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Abstract: The simulations of submarine sailing near the free surface with long-crested waves have
been conducted in this study using an in-house viscous URANS solver with an overset grid approach.
First, the verification and validation procedures were performed to evaluate the reliability, with the
results showing that the generation of irregular waves is adequately accurate and the results of total
resistance are in good agreement with EFD. Next, three different submerged depths ranging from
1.1D to 3.3D were selected and the corresponding conditions of submarine sailing near calm water
were simulated, the results of which were then compared with each other to investigate the influence
of irregular waves and submerged depths. The simulations of the model near calm water at different
submerged depths demonstrated that the free surface will cause increasing resistance, lift, and bow-up
moments of the model, and this influence decreases dramatically with greater submerged depths. The
results of the irregular wave simulations showed that irregular waves cause considerable fluctuations
of hydrodynamic force and moments, and that this influence remains even at a deeper submerged
depth, which can complicate the control strategies of the submarine. The response spectrum of
hydrodynamic forces and moments showed slight amplitudes in the high-frequency region, and the
model showed less sensitivity to high-frequency excitations.

Keywords: hydrodynamic; submerged; free surface; irregular waves; CFD

1. Introduction

It is necessary to evaluate the sailing performance parameters of a submarine to ensure
its safe navigation before sea trials. There are many different methods to obtain the various
performance parameters, such as experimental fluid dynamics (EFD), computational fluid
dynamics (CFD), and extrapolation according to the empirical formulation. Previous re-
search [1,2] conducted experiments and collected serial experimental data for SUBOFF and
established a SUBOFF database, which has provided data resources for CFD validation and
other submarine research. Nathan Chase [3,4] conducted simulations of self-propulsion
for SUBOFF with the E1619 propeller, showing that CFD can be used to simulate the
self-propulsion of submarines. Further studies [5,6] have simulated the steady turning of a
submarine, with several submarine models being studied with different turning radii and
drift angles. The specific results for the total force and moments, as well as lateral force
distributions along the hull and the flow properties such as flow separation and leeside
vortex development, are presented and compared with experimental data. Dubbioso and
colleagues [6] carried out simulations of a submarine with two different aft appendage con-
figurations and analyzed the maneuvering response, including trajectories and kinematic
parameters. The results showed that the X rudder configuration performs better regarding
turning qualities with respect to the cruciform rudder. All of the simulations confirmed
that CFD can be used to simulate the steady turning of submarine.
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In summary, the hydrodynamic and sailing performance of submarines have been
studied in detail in the open water. Nevertheless, submarines will sail close to or beyond the
free surface during their voyage due to some unavoidable needs, including replenishment,
communication, reconnaissance, and emergent buoyantly rising. When a submarine sails
close to the free surface, surface waves will be generated due to an interaction between the
hull and the free surface. The dynamic pressure distribution along the hull will be affected
by the surface waves further. As a result, the hydrodynamic performance of the submarine
will be changed and perform differently with respect to its performance in open water.
The mechanisms of interaction between the free surface and the underwater vehicle have
been studied by Dawson [7], Amiri et al. [8], and Li et al. [9]. The conclusions of above
literature can be briefly summarized as follows. The bow, aft shoulder, and stern wave
systems generated by the submerged vehicle will interact with each other, which forms the
whole wave pattern. With different sailing velocities, the phase difference between several
wave systems will cause an increase or decrease of the surface wave elevations and change
the wave lengths. The hydrodynamic coefficients will be affected due to the change of
wave elevations and wave lengths, and the effect of the free surface will decrease quickly as
the submerged depth increases. In conclusion, with the submarine sailing close to the free
surface, the resistance will increase and the lift and pitch moments show different features
with respect to that of open water. To evaluate the influence of the free surface acting on
the hydrodynamic performance of submerged vehicles, Wilson-Haffenden et al. [10] and
Dawson [7] have conducted several experiments to investigate the influence of the free
surface on the resistance, lift, and moments of submerged vehicles, which revealed that the
free surface affects the wave-making resistance and dynamic pressure distribution along
the hull, thus changing the lift and pitch moment of the vehicles. Jagadeesh et al. [11],
Mansoorzadeh et al. [12], and Nematollahi et al. [13] all simulated the underwater vehicle
sailing near the free surface by solving the RANS equation. They compared the simulation
results with experimental data, indicating that the RANS method can be used to obtain
reliable hydrodynamic coefficients. The resistance coefficients increase with decreasing
submerged depths, which is mainly owing to the increase of the dynamic pressure compo-
nent. In addition to the hydrodynamic performance, the sailing performance of submarines
has also been discussed widely. Attiya et al. [14] studied the lift and drag performance
of a finite plate near the free surface using the LES method, in which the effects of aspect
ratio were investigated and the tendencies were explained by visual vortex structures.
The mean drag coefficient decreased slightly with an increased aspect ratio, which was
owing to the vorticial activities near the front face of the plate. Carrica et al. [15] and Wang
et al. [16] conducted experiments and simulations for the self-propulsion of a submarine
near the free surface. The former paid attention to the force and moment coefficients of
the submarine and performance parameters of the propeller in different control strategies.
the latter focused on the wake and vortex of the propeller, and compared the CFD results
with EFD, thereby evaluating the reliability of CFD and pointing out the distortions re-
garding wake fluctuation and tip vortex strength. The research presented some consistent
conclusions that the interaction between the free surface and the submarine causes the non-
uniform submarine wake, affecting the performance parameters of the propeller, causing
fluctuations in thrust and torque coefficients, and complicating the control systems of the
underwater vehicle.

With the increase of studies focused on the interaction between a submerged vehicle
and the free surface, some researchers have explored the influence of initial surface waves
acting on the submarine sailing beneath the free surface. Willy [17] predicted that the force
and moments acting on the submerged AUV were due to the waves based on the slender
body theory, and the corresponding experiment was conducted to be compared with the
simulation results. This method was found to be in good agreement with the experimental
data, and the hydrodynamic forces on the model were linearly related to the wave am-
plitude. Milgram [18] used the strip theory to simulate the hydrodynamic characteristics
of a submerged vehicle, considering the wave-induced forces and radiation components
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due to the vehicle motions. The results agreed well with the experiments, except for the
simulations in beam seas. The fin-induced forces were determined to be important for the
prediction of wave forces and radiation components. Tian and colleagues [19] numerically
simulated a bare AUV sailing near the free surface with regular waves and the 6DOF
motions of the model were fixed. The study concluded that the hydrodynamic coefficients
show regular periodic fluctuations, and the amplitude of the fluctuations increases with
an increased wave height or a decreased submerged depth and Reynolds number. The
fluctuation of the hydrodynamic coefficients was explained with the periodic position
of the wave trough and crest changes. Kim et al. [20] simulated the steady turning of a
Joubert BB2 model near the free surface with irregular waves. They freed 6DOF motions
of the submarine and explored the effects of irregular waves on the turning trajectories
and kinematic parameters. The results showed that the turning maneuver is complicated
due to the changes in broadband encounter frequency with irregular waves. The control
performance was degraded with the lower velocity of the submarine, and the heading
angles between the submarine and the wave direction had considerable influences on
submarine motion.

