)
0.10 5.43 6.50 (20%) 7.03 (29%)
0.15 11.34 13.56 (20%) 15.03 (33%)
0.20 21.44 25.49 (19%) 27.90 (30%)
0.25 34.16 43.09 (26%) 46.16 (35%)
0.30 54.24 72.49 (34%) 76.42 (41%)
0.35 79.52 105.42 (33%) 112.98 (42%)
0.40 133.32 171.03 (28%) 178.32 (34%)

For further analyzing the influence of ship attitudes and damage on ship resistance,
the damage-repaired case is investigated. The results are listed in Table 10. For the damage-
repaired case, the damaged opening is closed. The ship attitudes (sinkage, heel and trim)
in the damage-repaired case are adjusted to be equal to those in the symmetrical flooding
case, as shown in Table 9. The resistance and wave patterns of the damage-repaired case
are compared with those of the symmetrical flooding case, aiming to analyze the influence
of the existence of the opening on the resistance of the ship. The results for three cases
(i.e., intact case, symmetrical flooding case and damage-repaired case) are compared. The
results show that the changes of ship’s attitudes (almost the increase of draught) cause
the increase of resistance by 19% to 34% at different forward speeds. The existence of the
damaged opening induces an additional resistance increase from 6% to 13%. The results in
Table 10 also show that the intact ship’s resistance is the smallest among three conditions at
the same speed, while the resistance of the ship under symmetrical flooding is the largest. It
can be seen that the additional resistance of the ship under symmetrical flooding is mainly
caused by the increase of the ship’s draught, while the disturbance of the opening to the
flow field causes the further increase of the ship resistance to some extent.

The total resistance of the ship is divided into frictional resistance and pressure re-
sistance. Figures 12 and 13 compare the resistance components of the ship for intact and
symmetrical flooding cases. The floodwater will cause the ship to sink and increase the
wet surface of the ship. Thus, both the frictional and pressure resistance of the damaged
ship are larger than those of the intact ship. After the ship incurs damages, the pressure
resistance increases from 56% to 150% at different forward speeds. The increase of pres-
sure resistance is much greater than the increase of frictional resistance (7—10%). For the
frictional resistance, it mainly depends on the wet surface of the hull. For Fr = 0.05~0.40,
the wet surface of the external hull for damaged condition is 11% to 14% more than that of
the intact condition. The frictional resistance of the damaged ship increases moderately.
For the increased pressure resistance, it is partly caused by the changes of wave elevation
on hull surface (see Figure 14). After the ship is damaged, its attitudes (draft, heel and
trim) are changed. Since the draft increases significantly, the wave elevation on the hull
surface for the damaged ship is larger than that of the intact ship, leading to the increase
of pressure resistance due to a wave-making effect. In addition, water flowing through
the opening and inside the compartments induces pressure resistance of the compartment
(see Table 11). Compared with the intact ship, the proportion of pressure resistance in the
total resistance increases by 17% to 89%, which indicates that the main component of the
increased resistance for the ship under symmetrical flooding is the pressure resistance.
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Figure 12. Comparison of frictional resistance and its proportion to total resistance for the ship in
intact and symmetrical flooding cases.
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Figure 13. Comparison of pressure resistance and its proportion to total resistance for the ship in
intact and symmetrical flooding cases.
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Figure 14. Comparison of wave elevation on the hull surface for intact and damaged ships (Fr = 0.30).
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Table 11. Resistances of compartment and hull and proportions to the total resistance under symmet-
rical flooding (unit: N).

Compartment Hull

Fr Frictional Resistance Pressure Resistance Frictional Resistance Pressure Resistance

(Proportion) (Proportion) (Proportion) (Proportion)
0.05 0.001 (0.1%) 0.17 (8.6%) 1.43 (72.5%) 0.37 (18.8%)
0.10 0.01 (0.1%) 0.71 (10.1%) 4.90 (69.7%) 1.41 (20.1%)
0.15 0.01 (0.1%) 1.68 (11.2%) 10.21 (67.9%) 3.13 (20.8%)
0.20 0.02 (0.1%) 3.03 (10.9%) 18.65 (66.8%) 6.20 (22.2%)
0.25 0.05 (0.1%) 7.71 (16.7%) 27.65 (59.9%) 10.75 (23.3%)
0.30 0.08 (0.1%) 9.01 (11.8%) 38.83 (50.8%) 28.50 (37.3%)
0.35 0.22 (0.2%) 11.84 (10.5%) 51.27 (45.4%) 49.65 (43.9%)
0.40 0.25 (0.1%) 14.95 (8.4%) 65.54 (36.8%) 97.58 (54.7%)

