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Hydrodynamic performance and
wake study of an UUV sailing
near the free surface
Dapeng Zhang1, Bowen Zhao2* and Jiyuan Sun3

1Ship and Maritime College, Guangdong Ocean University, Guangdong Zhanjiang, China,
2Department of Applied Mathematics and Mathematical Modeling, Saint-Petersburg State Marine
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In this study, the SUBOFF UUV is numerically modelled in order to investigate the

hydrodynamic features and effects of submerged navigation near the free

surface. At various speeds and depths below the surface, the hydrodynamic

behaviors of the SUBOFF UUV are examined. From the CFD results, we can

deduce that submergence depth significantly affects total resistance of SUBOFF

navigation nearby free surface. Because the Kelvin wake of SUBOFF creates

wave-making resistance when approaching the open surface head-on, the

fraction of pressure difference resistance becomes dramatically with an

increase in Fr. The principle of superposition of the divergent wave system and

the transverse wave system gradually reveals the divergent wave system as Fr

grows larger. The wave making energy is greater, and the UUV needs more

power to overcome the wave making resistance.
KEYWORDS

hydrodynamic performance, wake study, CFD simulation, dynamic coupling analysis,
SUBOFF geometry
1 Introduction

As the number of ships increases, concerns about the effects of wakes on coastal

infrastructure and nearshore ecosystems are growing and underwater vehicles have shown

significant growth over an extended period. (Herbert et al., 2018; Scarpa et al., 2019; Luo

et al., 2022). Ship and underwater vehicle speed and size, water depth, bottom morphology,

and distance from shore all affect the size, shape, speed, and direction of the wakes (Liu

et al., 2021; Xue et al., 2021; Zhou et al., 2022; Ding et al., 2023). In deep, open waters, ships

and undersea vehicles typically produce wakes that correspond to linear solutions

(Pethiyagoda et al., 2014; Pethiyagoda et al., 2017), yet waves from close-to-shore or

free-surface might behave nonlinearly. (Sadat-Hosseini et al., 2011; Caplier et al., 2016;

Dempwolff et al., 2023; Song et al., 2023). Wake formation can be a consideration in ship

and underwater vehicle layout is necessary since their wakes can endanger coastal

infrastructure and ecosystems and act as a fuel drain for ships. (Kelpsǎite et al., 2009).
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UUVs are kind of underwater vehicles which can both navigate

on the surface and dive underwater (Zhao et al., 2022; Zhao et al.,

2023). Due to the operational environment and tactical limitations,

conventional powered UUVs sailing near the free surface often need

to complete tactical actions such as near surface ventilation, power

generation, rescue, missile launch, and periscope depth observation.

Compared to deep water diving, UUVs sailing near the surface are

affected by the Venturi effect, and their hydrodynamic forces show

significant changes with depth and speed (Wang et al., 2019; Ling

et al., 2022a; Ling et al., 2022b; Li et al., 2021; Dong et al., 2022;

Huang et al., 2022). This requires UUVs to have good stealth

technology. However, even an UUV with good silence and stealth

will generate a wake in its trajectory when sailing near the free

surface. The eddy currents, internal waves, and other information in

the wake contain flow velocity information, which can be

maintained in the free surface for a long time. Therefore, the

position and direction of the UUV can be determined based on

the shape characteristics and speed changes of the wake (Polis et al.,

2013; Torunski, 2018; Kim, 2021). As a carrier for disseminating

UUV motion information, the flow analysis of the UUV wake area

has very important military significance.

During an UUV movement near the shallow water, a distinctive

wake will be generated behind the UUV.While anUUV is in proximity

to the open ocean, a waveform similar to that of a ship will be generated

on the free surface (Amiri et al., 2019a; Wang et al., 2020; Yang et al.,

2023). The influence of viscous wake will exist for a long time. The

waves with special shapes generated on the free surface during UUV

navigation will expose the UUV’s tracks. When UUVs move

underwater, there is yet a Kelvin wake on the far field water surface

composed of transverse and divergent waves, enveloped at an angle of

19.5°. In the early research of UUV hydrodynamics (Griffin, 2002;

Chang et al., 2006), scholars have recognized the changes in underwater

hydrodynamic performance when sailing near the surface. They believe

that when the depth of submergence H ≤ 3D (D is the diameter of the

UUV), the hull is subjected to significant suction and moment, and the

suction decays exponentially with the increase of submergence depth.