Although there has been some previous research related to the effects of surface
waves acting on the underwater vehicle, the studies were partly limited by the inherent
assumption, i.e., the simplified sea state with regular waves and the theory method with
the inviscid approximation. The present study focuses on the hydrodynamic performance
of a submerged vehicle based on the viscous flow method, considering the effects of the
initial surface wave, and the ITTC wave spectrum is discretized numerically to simulate the
irregular waves, which could be used to provide support for the development of control
strategies for a vehicle sailing near the free surface with realistic seaway conditions. Herein,
a captive SUBOFF model sailing near the free surface with calm water and long-crested
waves in different submerged depths has been simulated with an in-house viscous URANS
CFD solver. An introduction to the geometry of the model, as well as simulation conditions,
is presented in Section 2. Section 3 introduces the numerical methods applied in this study,
including the discretization of the governing equation, the overset grid approach, and the
wave-generation method. The computational domain and grid generation are described
in Section 4. The verification for the numerical method has been conducted through
grid/time-step convergence studies, with the numerical wave-generation technique and
the results of the total resistance being validated by comparing with theoretical solutions or
available experimental data in Section 5. The hydrodynamic parameters of the submarine
and flow characteristics in different simulation conditions were compared to evaluate the
influence of surface waves and submerged depths in Section 6. Conclusions are presented
in Section 7.

2. Geometry and Simulation Conditions
2.1. Geometry of the Model

A DARPA SUBOFF model (AFF-2) was selected to be investigated in the present study.
Compared with the full appendages model (AFF-8), the four identical stern appendages
were simplified and only the bridge fairwater was retained, which was aimed to compare
with the available experimental data. The geometry of the submarine is shown in Figure 1
and the parameters are shown in Table 1.
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Figure 1. Geometry of the SUBOFF model with the fairwater.

Table 1. Main parameters of the SUBOFF model.

Parameters Symbol Units Model

Hull length L m 4.356
Hull diameter D m 0.508

Center of gravity Xg m 1.975
Wetted-surface area S m2 6.058

2.2. Simulation Conditions

The general view of the simulation conditions is represented in Figure 2, where a
captive model is set below the free surface, and h refers to the submerged depth, which is
measured from the axis of the main hull to the free surface. The bow and stern of the model
are located at x/L = 0 and x/L = 1 in x direction, respectively. The free surface is set at z = 0
in z direction, which is the origin of the amplitude fluctuation for irregular waves. The inlet
flow velocity is set according to the Froude number Fn based on hull length, where the Fn
is defined as follows:

Fn =
v√
gL

(1)

where v refers to ship speed and g refers to acceleration of gravity.

Figure 2. General view of the simulation conditions.

To evaluate the effects of irregular waves, the cases where the model sails near the
free surface with calm water were investigated first, where simulations were conducted
at different submerged depths. Additionally, models sailing near the free surface with
irregular waves in corresponding submerged depths were simulated, which was carried
out to last 100 mean periods and total time steps were equal to N = 25,000. The simulation
conditions are described in Table 2, where the flow velocity is constant for all cases, and a
sea state of 4 with a significant wave height of 2.5 m and mean period of 7.2 s are selected
to be the initial surface waves, which has been discretized numerically according to the
ITTC wave spectrum and scaled according to the scale ratio λ = 24 and Fn = 0.336.
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Table 2. Description of the simulation conditions.

Case Froude Number Depths (h/D) Sea State Free Surface

1 0.336 1.1 - Calm water
2 0.336 2.2 - Calm water
3 0.336 3.3 - Calm water
4 0.336 1.1 4 Irregular waves
5 0.336 2.2 4 Irregular waves
6 0.336 3.3 4 Irregular waves

The present simulations were conducted based on the Tianhe—2 supercomputer at the
National Supercomputer Center in Guangzhou with a parallel computational technique.
The supercomputer includes 17,920 processors (Intel® Xeon® E5—2692 v2 Processor) and
12 cores are included for each one. The simulations used 56 cores for the simulations with
calm water, and each simulation takes a physical time of about 52 h to complete. In the
meantime, 155 cores were used for the simulations with long-crested waves, and each
simulation takes a physical time of about 214 h to complete.

3. Mathematical Formulation
3.1. Numerical Method

The unsteady RANS equation is solved by the viscous URANS solver. The continuity
and momentum conservation equations are defined as:

∂ρ

∂t
+

∂(ρUi)

∂xi
= 0 (2)

∂Ui
∂t

+
∂UiUj

∂xj
= −1

ρ

∂p
∂xi

+
1
ρ

∂

∂xj

(
µ

∂Ui
∂xj
− ρuiuj

)
(3)

where ρ refers to the density; p refers to the time-averaged pressure; Ui (i = 1, 2, 3) refers to
the time-averaged velocities component and ui (i = 1, 2, 3) refers to the fluctuation velocities
component; µ refers to the dynamic viscosity; and ρuiuj refers to the Reynolds stress term.

To solve the Reynolds stress term, a two-equation eddy-viscosity SST k-ω turbulence
model proposed by Menter [21] has been applied to close the RANS equation. The model
is effective in predicting an adverse pressure gradient and shows low sensitivity to the
inlet conditions. For solving the governing equation, the finite difference method is used to
discretize the partial differential equation with temporal and spatial term discretization
using the second-order differencing schemes. Meanwhile, the projection algorithm [22,23]
is selected to solve the pressure-velocity coupling equation and the free surface is captured
with the level-set method [24]. To simplify the generation of structured grids for the
complicated geometry of the ship and maintain a high quality of grid cells, an overset grid
approach has been applied to generate the whole computation domain grid, using an in-
house overset code. The overall grid can be divided into different parts, such as background
grids, hull grids, and appendage grids. Those grids overlap with each other and the node
information is not corresponding among each other before the overset. In the process of
the overset, the hole-cutting operations are conducted to dig the nodes which traverse the
surface of solid boundaries and are beyond the computational domain using the cut-and-
paste algorithm [25,26]. Those nodes are defined as hole nodes which are not participating
in the fluid computations. The grid nodes near the interface between different grid parts
will be marked as fringe nodes, which are used to transmit the computing information
between different grid parts. The computing information originates from nearby active
nodes, which are titled as donor nodes, and the computing information among the different
grid parts is connected by building the interpolation relationships between the fringe nodes
and the donor nodes. More details can be found in the literature [27,28].
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3.2. Wave-Generating Method
3.2.1. Irregular Wave Generation

The irregular waves are formed by various linear regular waves with the same di-
rection, but with different wave lengths, wave amplitudes, and random phases for the
long-crested waves. The wave elevation, η, is defined as the function of location x and
time t:

η(x, t) =
N

∑
i=1

Aicos(kix−ωit + ϕi) (4)

where N refers to the number of linear regular waves. For the ith regular wave, Ai refers
to wave amplitude; ki refers to wave number; ωi refers to the circular frequency; and ϕi
refers to the random phase from 0 to 2π. A specified wave energy spectrum was selected to
determine the parameters of different linear regular waves. The spectral density function,
S(ω), is defined as:

S(ωi) =
A2

i
2∆ωi

(5)

where Ai refers to the wave amplitude of the ith regular wave and ∆ωi refers to the wave
frequency interval.

In this study, the ITTC standard wave spectrum [29] was selected to simulate the
irregular waves and the formulation is defined as:

S(ω) =
A

ω5 e−
B

ω4 (6)

where A and B are constants (A = BH2

4 , B = 691
T4 ), H refers to significant wave height, and T

refers to the mean period.
The wave energy spectrum is discretized by the equal-frequency method where differ-

ent regular wave components have the same frequency interval. The discretization results
will determine the parameters of the regular wave components.

3.2.2. Damping Method

To avoid the reflection from the exit boundary, a damping method was used for the
wave generation. The expression of the momentum equation after damping modification is
defined as:

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

= gx −
1
ρ

∂p
∂x

+ v
[

∂2u
∂x2 +

∂2u
∂y2

]
− µ(x)u (7)

∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

= gy −
1
ρ

∂p
∂y

+ v
[

∂2v
∂x2 +

∂2v
∂y2

]
− µ(x)v (8)

where µ(x) is the damping coefficient varying with the x-position as follows:

µ(x) =
{

as(x− x0)/Ls x > x0
0 x ≤ x0

}
(9)

where x > x0 is defined as the damping region; Ls refers to the length of damping region;
and as refers to the wave-absorbing coefficient.