The characteristics of water flow around the ship and inside the compartments for the
ship under symmetrical flooding are analyzed. The wave patterns for intact, symmetrical
flooding and damage-repaired cases are presented in Figure 15. The wave patterns of the
intact case are significantly different from the other two cases because of the smaller draught
of the intact ship. Comparing the symmetrical flooding case with the damage-repaired case,
the existence of a damaged opening only disturbs the wave pattern around the opening
and has limited influence on the general wave pattern of the fluid domain. This influence
decreases with the increase of the forward speed. Figure 16 compares the flow velocity
near the damaged opening under the symmetrical flooding case and damage-repaired
case. When the water flows into the compartments, stable backflow and vortex are formed.
The water surface profile in the compartments remains constant for the same forward
speed, as shown in Figure 17. For medium and low forward speeds (Fr < 0.3), the water
flow in the compartments varies slightly with the forward speed. The water surface is
calm and the vortex motion is moderate. The flow velocity inside the compartments and
near the damaged opening is smaller than that outside the ship. Thus, the changes of
the flow patterns near the damaged opening have limited influences on the external flow
field. For both the symmetrical flooding case and the damage-repaired case, the flow field
in the area away from the damaged opening is similar. For a high-speed case (Fr = 0.4),
water in the compartments collides with the wall violently and forms a notable reversed
flow. The vortex profile and water surface in the compartments are changed greatly. The
complex flow pattern near the opening has large interference on the flow velocity outside
the ship. As a result, the velocity at the midship area for the symmetrical flooding case
is different from that for the damage-repaired case. To illustrate the contribution of flow
patterns inside and outside the compartments to the ship resistance, the ship resistance
under symmetrical flooding is divided into compartment resistance and hull resistance,
as summarized in Table 11. The compartment resistance accounts for 8.5% to 16.8% of the
total resistance at different forward speeds and is dominated by the pressure resistance.
With the increase of speed, the water vortex in the compartments becomes stronger. The
compartment resistance increases. The hull resistance is the main component of the ship
resistance under symmetrical flooding. With the increase of speed, the pressure resistance
increases and becomes larger than the frictional resistance. The variation characteristics of
hull resistance are basically consistent with that of total resistance.
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Compartment 1 and 2

(b)
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Figure 17. Comparison of water surface in compartments during symmetrical flooding at different
forward speeds: (a) Fr = 0.1 (b) Fr = 0.2 (c) Fr = 0.3 (d) Fr = 0.4.

4.2. Asymmetric Flooding

The resistance and attitudes of the ship under asymmetric flooding at different forward
speeds (Fr = 0.1~0.4) are calculated using the CFD method. The principles of mesh and
time arrangements are consistent with those of symmetrical flooding. The comparisons of
the attitudes under symmetrical flooding and asymmetric flooding are listed in Table 12.
The trim of the ship under symmetrical and asymmetric flooding is small at different
forward speeds. The difference between two cases is approximately 0.3°. The sinkage
gradually increases with the increase of forward speed. Compared with the symmetrical
flooding case, the volume of the compartments for the asymmetric case is smaller, which
causes an average decrease of 42% of ship draught at different forward speeds. Also, the
asymmetric distribution of water in the compartments makes the heel angle increase by
15°. As discussed in Section 4.1, the change of draught is the main factor that influences the
ship’s total resistance. Compared with the symmetrical flooding case, the total resistance
of the ship under asymmetric flooding decreases due to the draught reduction. For the
asymmetric flooding case at different forward speeds, the range of resistance increase is
from 18% to 33%, which is lower than that of the symmetrical flooding case, as listed in
Table 13.

Table 12. The comparison of ship attitudes under symmetrical flooding and asymmetric flooding.

Sinkage (m) Trim (°) Heel (°)
Fr Symmetrical Asymmetric Symmetrical Asymmetric Symmetrical Asymmetric
Flooding Flooding Flooding Flooding Flooding Flooding
0.00 —0.052 —0.028 —0.71 —0.77 0.60 15.71
0.10 —0.057 —0.031 -1.07 —0.78 0.59 15.87
0.20 —0.061 —0.033 -1.15 —0.85 0.58 15.52
0.30 —0.070 —0.040 -1.21 —0.89 0.58 15.25
0.40 —0.073 —0.051 —0.82 —0.56 0.39 12.73
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Table 13. The comparison of ship total resistance in the intact, symmetrical flooding and asymmetric

flooding cases (unit: N).