With the continuous improvement of UUV design technology,

scholars have been suggesting that the hydrodynamic performance of

UUVs close to the free surface can be resolved using strip theory and

potential flow techniques for a long time (Crook, 1994; Liu and Jin,

2017). Currently, there are still many related studies on UUV

hydrodynamic properties close to the free surface considering

complex conditions such as wave effects based on potential flow

methods such as Havelock source (Dawson, 2014; Gourlay and

Dawson, 2015) and Frank source (Dai et al., 2007). However, the

above methods ignore the influence of fluid viscosity, and their

applicability is regularly controlled by operating environment and

calculation capability.

With increasing improvement of computing efficiency, it is

feasible to study the hydrodynamic performances of UUVs based

on viscous flow theory (Toxopeus, 2008; Chase, 2012; Chase and

Carrica, 2013; Chase et al., 2013). CFD (Computational Fluid

Dynamic) technology provides a fast and accurate method for
Frontiers in Marine Science 02
studying the hydrodynamic proficiency of UUVs in vicinity to

broad open surface, demonstrating an increasingly important

position and role (Ling et al., 2023; Cao et al., 2023). Different

scholars have investigated the hydrodynamic exposition of the

UUV navigation near the open ocean plane. For instance, Shariati

and Mousavizadegan (2017) studied the impacts of adjuncts on the

SUBOFF UUV’s hydrodynamic performance while submerged at

varying depths while sailing across the open surface. The results

showed that when travelling near the open surface at a depth of less

than 4.4 times the vehicle’s diameter, the overall resistance of an

undersea transportation was negligible for Froude numbers equal to

0.2 and 0.36 because of the beneficial interference of produced wave

systems. Amiri et al. (2018, 2019b, 2020a; 2020b) used the URANS

(Unsteady Reynolds Average Navier-Stokes) method to simulate the

direct, oblique, and rotating behavior of the SUBOFF UUV model at

different depths, and studied the effects of free surface on the

maneuverability of the UUV. Lungu (2022) studied the movement

of the DARPA SUBOFF, which is self-propelled and operating below

the free surface. Surface gravity waves that are stationary with regard

to the hull were calculated to be caused by the interplay between the

modified dynamic distribution of pressure throughout the UUV hull

and the proximity of the hull to the free surface. Ma et al. (2020)

numerically analyzed the impact of the pycnocline, UUV depth, and

speed on both internal and floating surface waves. The findings

demonstrated that increasing UUV depth could lessen the internal

wave’s potential impact and postpone the development of the vortex

that would follow the internal wave. The propagation depth of the

internal wave and the vortex’s radius, however, were barely impacted

by the UUV depth. According to certain studies, the free surface

wave’s wavelength significantly decreased and its Kelvin angle

increased relatively when the UUV’s speed decreased.

Many efforts have been made in recent years to use CFD

method to solve hydrodynamics of the UUV navigation near the

open sea surface. The hydrodynamic performance and wake study

are constantly being researched. A brief analysis of the most recent

research reveals, the physical process involved is still unexplained in

several respects. In this paper, the SUBOFF UUV sailing near the

free surface is numerically simulated and hydrodynamic

performance as well as wake study under different sailing speeds

and submerge depths are supported out. The rest of this paper is

organized as follows. Section 2 presents the CFD methodology used

in this paper. Section 3 presents the numerical model of SUBOFF

UUV seafaring near the free surface, which is established in a

commercial CFD software Star-CCM+ using SST k-w turbulent

model and VOF method. Verification study is carried out in Section

4, including the grid independence study and validation.

Hydrodynamic performance as well as wake study are discussed

in Section 5, covering hydrodynamic forces and moment, dynamic

pressure distribution and wakes on the free surface. The

hydrodynamic forces and moment are intuitively reflected by the

hydrodynamic performance of UUV sailing near free surface. The

aim of dynamic pressure distribution is to further investigate the

mechanism in the hydrodynamic change. The free surface and wake
frontiersin.org
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generated by the UUV is captured by VOF method. Finally,

conclusions draw form this paper are presented in Section 6.
2 Methodology

2.1 Governing equation

In this paper, the CFD code used for the simulations is Star-CCM+.