4. Numerical Modeling
4.1. Computational Domain and Boundary Conditions

For different simulations with calm water and irregular waves, the ranges of the
domain are set to be consistent in the x and y directions, and the domain extends from
−1 < x/L < 3.5, −1 < y/L < 1. Herein, the size of the domain is different for two type cases
in the z direction, in which −1 < z/L < 0.4 for the calm water and −1.5 < z/L < 0.4 for
the irregular waves. The additional distance for the irregular waves aims to ensure the
deep-water condition. The computational domain is shown in Figure 3.
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Figure 3. Computational domain and boundary conditions of the model.

The boundary conditions are set as follows: the velocity inlet and pressure outlet
boundary conditions are applied on the front and end of the computational domain,
respectively; the zero-pressure and zero-pressure-gradient boundary conditions are applied
on the bottom and top of the computational domain, respectively; two sides are set as the
zero-pressure-gradient boundary condition; and the surfaces of the model are set as a fixed
no-slip boundary condition.

4.2. Grid Generation

The fully structured overset grid was applied in the present study, which could be
divided into three parts before the overset: background grids, hull grids, and fairwater
grids. The background grids are generated as Cartesian-type topology, and the hull and
fairwater grids are set as O-type topology. For different simulations with calm water
and irregular waves, the sizes of the hull grids and appendage grids are selected to be
consistent. The main differences are located on the size of the background grids, as shown
in Figure 4. Simulations with irregular waves require larger grid size compared to those
for calm water in order to avoid strong numerical dissipation on wave propagation and
to capture irregular waves accurately, where 30 grid points for the shortest wave length
were used in the x direction and 75 grid points near the free surface were applied in
the z direction according to the ITTC recommendation [30]. The background grid size
of the simulations with irregular waves will be evaluated by the generation of irregular
waves as described in Section 5.1. Furthermore, Section 5.2 conducted the convergence
and uncertainty analysis of simulations with calm water, which studied the influence of
different hull and appendage grid sizes and demonstrated that the medium grid size can
be applied for the following studies.

The hull grids and appendage grids are presented in Figure 5, where the boundary
grids of the hull and fairwater were set small enough (Y+≤ 1) to accurately capture the flow
around the boundary layer. The whole grid after overset around the model of simulations
with calm water and irregular waves is presented in Figure 6, and it can be observed that
the grid sizes along the x and z directions for simulations with/without irregular waves
have obvious differences, where the cases with irregular waves show denser refine regions
compared with those of calm water.
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Figure 4. Background grids for calm water and irregular waves conditions: (a) calm water;
(b) irregular waves.

Figure 5. The hull grids and appendage grids and the wall Y+ on the model surface: (a) hull and
appendage grids; (b) Y+ on the model surface.
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Figure 6. Grid around the model after overset for calm water and irregular waves conditions:
(a) calm water; (b) irregular waves.

5. Verification and Validation

To evaluate the reliability of the numerical method, V&V (verification and validation)
procedures proposed by The American Society of Mechanical Engineers, 2009, 2016 [31,32]
have been conducted. The experimental uncertainties, numerical uncertainties, and input
parameter uncertainties are used to evaluate the validation uncertainties, and the compari-
son between the experimental data and the numerical results shows the numerical errors.

The experimental uncertainty, UD, is assumed to be 1.00% D due to the lack of refer-
ences provided, where D refers to the experimental data. The numerical uncertainty, USN,
consists of the grid uncertainty, UG, the time step uncertainty, UT, and the iteration uncer-
tainty, UI; however, the iteration uncertainty, UI, can be neglected. The input parameter
uncertainties are assumed to be zero.

Due to the lack of experimental data about submarine sailing near the free surface
with irregular waves, the overall V&V procedures are divided into three parts. First, the
wave generation technique was validated by comparing the generation of irregular waves
with the theoretical wave pattern and spectrum. Additionally, the verification study was
conducted by grid/time-step convergence studies related to the simulation conditions of a
submarine sailing near the free surface in calm water, which gave access to the numerical
uncertainty, USN. Finally, the experimental data of the total resistance of a submarine sailing
near calm water was compared with the simulation results, which provided the validation
uncertainty, UV, and the numerical errors were evaluated according to the validation
uncertainty, UV.

5.1. Wave Generation Technique

The validation of irregular wave generation has been conducted by comparing simula-
tion results with theoretical values. The sea state 4 with a significant wave height of 2.5 m
and a mean period of 7.2 s is selected to be validated and it has been scaled according to
the scale ratio λ = 24 and Fn = 0.336. The irregular waves consist of N = 50 components,
ranging from 0.455 Hz to 3.736 Hz. Meanwhile, the simulations were performed with
25,000 time steps, lasting 100 mean periods. The monitor point was set at X = 1 in the
longitudinal direction, where it was located on 2L downstream of the inlet boundary. The
statistical characteristics of random variables, such as the expected value (EV), standard
deviation (SD), cumulative distribution function (CDF), and probability density function
(PDF), are evaluated as:

EV(J) =
1
N

N

∑
i=1

Ji (10)

SD(J) =

√√√√ 1
N − 1

N

∑
i=1

[Ji − EV(J)]2 (11)
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CDF(y) =
1
N

N

∑
i=1

δ[Ji ≤ y] (12)

where Ji refers to the ith value of random variables, δ[A] = 1 if A is true, and δ[A] = 0 if A
is false.

The time histories, EV, and SD corresponding to the wave elevation of theoretical
values and simulation results are shown in Figure 7a, where the theoretical values are drawn
according to different discretized linear wave components. To evaluate the deviations
between the simulation results and theoretical values, the encounter energy spectra of
the theory and simulation are acquired by FFT (Fast Fourier transform) analysis, which
are shown in Figure 7b. The encounter circular frequency, ωe, for the heading waves is
defined as:

ωe = ω +
ω2v

g
(13)

Figure 7. Comparison between the CFD results and the theoretical values for the generation of
long-crested waves: (a) time histories; (b) wave spectrum; (c) CDF; (d) PDF.

The nth order moment of the spectrum is defined as:

mn =
∫ ∞

0
ωn

e S(ωe)dωe (14)

The 0th order moment, m0, of spectrum, ωe, and S(ωe) corresponding to the peak point
of the spectrum are shown in Table 3, where m0 stands for the energy of irregular waves.
The differences between the CFD and theory are acceptably small, which indicates that
the irregular wave generation technique is feasible and reliable for the viscous URANS
solver. In the meantime, the cumulative distribution function (CDF) and probability density
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function (PDF) of the wave elevation are shown in Figure 7c,d, respectively. All of the
time histories, EV, SD, PDF, and CDF agree well with each other for theory values and
simulation results.

Table 3. The 0th order moment, m0, of the spectrum, ωe, and S(ωe) corresponding to the peak point
of the spectrum.

ωe S(ωe) m0

CFD 5.747 119.996 664.72
Theory 5.516 119.992 657.72

Diff. (%) 4.2% <0.1% 1.1%

5.2. Uncertainty of the Numerical Method

The simulation of submarine sailing near calm water with Fn = 0.336 and h/D = 1.1
has been used to conduct the V&V study. The experimental data is quoted from Dawson.
Due to a lack of experimental data for submarine sailing near the free surface with irregular
waves, the V&V study is not related to those simulation conditions.