Asymmetric Flooding

Symmetrical Flooding

Fr Intact (Increased Ratio) (Increased Ratio)
0.10 5.43 6.73 (24%) 7.03 (29%)
0.20 21.44 25.34 (18%) 27.90 (30%)
0.30 54.24 72.07 (33%) 76.42 (41%)
0.40 133.32 167.27 (25%) 178.32 (34%)

Figures 18 and 19 depict the flow velocity and water profile in the compartments for
the ship under asymmetric flooding at different forward speeds. Similar to the symmetrical
flooding case (see Figures 16 and 17), for the medium and low speeds (Fr < 0.3), the
asymmetric flooding cases present low flow velocity, gentle vortex motion and calm water
surface. The impact of the damaged opening on the flow field outside the hull is limited.
For the high-speed case (Fr = 0.4), the water in the compartments moves violently and
causes great interference to the flow field outside the ship. For the asymmetric flooding
case, the total resistance of the ship is decomposed into the compartment resistance and
hull resistance, as summarized in Table 14. Similar to the symmetrical flooding case,
the compartment and hull resistances in the asymmetric flooding case increase with the
forward speed increases. The compartment resistance accounts for 12% to 20% of the total
resistance at different forward speeds. The frictional resistance in the compartments can
be ignored. The hull resistance is the main component of the total resistance for the ship
under asymmetric flooding. For the hull resistance, the pressure resistance becomes larger
than the frictional resistance as the speed increases. Compared with the intact case (see
Figures 12 and 13), the range of increased pressure resistance at different forward speeds
for the ship under asymmetric flooding is from 47% to 126%, which is much larger than
the increase of frictional resistance (0.1% to 3%). The proportion of pressure resistance in
the total resistance increases from 17% to 82%. It indicates that the increase in resistance is
dominated by the pressure resistance.
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Figure 18. Comparison of local flow for the ship under asymmetric flooding at different forward
speeds: (a) Fr =0.1 (b) Fr =0.2 (c) Fr =0.3 (d) Fr = 0.4.
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Compartment 1 and 2

(b)

(©) (d)
Figure 19. Comparison of water surface in compartments for the ship under asymmetric flooding at

different speeds: (a) Fr = 0.1 (b) Fr =0.2 (c) Fr = 0.3 (d) Fr = 0.4.

Table 14. Resistances of compartment and hull and proportions to the total resistance under the
asymmetric flooding case (unit: N).

Compartment Hull
Fr Frictional Resistance Pressure Resistance Frictional Resistance Pressure Resistance
(Proportion) (Proportion) (Proportion) (Proportion)
0.10 0.01 (0.1%) 0.88 (13.1%) 4.62 (68.5%) 1.24 (18.4%)
0.20 0.02 (0.1%) 3.67 (14.5%) 16.91 (66.7%) 4.74 (18.7%)
0.30 0.06 (0.1%) 14.23 (19.7%) 35.78 (49.7%) 22.00 (30.5%)
0.40 0.03 (0.1%) 20.84 (12.5%) 61.74 (36.9%) 84.66 (50.6%)

5. Conclusions

The RANS solver, which is based on the VOF method and dynamic overlapping
grid technology, is applied to investigate the attitudes and resistance of the side-damaged
frigate DTMB-5415 during the steady flooding phase. Based on the validated model of the
intact ship, the flow field of the ship at different forward speeds is simulated for the intact,
side-damaged (causing asymmetric and symmetrical flooding) and damage-repaired cases.
The characteristics of the attitudes, resistance and the flow field inside the compartments
and outside the ship are compared and analyzed for different cases. The main findings are
summarized as follows.

1. For the side-damaged cases, the heel and trim of the ship at different forward speeds
are similar to those in the zero-speed case. The main change of ship attitudes is
that the sinkage gradually increases as the speed increases. The sinkage of the ship
with forward speed is larger than that of the zero-speed ship. Compared with the
symmetrical flooding case, due to the differences between the volume and distribution
of water in the compartments, the sinkage of the ship under asymmetric flooding
at different forward speeds decreases by an average of 42%, while the heel angle
increases by about 15°.

2. Compared with the intact ship, the resistance of the ship under symmetrical flooding
increases from 27% to 42% at different forward speeds. Water flooding causes the ship
to sink. The increase of the hull wet surface causes the increase of the ship resistance at
different forward speeds, which ranges from 19% to 34%. In addition, the existence of
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opening disturbs the flow field around the ship and makes the ship resistance increase
from 6% to 13%. The resistance of the ship under asymmetric flooding is slightly lower
than that of the ship under symmetric flooding. Compared with the intact ship, the
resistance of the ship under asymmetric flooding increases from 18% to 33%.

3.  Compared with the intact ship, the pressure resistance of the damaged ship at different
forward speeds increases from 47% to 150%. The proportion of pressure resistance
in the total resistance also increases from 17% to 89%. The main component of the
increased resistance for the damaged ship is the pressure resistance.

4. During the steady flooding, the water movement in the compartments behaves as
vortex flow. The profile of the internal water surface remains constant for the same
forward speed. With the speed increases, the vortex flow in the compartments becomes
complex. The water surface fluctuates significantly. Consequently, the compartment
resistance increases. The proportion of compartment resistance in the total resistance
ranges from 9% to 20% at different forward speeds.

The present study discusses the characteristics of ship’s attitudes and resistance with
side damage occurring at mid-ship. In future work, the cases of ship with bow damage or
stern damage will be investigated.
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