The conservation of mass, linear momentum, angular momentum, and

energy are the four fundamental rules that govern themechanics offluids

and solids. The Navier-Stokes and continuity equations are the most

complete system of equations for fluid motion. The Reynolds Averaged

Navier Stokes (RANS) equations, which control the propagation of the

average flow quantities in CFD simulation, have closure relations

provided by turbulence models. By breaking down each solution

variable into its mean value and its fluctuating component, the

Reynolds-Averaged Navier-Stokes equations are created from the

instantaneous Navier-Stokes equations (f’), as shown in Equation 1:

f = �f + f0 (1)

where f stands for the various elements of velocity, pressure,

energy, or species concentration.

For steady-state settings, be an average of procedure would be

reasoned of as averaging-time, and for repeating transient events, as

ensemble averaging. Equations for the mean quantities may be

obtained by substituting the Navier-Stokes equations with the

decomposed solution variables. For the average mass and

momentum, use these equations transit as shown in Equations 2, 3:

∂ r
∂ t

+m · (r�v) = 0 (2)

∂

∂ t
(r�v) +m · (r�v⊗�v) = −m ·�pI +m(�T + T 0) + fb (3)

where, r, �v, �p, I, I, �T , represents density, mean (velocity,

pressure, identity tensor and viscous stress tensor) and fb is

resultant forces (gravitational and centrifugal).

Except for the inclusion of a new component in the momentum

and energy transfer equations, re almost similar to the original

Navier-Stokes equations. The following Equation 4 is a definition

for the stress tensor, a new concept introduced here:

T 0 = −r 

u0u0 u0v0 u0w0

u0v0 v0v0 v0w0

u0w0 v0w0 w0w0

0
BB@

1
CCA +

2
3
rkI (4)

where k is the turbulent flow’ kinetic energy.

As a result, solving the governing equations by modeling T’ in

relation to the median flow variables is challenging. The foremost

equations are solved by using the eddy viscosity model in given

research. The eddy viscosity model is established on the similarity

between the turbulent motion and molecular gradient-diffusion
Frontiers in Marine Science 03
mechanism. The turbulent eddy viscosity notion allows for the

representation of the pressure tensor as a function of average

flow variables.
2.2 Turbulence model

The turbulent eddy viscosity (Wilcox, 1998; 2008) is calculated

using two-equation model, mainly including k-w model and k-e
model. The k-w model has been shown to perform better for

boundary layers when there are negative pressure gradients than

the k-e model. The biggest benefit, however, is that it may be used

without additional modification in the viscous-dominated portion

of the boundary layer as well.

The SST k-w model is employed as the turbulence model in this

study. The converted equation resembles the Standard k-w model

equation, but it also includes a new non-conservative cross-diffusion

component that contains the dot product ∇k·∇w. The k-w model

may provide results that are the same as the k-e model if this term is

added to the transport equation. Menter (1994) advocated the use of a

blending function (which incorporates wall distance functions) that

would incorporate a cross-dispersion factor not close to the wall but

distant from walls. This method successfully combines a k-emodel in

the distant field with a k-w model close to the wall. The carriage

equations for the specific dissipation rate k and the kinetic energy w
are shown in Equations 5, 6:

∂

∂ t
(rk) +m · (rk�v)

= m · ½(m + skmt)m k� + Pk − rb*fb*(wk − w0k0) + Sk (5)

∂

∂ t
(rw) +m · (rw�v)

= m · ½(m + swmt)m w� + Pw − rbfb (w
2 − w2

0 ) + Sw (6)

where, �v, and m, are mean velocity dynamic viscosity. sk, and sw,
Ce1, and Ce2 are model coefficients. Pk and Pw are production values. fb∗
and fb are vortex-stretching and vortex-stretching modification factor.

Sk and Sw are user-specified source relations. k0 and w0 are ambient

disorder standards that stabilize disorder dwindling.
2.3 Volume of fluid method

The development of free surface using the volume of fluid (VOF)

method, for a two-stage flow is captured. The actualization of VOF

multiphase model is a member of a group of interface-capturing

techniques that forecast when immiscible phase interfaces would move

and disseminate. This modeling strategy presupposes that the mesh

resolution sufficient for identifying the location and geometry of the

phase interactions. The phase volume fraction and ai fields, respectively,

characterize the phase distribution and interface location. The following
frontiersin.org
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Equation 7 describes the volume fraction of phase i:

ai =
Vi

V
(7)

where V is cell’s volume and Vi is volume of phase I within the

cell. It is generalized that volume fractions phases are sum a

maximum value of 1, as shown in Equation 8.

oN
i=1ai = 1 (8)

where N represents total phases.