The numerical uncertainty USN is defined as follows:

USN
2 = UG

2 + UT
2 + UI

2 (15)

As mentioned before, the iteration uncertainty, UI, can be neglected. Grid/time-step
convergence studies are carried out to obtain the grid uncertainty, UG, and the time step
uncertainty, UT. The convergence study method proposed by Xing and Stern [33] has been
applied and the convergence ratio, R, is defined as:

R =
ε32

ε21
(16)

where ε32= S f − Sm and ε32 = Sm − Sc. S f , Sm, and Sc refer to the solutions of fine,
medium, and coarse, respectively. For different values of R, the convergence conditions are
separated as:

(1) 0 < R < 1, Monotonic convergence;
(2) R < 0, Oscillatory convergence;
(3) R > 1, Divergence.

When it achieves the Monotonic convergence, the Richardson extrapolation method is
used to obtain the estimated order of accuracy, PRE, which is defined as:

PRE =
ln
(

ε21
ε32

)
lnr

(17)

where r refers to the refinement ratio of the grid or time step.
The distance metric P is defined as the ratio of PRE to Pth, where Pth is generally set as

2. The factor of safety method uncertainty is defined as:

UFS =


(2.45− 0.85P)

∣∣∣ S f−Sm

rPRE−1

∣∣∣, 0 < P ≤ 1

(16.4P− 14.8)
∣∣∣ S f−Sm

rPRE−1

∣∣∣, P > 1
(18)

For the grid convergence study, three sizes of grids have been applied with the medium
time step and the grid refinement ratio rG =

√
2. The coarse, medium, and fine grids are 1.96,

5.55, and 15.97 million grid nodes, respectively. When related to the time-step convergence
study, three sizes of time steps have been applied with the medium grid and the time-step
refinement ratio rG = 2. The coarse, medium, and fine time steps are 0.006, 0.003, and
0.0015, respectively. The specific number of grids for different parts is listed in Table 4. As
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mentioned before, the Richardson extrapolation method is used to obtain the numerical
uncertainty, USN, due to the Monotonic convergence achieved. The results are shown in
Table 5. The uncertainties of the grid and time step are 4.61% D and 0.42% D, respectively;
the total numerical uncertainty is 4.63% D.

Table 4. Details for different grid nodes.

Grid Nodes (M *) Hull Fairwater Background Total

Coarse 1.37 0.18 0.41 1.96
Medium 3.87 0.50 1.18 5.55

Fine 11.07 1.44 3.46 15.97
* M: million.

Table 5. Verification study for the total resistance.

R P UFS (% D) USN (% D)

Grid 0.583 0.778 4.61
4.63Time-step 0.165 1.300 0.42

To validate the numerical simulations, the deviations between simulation results and
experimental data are supposed to be evaluated. The error, E, is defined as:

E = D− S (19)

where S refers to the simulation results.
As mentioned before, the validation uncertainty, UV, is defined as:

Uv
2 = UD

2 + USN
2 (20)

where UD is assumed to be 1.00% D due to the lack of any available references. The results
of validation uncertainty are shown in Table 6 and the error, E, is lower than the validation
uncertainty, UV, which indicates the simulation results are validated under the UV level.
Accordingly, the medium grid and medium time step are selected to conduct the following
numerical simulations, considering the reliable accuracy and high simulation efficiency.

Table 6. Validation study for the total resistance.

USN (% D) UD (% D) UV (% D) E (% D)

4.63 1.00 4.73 3.09

The comparison between CFD and EFD for the total resistance coefficient of a subma-
rine sailing near calm water with different velocities and submerged depths is shown in
Figure 8. The mean error of the total resistance coefficient between CFD and EFD is 2.33%,
indicating the CFD results show a good agreement with the experimental data, where the
total resistance coefficient is defined as follows:

Ct =
Rt

1
2 ρv2S

(21)

where Rt refers to the total resistance, ρ refers to the density, v refers to the flow velocity,
and S refers to the wetted-surface area of the model.
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Figure 8. Comparison between CFD and EFD for the total resistance coefficient of a submarine sailing
near calm water with different velocities and submerged depths.

6. Results and Discussion

In this section, the hydrodynamic performance of the model sailing near the free
surface in calm water or irregular waves is presented and compared with each other. The
resistance, lift, and pitch moment of the model are discussed using a statistical analy-
sis method in the time domain and a FFT analysis in frequency domain; finally, some
qualitative conclusions are drawn.

6.1. Resistance
6.1.1. Calm Water

The resistance of the model sailing near the free surface in calm water and Fn = 0.336 at
different submerged depths (h) ranging from 1.1D, 2.2D, and 3.3D is shown in Figure 9. The
different components of resistance are divided into total resistance (Rt), residual resistance
(Rr), and friction resistance (Rf) based on a Froude assumption. The values of Rt are 64.67N,
54.68N, and 52.53N for h = 1.1D, 2.2D, and 3.3D, respectively. The values of Rt decrease
15.45% with h changing from 1.1D to 2.2D and decrease 3.93% with h changing from 2.2D
to 3.3D. This indicates that Rt decreases with an increase of the submerged depth and the
changes become less pronounced with an increasing submerged depth. Meanwhile, the
values of Rr are 19.65N, 10.11N, and 8.10N for h = 1.1D, 2.2D, and 3.3D, respectively, in
which the values of Rr decrease 48.55% with h changing from 1.1D to 2.2D and decrease
19.88% with h changing from 2.2D to 3.3D. The values of Rf are slightly different with
the changed submerged depth, which are 45.02N, 44.57N, and 44.43N for h = 1.1D, 2.2D,
and 3.3D, respectively. The trends of Rr and Rf reveal that the total resistance is mainly
dominated by the residual resistance, where Rr shows considerable changes but Rf remains
relatively constant. The residual resistance appears to be more sensitive to the change of
submerged depths compared with the total resistance.

The free surface and wave pattern on the XOZ plane at different submerged depths
ranging from 1.1D, 2.2D, and 3.3D are shown in Figure 10. The position of the crest and
trough around the fairwater performs similarly for the three depths, where a crest and a
trough are located before and after the fairwater, respectively. The position of the crest and
trough after the fairwater changes with the submerged depths, where the crest and trough
have an advanced phase for shallower submerged depths compared with the deeper one.
The amplitudes of the waves decrease rapidly with an increasing submerged depth, which
causes the decrease of wave-making resistance with a similar tendency.
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Figure 9. The resistance of the model sailing near the free surface in calm water at different
submerged depths.

Figure 10. Cont.
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Figure 10. The free surface at different submerged depths: (a) wave pattern; (b) wave amplitude.

6.1.2. Irregular Waves

The direct effects of irregular waves on the resistance of the model perform as the
fluctuations with solution times, which indicate the first-order response caused by the
wave-induced forces in fact. The time histories, EV, and SD of the total resistance (Rt)
of the model sailing near the free surface with a sea state 4 and Fn = 0.336 are shown in
Figure 11a–c, and the CDF and PDF of the total resistance at different submerged depths are
shown in Figure 11d,e. When t = 149 s, the values of EV are 64.64N, 55.85N, and 54.52N for
h = 1.1D, 2.2D, and 3.3D, respectively. The values of EV decrease 13.60% with h changing
from 1.1D to 2.2D and decrease 2.38% with h changing from 2.2D to 3.3D, which indicates
that the influence of the free surface decreases rapidly at first and then tends to stay fairly
constant with an increasing submerged depth. The steeper CDF curve, narrower peak
value bandwidths of PDF, and the lower center value of the peak value bandwidth can
be observed with increasing submerged depth, and the distribution of the total resistance
becomes more concentrative accordingly, which leads to the decrease in EV of the total
resistance and reflects the decrease of the first-order response amplitudes. Although the EV
of the total resistance tends to be fairly constant, the total resistance is still considerable
in the first-order response with the increase of submerged depths, which complicates the
control strategies when the submarine sails near the free surface with irregular waves.
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Figure 11. The resistance of the model sailing near the free surface with irregular waves at different
submerged depths: (a) 1.1D; (b) 2.2D; (c) 3.3D; (d) CDF; (e) PDF.

To evaluate the effects of the free surface and irregular waves on the resistance compo-
nents, the EV values of different resistance components at different submerged depths are
shown in Figure 12. It can be observed that the Rr decreases with the increasing submerged
depths and the Rf shows negligible deviations (<0.1%) for different submerged depths.
When t = 149 s, the EV values of Rr are 19.92N, 11.13N, and 9.86N for h = 1.1D, 2.2D,
and 3.3D, respectively. The values of EV decrease 44.13% with h changing from 1.1D to
2.2D and decrease 11.41% with h changing from 2.2D to 3.3D. It can be concluded that
the changes in residual resistance are dominant compared to the friction resistance. Due
to the residual resistance being smaller than the friction resistance, the extent of the total
resistance changing with submerged depths is weaker than the residual resistance.

Figure 12. The EV of different resistance components for the model sailing near the free surface with
irregular waves at different submerged depths.



J. Mar. Sci. Eng. 2022, 10, 90 17 of 29

The free surface at different submerged depths changing with solution times is shown
in Figure 13. It presents the wave pattern which is constituted by initial irregular waves and
surface waves generated by the model. In the beginning of the solutions, the feature of the
free surface mainly performs as the irregular waves. With the increase of the solution times,
the wave generated by the model gets more and more obvious and the initial irregular
waves are disturbed. When the solution time t = 2.975 s, the surface wave is combined
with irregular waves and a Kelvin wave generated by the model, and the wave-making
characteristics of the model are similar to those of calm water. The amplitude of the wave
generated by the model decreases dramatically with an increase in submerged depth, which
reveals the decrease of wave-making resistance.

Figure 13. The snapshot of the wave pattern in the very beginning of the solution times: (a) 1.1D;
(b) 2.2D; (c) 3.3D.

The EV values of different resistance components for calm water and irregular wave
conditions at different submerged depths are shown in Figure 14. It can be observed that
the resistance has slight deviations for different surface conditions at the same submerged
depth. The added resistance which is caused by the irregular waves is not obvious, and
the reason can be owing to the captive model. According to studies carried out by Sadat-
Hosseini et al. [34,35] and Guo et al. [36], which simulated different models (KVLCC2
& KCS) sailing with and without a fixed degree of freedom, explored the mechanisms
regarding the generation and change of added resistance. The results show that the added
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resistance stays relatively stable when the motions of the ship are fixed with different
wave lengths, and the motions will greatly affect the added resistance. Herein, due to the
restricted motions of the model, the added resistance component which originated from the
motions of the model has not been considered. Furthermore, the added resistance that is
related to the flow around the submarine model is the only component. It can be deduced
that the added resistance related to the flow filed around the model is only somewhat
relevant to the surface wave.

Figure 14. The comparison of the total resistance between calm water and the EV of irregular wave
conditions at different submerged depths.

In current simulations, the sea state 4 irregular waves consist of 50 different linear
regular waves. To evaluate the characteristics of the resistance response for different
component waves in the frequency domain, the FFT analysis has been conducted to acquire
the resistance response at different submerged depths and the spectral responses of the
resistance are shown in Figure 15. The comparison between the different submerged depths
is shown in Figure 16. According to Figure 15, the amplitudes of the resistance response are
different than those components of regular waves. The response spectrum has three clear,
main peaks at different encounter frequencies, and the first main peak occurs at 1.064 rad/s
(0.169 Hz), which is fairly near the iterative convergence frequency 1.16 rad/s (0.185 Hz)
for the resistance of the model sailing near the free surface in calm water. The second main
peak has a maximum amplitude among the response spectrum, in which the encounter
frequency is about 5.028 rad/s (0.800 Hz). According to the encounter wave spectrum,
the corresponding encounter frequency of the peak point is 5.516 rad/s (0.878 Hz). The
encounter frequency at the third main peak is equal to 9.540 rad/s (1.518 Hz), which is
approximately twice the value compared with the encounter frequency at the second main
peak. The amplitude of the third main peak is much smaller than that of the second main
peak, and the amplitude shows smaller values with an increase of encounter frequencies.
The general tendency of the resistance response spectrum is similar to the incident wave
spectrum, i.e., the response in the low frequency region produces considerable amplitude
and the amplitude of the response remains quite small in the high frequency region.
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Figure 15. The spectral response of resistance for the model sailing near the free surface with irregular
waves at different submerged depths: (a) 1.1D; (b) 2.2D; (c) 3.3D.

Figure 16. The comparison of the total resistance spectral response at different submerged depths.

According to the Figure 16, the frequencies of the response spectrum are fairly equal
to those of the incident wave spectrum (which can be found in Figure 7). The amplitudes
of the response spectrum decrease with an increasing submerged depth, in which the
amplitude at the first main peak decreases 39.16% with h changing from 1.1D to 2.2D
and decreases 39.55% with h changing from 2.2D to 3.3D, and the amplitude at second
main peak decreases 76.96% with h changing from 1.1D to 2.2D and decreases 74.58%
with h changing from 2.2D to 3.3D. The decrease is at a similar level between the several
submerged depths, which is different from the trend of the EV of the total resistance as
mentioned before. The general characteristics of the response spectrum are similar at
different submerged depths, with the main deviations being reflected in the amplitudes of
the response spectrum.

6.2. Lift and Pitch Moment
6.2.1. Calm Water

Similar to the chapter of resistance, the lift and pitch moment (which are related to the
center of gravity) of the model sailing near the free surface in calm water and Fn = 0.336 at
different submerged depths (h) ranging from 1.1D, 2.2D, and 3.3D are shown in Figure 17.
The values of lift are 36.92N, 7.59N, and 1.88N for h = 1.1D, 2.2D, and 3.3D, respectively.
Additionally, the values of the pitch moment are 16.58 N·m, 1.95 N·m, and 0.19 N·m for
h = 1.1D, 2.2D, and 3.3D, respectively. The values of lift decrease 79.44% with h changing
from 1.1D to 2.2D and decrease 75.23% with h changing from 2.2D to 3.3D. Accordingly, the
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values of the pitch moment decrease 88.24% with h changing from 1.1D to 2.2D and decrease
90.26% with h changing from 2.2D to 3.3D. The lift and pitch moments are dramatically
changed with an increase in the submerged depth compared to the resistance, where the
former is even over 75% and the latter is less than 20%. The lift and pitch moments show
greater sensitivity to the change of the submerged depth compared with the resistance. The
trend of the lift and pitch moments changing with submerged depths is different compared
with the trend of resistance, in which the lift and pitch moments are getting close to zero
with an increase in the submerged depth, but the resistance decreases to a fairly constant
value.

Figure 17. The lift and pitch moments of the model sailing near the free surface in calm water at
different submerged depths: (a) lift; (b) pitch moment.