The existence of distinct phases or fluids in a cell may be

identified based on the volume fraction’s value:

ai =0 complete negated of phase i;

ai =1 occupied with phase i;

0 < ai < 1 denotes the difference between the two limits point to

the existence of a phase interface.

The substantial properties of the component fluids are taken into

account when calculating the material properties of the cells comprising

the interface. In a cell with many interfaces, all of the fluids are

considered to be part of a single mixturem as shown in Equations 9, 10:

r =oiriai (9)

m =oimiai (10)

where ri, and mi are density and dynamic viscosity of phase i.
3 Numerical model set-ups

3.1 Calculation model and domain

The calculation model in the present article is the standard

model SUBOFF UUV suggested by the DARPA (Defense Advanced

Research Projects Agency) and contains appendage combinations

such as axisymmetric bodies and tail rudders. The calculation

model and related function are given in Figure 1 and

Table 1, correspondingly.

The SST k-wmodel is employed as the turbulence model in this

study. The velocity range of SUBOFF is 0.205<Fr<0.512. Fr refers

Froude number, defined as Equation 11:

Fr =
Vffiffiffiffiffiffiffiffiffiffi
gLOA

p (11)

Where, V is the velocity of SUBOFF, g is the gravity. The

computation domain is a three-dimensional rectangular tank whose

axis matches the symmetry axis of the SUBOFF model. The

computation range size is 9LOA ×40D× 40D. The principle for

selecting the size of the computation domain should be to capture a

complete Kelvin wave system while ensuring that no wave reflection

occurs at the boundaries. However, it should also be noted that the

larger the computational domain size, the larger the computational

grid, and the greater the computation difficulty.

The front, top, and bottom of the calculation domain are set as

velocity inlets, and the velocity of SUBOFF is given. The rear of the

calculation domain is set as the pressure outlet, and the standard
Frontiers in Marine Science 04
atmospheric is taken as reference pressure. The left and right sides are

set as symmetry planes. The surface of the hull is set as a non-slid wall

surface. The calculation domain and boundary conditions are shown in

Figure 2. The numerical calculation adopts a two-phase flow VOF

model, with water as the liquid phase and the density of 997.561 kg/

m3, and air as the gas phase and the density of 1.184 kg/m3. Two

submergence depths are selected, 1.1D and 2.1D, as depicted in Figure 3.
3.2 Grid generation

In this study, the grid division is mainly based on hexahedral

structured grids, and a prism layer grid is set around the SUBOFF

hull. The thickness of the prism layer element mesh grows with

geometric development, and the constant expansion coefficient is

equal to 1.2. An array of orthogonal prism grid units, the prism layer

grid is used to represent the boundary layer just beneath the skin.

Furthermore, local mesh refinement is used to capture the SUBOFF-

generated surface waves and the pressure decrease in the wake zone.

At least 15-unit grids are set vertically at the open surface to fully

capture the wave system produced by SUBOFF. To better capture the

flow details, the mesh around the hull and its wake must be refined

repeatedly. The final results is given in Figures 4, 5 illustrates a local

diagram of the hull surface grid. Figure 6 depicts the Y+ distribution

over the surface of the body. The Y+ distribution over most surfaces

of the hull is around 1, with only higher Y+ near the stern rudders

with larger curvature. Such Y+ distribution meets the computational

requirements of the SST k-w model.
FIGURE 1

Calculation model of SUBOFF with tail rudders.
TABLE 1 Fundamental components of the SUBOFF.

Fundamental dimension Symbol/unit Value

Maximum diameter D/m 0.181

Length Between perpendiculars LPP/m 1.522

Overall length LOA/m 1.556

Longitudinal center of buoyancy xB/%LOA 46.21

Wetted area Saw/m
2 0.808

Volume of displacement ∇/m3 0.032
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FIGURE 2

The boundary conditions and calculation domain.
FIGURE 3

Graphic representation of submergence depth.
FIGURE 4

Grid in the XOZ plane.
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4 Verification and validation