The total pressure acting on the surface of the model can be divided into two parts,
one that is related to the distance away from the free surface is defined as the hydrostatic
pressure, and the other that is caused by the non-uniform velocity field of fluid and is
defined as dynamic pressure. In this section, the pressure distribution around the model
is acquired to evaluate the tendencies of the lift and pitch moments changing with the
submerged depths. Due to the hydrostatic pressure being only related to the distance from
the free surface, the pressure gradient between the upper and lower surfaces of the model
is constant for different submerged depths. This component of the total pressure will not
be discussed, and the dynamic pressure is only considered for assessing the changes of
the lift and pitch moments. Figure 18 shows the dynamic pressure distribution around
the model at different submerged depths, which is measured on the XOZ plane. The
model is normalized by the hull length in the x direction, and the dynamic pressure is also
normalized, in which Cp refers to the normalized dynamic pressure coefficient according to
Equation (22).

Cp =
2Pr
ρv2 (22)

where Pr is the dynamic pressure, ρ is the density of fluid, and v is the incident flow velocity.
The dynamic pressure distribution has some obvious features, such as the bow and front
of the fairwater having a high-pressure region, where there are stationary points of the
velocity field. Meanwhile, the top of the fairwater and aft shoulder of the model are the
low-pressure regions, where there are relatively high-velocity regions of flow filed and
separations of flow occur dramatically. For different submerged depths, the characteristics
of the dynamic pressure distribution have some discrepancies, and the areas and amplitudes
of the high/low-pressure regions are different for those depths.
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Figure 18. The dynamic pressure distribution around the model on the XOZ plane at different
submerged depths.

To evaluate the dynamic pressure distribution on the surface of the model, the curves
that are intersected between the XOZ plane and the upper/lower surfaces of the submerged
model are set to monitor the dynamic pressure distribution. Figure 19 shows the dynamic
pressure distribution on the curves, which is divided into the upper surface (left figure) and
lower surface (right figure). From Figure 19a, it can be observed that the dynamic pressure
distribution along the hull length on the upper surface for h = 1.1D has larger fluctuations
compared with the other submerged depths, and the dynamic pressure distribution tends
to be consistent with the increase in submerged depths. As mentioned before, the regions
around the fairwater and aft shoulder of the model produce obvious low and high dynamic
pressure, which will make a difference to the hydrodynamic force and moment of the model.
Before the fairwater, the dynamic pressure coefficient, Cp, is about 0.1 larger than the other
submerged depths for h = 1.1D and Cp is fairly similar for h = 2.2D and 3.3D. In the middle
of the model, the Cp increases with an increase of the submerged depth and the increase
becomes less pronounced for deeper submerged depths. The Cp of h = 1.1D is about 0.2 less
than other submerged depths for 0.35 < x/L < 0.45. Around the aft shoulder of the model,
the trend of Cp is similar to the one before the fairwater, and the Cp of h = 1.1D is about 0.1
larger than other submerged depths. For Figure 19b, the dynamic pressure distribution
along the model on the lower surface has slight discrepancies for different submerged
depths, and the main difference appears in the middle of the model (0.25 < x/L < 0.65),
which has been marked with the red dash box. In the middle of the model, the dynamic
pressure increases with an increase in the submerged depth and the increase becomes less
pronounced for deeper submerged depths, where the Cp of h = 1.1D is about 0.03 less than
other submerged depths. According to the dynamic pressure distribution on the upper and
lower surfaces of the model, the pressure difference between the upper surface and lower
surface will decrease with an increase of submerged depth and the trend will gradually
become less obvious. In the meantime, the distribution of the pressure difference along
the model will induce a decrease of the lift and bow-up moments with an increase in the
submerged depth.
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Figure 19. The dynamic pressure distribution along the hull length at different submerged depths:
(a) upper surface; (b) lower surface.

6.2.2. Irregular Waves

Similar to the chapter on resistance, the time histories, EV, and SD of the lift and pitch
moments of the model sailing near the free surface with a sea state 4 and Fn = 0.336 are
shown in Figures 20a–c and 21a–c, and the CDF and PDF of the lift and pitch moments
at different submerged depths are shown in Figure 20d,e and Figure 21d,e. The values of
EV for the lift and pitch moments at different submerged depths are shown in Figure 22.
When t = 149 s, the EV of the lift are 44.67N, 9.53Ns and 2.73N and the EV of the pitch
moment are 16.25 N·m, 4.11 N·ms and 2.20 N·m for h = 1.1D, 2.2Ds and 3.3D, respectively.
The EV of the lift decrease 78.67% with h changing from 1.1D to 2.2D and decrease 71.35%
with h changing from 2.2D to 3.3D, and the EV of the pitch moment decrease 74.71% with
h changing from 1.1D to 2.2D and decrease 46.47% with h changing from 2.2D to 3.3D.
The trends are similar to those of the resistance, and the difference is located with the
amplitudes changing with submerged depths. The changes of the lift and pitch moments
are dramatically larger than those of the resistance, which demonstrates that the lift and
pitch moments are more sensitive to the changes in submerged depth. Meanwhile, the
steeper CDF curve, narrower peak value bandwidths of the PDF, and the lower center value
of the peak value bandwidth can be observed with an increase in the submerged depth,
and the distributions of the lift and pitch moments become more concentrated accordingly,
which leads to the decrease in the EV of the lift and pitch moments and reflects the decrease
of the first-order response amplitudes. The first-order response has considerable regions
compared to the relatively small EV for the lift and pitch moments, and it can be deduced
that large amplitude heave and pitch motions will be generated and the control strategies
will be complicated when a submarine sails near the free surface with irregular waves.

To investigate the mechanism of influence of the surface waves on the hydrodynamic
performance of the submerged vehicle, the snapshots of the free surface at different so-
lutions times of h = 1.1D are shown in Figure 23, and the hydrodynamic characteristics
of the model and dynamic pressure distribution along the hull at different solution times
are shown in Figure 24. It can be observed that the position of the wave crest and trough
changes with the solution time due to the transient irregular waves, which are different
compared with the calm water conditions shown in Figure 18. For t = 6.247 s, the surface
wave coupled positively with the wave generated by the model and caused an increase in
wave amplitude around the fairwater compared with that of t = 6.842 s, which resulted in
the increase of wave resistance and a considerable increase of Cp on the upper surfaces, but
the Cp on the lower surfaces was only affected slightly. The pressure difference between the
upper surface and the lower surface around the fairwater will increase, and the pressure
difference around the aft shoulder is similar for those two moments, which induces a nega-
tive pitch moment related to the coordinate at this moment. For t = 6.545 s, the dynamic
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pressure acting on the middle of the upper surfaces increases dramatically and the pressure
difference is larger compared with that of t = 6.842 s, causing the observed decrease in lift.

Figure 20. The lift of the model sailing near the free surface with irregular waves at different
submerged depths: (a) 1.1D; (b) 2.2D; (c) 3.3D; (d) CDF; (e) PDF.

Figure 21. The pitch moment of the model sailing near the free surface with irregular waves at
different submerged depths: (a) 1.1D; (b) 2.2D; (c) 3.3D; (d) CDF; (e) PDF.
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Figure 22. The EV of the lift and pitch moments of the model sailing near the free surface with
irregular waves at different submerged depths: (a) lift; (b) pitch moment.

Figure 23. The free surface at different solution times.

The values of EV for the lift and pitch moments for calm water and irregular wave
conditions at different submerged depths are shown in Figure 25. The values of EV for the
lift and pitch moments of the model sailing near the free surface with irregular waves are
generally larger than the conditions with calm water at different submerged depths, except
the pitch moment for h = 1.1D. The differences between the conditions with irregular waves
and calm water decrease gradually with an increase in the submerged depth for the lift,
where the pitch moment performs oppositely to the trend observed for the lift.
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Figure 24. The hydrodynamic forces, moments, and dynamic pressure distribution along the
hull length at different solution times: (a) hydrodynamic force and moments; (b) upper surface;
(c) lower surface.

Figure 25. The comparison of the lift and pitch moments between calm water and the EV of irregular
wave conditions at different submerged depths: (a) lift; (b) pitch moment.
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The response spectra of the lift and pitch moments acquired by FFT analysis at dif-
ference submerged depths are shown in Figures 26 and 27, which produce some similar
characteristics compared with those for the resistance, such as the encounter frequencies
of the response spectrum are corresponding to those of the encounter wave spectrum.
Meanwhile, the first main peak occurs at the encounter frequency 1.064 rad/s (0.169 Hz),
which is near the iterative convergence frequency of the lift and pitch moments of the
model sailing near the free surface in calm water. The features of the second main peak of
the response spectrum produce discrepancies for the lift and pitch moments at different
submerged depths; for example, it occurs at 5.021 rad/s (0.799 Hz) for lift in the three
different submerged depths, but it occurs at 6.279 rad/s (0.999 Hz) for the pitch moment in
h = 1.1D and 2.2D and at 5.636 rad/s (0.897 Hz) for the pitch moment in h = 3.3D. Other
peaks perform small values with the increase of encounter frequencies. The response
amplitudes produce larger values compared with the EV of the lift and pitch moments for
different encounter frequencies, especially for the pitch moment, where the amplitude of
the second main peak is several times greater compared with the corresponding EV of the
pitch moment at different submerged depths. The surface waves would affect the hydrody-
namic force and moments, although with larger submerged depths, which complicated the
control strategies of the vehicle sailing near the free surface.

Figure 26. The spectral response of the lift of the model sailing near the free surface with irregular
waves at different submerged depths: (a) 1.1D; (b) 2.2D; (c) 3.3D.

Figure 27. The spectral response of the pitch moment of the model sailing near the free surface with
irregular waves at different submerged depths: (a) 1.1D; (b) 2.2D; (c) 3.3D.

The comparisons of the response spectra between different submerged depths are
shown in Figure 28, where the amplitudes of the response spectrum in different encounter
frequencies decreases with increasing submerged depths. The amplitudes at the second
main peak of the lift response spectrum decrease 42.54% with h changing from 1.1D to 2.2D
and decrease 40.05% with h changing from 2.2D to 3.3D, and the amplitudes at the second
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main peak of the pitch moment response spectrum decrease 48.86% with h changing from
1.1D to 2.2D and decrease 47.15% with h changing from 2.2D to 3.3D. As mentioned above,
the general characteristics of the response spectrum are similar at different submerged
depths; the main deviations are reflected in the amplitude of the response spectrum.
Compared with the encounter wave spectrum, the amplitudes of the response spectrum
have considerable differences to those of the encounter wave spectrum in high-frequency
regions, which demonstrates that the response produces nonlinear characteristics compared
with the encounter wave spectrum, and the hydrodynamic force and moments acting on
the model are less sensitive to high frequency excitations.

Figure 28. The comparison of the spectral response for the lift and pitch moments at different
submerged depths: (a) lift; (b) pitch moment.

7. Conclusions

The numerical simulations of a SUBOFF model sailing near the free surface in calm
water and long-crested waves at different submerged depths using URANS codes have
been presented in this study, and the comparison between the different surface conditions
at different submerged depths has also been conducted, which is aimed to investigate the
influence of irregular waves on the hydrodynamic performance of the model at different
submerged depths.

The results reveal that the EV of the resistance and lift decreases dramatically with
an increase in the submerged depth, and the bow-up moment increases as the model gets
closer to the free surface, in which the amplitudes of the surface waves decrease accordingly,
indicating the influence of the free surface decreases with increased submerged depth. The
trends of the hydrodynamic performance changing with submerged depths are similar to
those of previously published research [8,19].

Due to the effects of irregular waves, the hydrodynamic force and moment of the
model fluctuate with the solutions time. The amplitudes of the first-order response decrease
with an increase in the submerged depth and produce considerable values compared with
the relatively small values of EV at the deeper submerged depths, which will induce
large amplitude motions and complicate the control strategies of submarine sailing near
the free surface with irregular waves. In the frequency domain, the response spectrum
frequencies of the hydrodynamic force and moments acquired by FFT analysis correspond
to the encounter frequencies of the wave spectrum. Nonetheless, the peak characteristics of
the response spectra are different to those of the encounter spectrum, where the response
spectra produce several peaks in the low frequency domain and slight responses in the
high frequency domain, demonstrating that the response produces nonlinear characteristics
compared with the wave spectrum, and the hydrodynamic force and moments acting on
the model are less sensitive to high-frequency excitations.



J. Mar. Sci. Eng. 2022, 10, 90 28 of 29

Author Contributions: K.D.: software, data curation, visualization, and writing—original draft. X.W.:
methodology, investigation, resources, formal analysis, and funding acquisition. D.Z.: validation
and writing—review and editing. L.L.: supervision, writing—review and editing, and project
administration. D.F.: supervision and funding acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was sponsored by the China National Science Foundation YEQISUN Joint
Funds (U2141228). This essential support is greatly acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Groves, N.C.; Huang, T.T.; Chang, M.S. Geometric Characteristics of DARPA (Defense Advanced Research Projects Agency) SUBOFF

Models (DTRC Model Numbers 5470 and 5471); David Taylor Research Center Bethesda MD Ship Hydromechanics Dept.: Bethesda,
MD, USA, 1989.

2. Liu, H.-L.; Huang, T.T. Summary of DARPA SUBOFF Experimental Program Data; Naval Surface Warfare Center Carderock Div
Bethesda MD Hydromechanics: Bethesda, MD, USA, 1998.

3. Chase, N. Simulations of the DARPA Suboff Submarine Including Self-Propulsion with the E1619 Propeller; Iowa University: Iowa City,
IA, USA, 2012.

4. Chase, N.; Carrica, P.M. Submarine propeller computations and application to self-propulsion of DARPA Suboff. Ocean Eng. 2013,
60, 68–80. [CrossRef]

5. Zhang, J.; Maxwell, J.A.; Gerber, A.G.; Holloway, A.G.L.; Watt, G.D. Simulation of the flow over axisymmetric submarine hulls in
steady turning. Ocean Eng. 2013, 57, 180–196. [CrossRef]

6. Dubbioso, G.; Broglia, R.; Zaghi, S. CFD analysis of turning abilities of a submarine model. Ocean Eng. 2017, 129, 459–479.
[CrossRef]

7. Dawson, E. An Investigation into the Effects of Submergence Depth, Speed and Hull Length-to-Diameter Ratio on the Near
Surface Operation of Conventional Submarines. Master’s Thesis, University of Tasmania, Hobart, TAS, Australia, 2014.

8. Amiri, M.M.; Esperança, P.T.; Vitola, M.A.; Sphaier, S.H. How does the free surface affect the hydrodynamics of a shallowly
submerged submarine? Appl. Ocean Res. 2018, 76, 34–50. [CrossRef]

9. Li, D.; Yang, Q.; Zhai, L.; Wang, Z.; He, C.-L. Numerical investigation on the wave interferences of submerged bodies operating
near the free surface. Int. J. Nav. Archit. Ocean Eng. 2021, 13, 65–74. [CrossRef]

10. Wilson-Haffenden, S.; Renilson, M.; Ranmuthugala, D.; Dawson, E. An investigation into the wave making resistance of a
submarine travelling below the free surface. In Proceedings of the International Maritime Conference 2010: Maritime Industry-
Challenges, Opportunities and Imperatives, Sydney, Australia, 27–29 January 2010; p. 495.

11. Jagadeesh, P.; Murali, K. RANS predictions of free surface effects on axisymmetric underwater body. Eng. Appl. Comput. Fluid
Mech. 2010, 4, 301–313. [CrossRef]

12. Mansoorzadeh, S.; Javanmard, E. An investigation of free surface effects on drag and lift coefficients of an autonomous underwater
vehicle (AUV) using computational and experimental fluid dynamics methods. J. Fluids Struct. 2014, 51, 161–171. [CrossRef]

13. Nematollahi, A.; Dadvand, A.; Dawoodian, M. An axisymmetric underwater vehicle-free surface interaction: A numerical study.
Ocean Eng. 2015, 96, 205–214. [CrossRef]

14. Attiya, B.; Altimemy, M.; Caspar, J.; Daskiran, C.; Liu, I.-H.; Oztekin, A. Large eddy simulations of multiphase flows past a finite
plate near a free surface. Ocean Eng. 2019, 188, 106342. [CrossRef]

15. Carrica, P.M.; Kim, Y.; Martin, J.E. Near-surface self propulsion of a generic submarine in calm water and waves. Ocean Eng. 2019,
183, 87–105. [CrossRef]

16. Wang, L.; Martin, J.E.; Felli, M.; Carrica, P.M. Experiments and CFD for the propeller wake of a generic submarine operating near
the surface. Ocean Eng. 2020, 206, 107304. [CrossRef]

17. Willy, C.J. Attitude Control of an Underwater Vehicle Subjected to Waves. Master’s Thesis, Massachusetts Institute of Technology,
Boston, MA, USA, 1994.

18. Milgram, J.H. Strip theory for underwater vehicles in water of finite depth. J. Eng. Math. 2007, 58, 31–50. [CrossRef]
19. Tian, W.; Song, B.; Ding, H. Numerical research on the influence of surface waves on the hydrodynamic performance of an AUV.

Ocean Eng. 2019, 183, 40–56. [CrossRef]
20. Kim., Y.; Carrica., P.M.; Martin, J.E. Vertical zigzag and controlled turn maneuvers of a generic submarine in deep water

and near the surface in irregular waves. In Proceedings of the 33rd Symposium on Naval Hydrodynamics, Osaka, Japan,
18–23 October 2020.

21. Menter, F.R. Two-equation eddy-viscosity turbulence models for engineering applications. AIAA J. 1994, 32, 1598–1605. [CrossRef]
22. Bell, J.B.; Colella, P.; Glaz, H.M. A second-order projection method for the incompressible Navier-Stokes equations. J. Comput.

Phys. 1989, 85, 257–283. [CrossRef]
23. Howell, L.H.; Bell, J.B. An adaptive mesh projection method for viscous incompressible flow. SIAM J. Sci. Comput. 1997, 18,

996–1013. [CrossRef]

http://doi.org/10.1016/j.oceaneng.2012.12.029
http://doi.org/10.1016/j.oceaneng.2012.09.016
http://doi.org/10.1016/j.oceaneng.2016.10.046
http://doi.org/10.1016/j.apor.2018.04.008
http://doi.org/10.1016/j.ijnaoe.2021.01.002
http://doi.org/10.1080/19942060.2010.11015318
http://doi.org/10.1016/j.jfluidstructs.2014.09.001
http://doi.org/10.1016/j.oceaneng.2014.12.028
http://doi.org/10.1016/j.oceaneng.2019.106342
http://doi.org/10.1016/j.oceaneng.2019.04.082
http://doi.org/10.1016/j.oceaneng.2020.107304
http://doi.org/10.1007/s10665-006-9101-y
http://doi.org/10.1016/j.oceaneng.2019.04.007
http://doi.org/10.2514/3.12149
http://doi.org/10.1016/0021-9991(89)90151-4
http://doi.org/10.1137/S1064827594270555


J. Mar. Sci. Eng. 2022, 10, 90 29 of 29

24. Osher, S.; Sethian, J.A. Fronts propagating with curvature-dependent speed: Algorithms based on Hamilton-Jacobi formulations.
J. Comput. Phys. 1988, 79, 12–49. [CrossRef]

25. Cho, K.W.; Kwon, J.H.; Lee, S. Development of a fully systemized chimera methodology for steady/unsteady problems. J. Aircr.
1999, 36, 973–980. [CrossRef]

26. Li, T.; Yan, C.; Li, Y. Investigation and enhancement of cut-paste algorithm in overlapping grid. J. Beijing Univ. Aeronaut. Astronaut.
2005, 31, 402.

27. Liu, L.; Wang, X.; He, R.; Zhang, Z.; Feng, D. CFD prediction of stern flap effect on Catamaran seakeeping behavior in long crest
head wave. Appl. Ocean Res. 2020, 104, 102367. [CrossRef]

28. Yu, J.; Yao, C.; Liu, L.; Zhang, Z.; Feng, D. Assessment of full-scale KCS free running simulation with body-force models. Ocean
Eng. 2021, 237, 109570. [CrossRef]

29. The Specialist Committee on Waves. Final report and recommendations to the 23rd ITTC. In Proceedings of the 23rd ITTC, Venice,
Italy, 8–14 September 2002.

30. ITTC. ITTC-Recommended Procedures and Guidelines, Practical Guidelines for Ship CFD Applications, Rio de Janeiro, Brazil.
2011. Available online: https://ittc.info/media/1703/75-03-02-02.pdf (accessed on 15 November 2021).

31. AMSE. Standard for Verification and Validation in Computational FLUID Dynamics and Heat Transfer-ASME V & V 20-2009; The
American Society of Mechanical Engineers: New York, NY, USA, 2009.

32. AMSE. Multivariate Metrics-Supplement 1 of ASME V & V 20-2009; The American Society of Mechanical Engineers: New York, NY,
USA, 2016.

33. Xing, T.; Stern, F. Factors of safety for Richardson extrapolation. J. Fluids Eng. 2010, 132, 6. [CrossRef]
34. Sadat-Hosseini, H.; Carrica, P.; Kim, H.; Toda, Y.; Stern, F. URANS simulation and valiation of added resistance and motions of

the KVLCC2 crude carrier with fixed and free surge conditions. In Proceedings of the Gothenburg 2010: A Workshop on CFD in
Ship Hydrodynamics, Gothenburg, Sweden, January 2010.

35. Sadat-Hosseini, H.; Wu, P.-C.; Carrica, P.M.; Kim, H.; Toda, Y.; Stern, F. CFD verification and validation of added resistance and
motions of KVLCC2 with fixed and free surge in short and long head waves. Ocean Eng. 2013, 59, 240–273. [CrossRef]

36. Guo, H. Numerical simulation of wave motions and added resistance of KCS for different wave lengths. Ocean Eng. 2020, 6,
11–23.

http://doi.org/10.1016/0021-9991(88)90002-2
http://doi.org/10.2514/2.2538
http://doi.org/10.1016/j.apor.2020.102367
http://doi.org/10.1016/j.oceaneng.2021.109570
https://ittc.info/media/1703/75-03-02-02.pdf
http://doi.org/10.1115/1.4001771
http://doi.org/10.1016/j.oceaneng.2012.12.016

	Introduction 
	Geometry and Simulation Conditions 
	Geometry of the Model 
	Simulation Conditions 

	Mathematical Formulation 
	Numerical Method 
	Wave-Generating Method 
	Irregular Wave Generation 
	Damping Method 


	Numerical Modeling 
	Computational Domain and Boundary Conditions 
	Grid Generation 

	Verification and Validation 
	Wave Generation Technique 
	Uncertainty of the Numerical Method 

	Results and Discussion 
	Resistance 
	Calm Water 
	Irregular Waves 

	Lift and Pitch Moment 
	Calm Water 
	Irregular Waves 


	Conclusions 
	References