4.1 Grid independence

Before carrying out numerical calculations, it is necessary to

conduct research and discussion on grid independence. This section

presents the grid independence verification on the bare hull at a

velocity of 1.15m/s and a submergence depth of 1.1D to determine

the optimal grid size suitable for calculation. The GCI (Grid

Convergence Index) approach provides the foundation for the

grid independence verification. Mathematical discretization

methods generate discretization errors, which are caused by the

selection of finite time and spatial resolutions. The GCI technique

efficiently evaluated the effects of splitting inaccuracies on the

outcomes of calculations. At least three different types of grids,
Frontiers in Marine Science 06
ranging from coarse to fine, are chosen for analysis when using the

GCI technique. The selection of grid refinement factor r in section is

1.2 is used. Since the hydrodynamic calculation of underwater

vehicles near the free surface is a non-steady solution, the time

step size also needs to be correspondingly reduced while refining the

grid. The time discretization is first-order format, and the spatial

discretization is second-order format. The specific grid size, the

time step and number of grids are shown in Table 2.

The convergence ratio RG is calculated as shown in Equation 12:

RG =
eG32
eG21

(12)

Where, eG32=S3-S2, represents the variation between grid and

2grid 3 calculation results. Similarly, eG21=S2-S1, represents the

variation between grid 2and grid 3 calculation results. There are 4
FIGURE 5

Local diagram of the hull surface grid.
FIGURE 6

Y+ distribution over the surface of the body.
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scenarios for calculating RG, and the convergence can be

determined based on the value of RG.
Fron
(1) -1< RG <0, oscillatory convergence;

(2) 0< RG <1, monotonic convergence;

(3) 1< RG, monotonic divergence;

(4) RG <-1, oscillating divergence.
For instance, the number of RG is within the range of case (3)

and case (4), it indicates that it is impossible to quantify the

uncertainty and that the grid needs to be modified. If (2) is met,

the grid uncertainty UG is determined as shown in Equation 13.

UG =
1
2
SU − SLj j (13)

Where, SL and SU are the minimum and maximum values of the

subsequent calculated results, respectively.

Equation 14 through Equation 16 are used to compute the grid

uncertainty in Case (1) when the grid merges consistently and the

outcome is within the asymptotic range.

rG =
DxG1
DxG2

=
DxG2
DxG3

(14)

The convergence order of the grid PG is as shown in Equation

15.

PG =
ln 1

RG

� �

ln (rG)
(15)

Finally, the grid uncertainty UG is calculated as shown in

Equation 16.

UG = Fs
eG32

S2r
PG
G − 1

�����

����� (16)
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Where, Fs is safety factor, the recommended value is 1.25. The

value of UG represents the variation between the outcomes of the

simulated values and the precise value. Hence, a lower numerical

number signifies a closer approximation of the precise value in the

simulation, often falling below 5%. This demonstrates that the grid

set adequately fulfils the computational criteria. Table 3 displays the

outcomes of the grid independence study conducted in this section.

Notably, the pitch moment of SUBOFF near the free surface

converges in vibration, resulting in the non-value of PG. This

conclusion is consistent with Amiri’s research (Amiri et al., 2018).

Figure 7 depicts the free surface waves generated by SUBOFF for the

three grids. Intuitively, the free surface wave generated by grid 1

(course) occurs a very noticeable dissipation, while the other two

did not. In summary, to ensure computational accuracy and

efficiency, the numerical calculations adopt grid 2 (middle) for

subsequent calculations.

In Table 3, CT represents the total resistance coefficient of the

SUBOFF, CL represents the lift coefficient of the SUBOFF, and CM

represents the pitch moment coefficient of the SUBOFF.
4.2 Validation

In the validation of the calculation model, the model was a

2.8:1 scale version of the un-appended DARPA SUBOFF

geometry, with a diameter of 0.181m, length of 1.556m, and

surface area of 0.382 m2 (Wilson-Haffenden, 2009). The model

was attached to a Horizontal Planar Motion Mechanism

(HPMM) located on the carriage via a sting mounting system.

The depth was varied using an insertion piece between the sting

and the carriage. A load cell, located at the forward end of the

model, recorded the longitudinal force due to the model/fluid

interaction. The velocity range is 0.215<Fr<0.512. The overall

arrangement of the model test was depicted in Figure 8.
TABLE 2 Gird independence verification.

Mesh quality Grid cell size Time step Number of grids

Gird 1 Course 0.210m 0.0015×1.22 s 3,247,000

Gird 2 Middle 0.175m 0.0015 s 5,198,300

Gird 3 Fine 0.146m 0:0015
1:22

 s 8,309,800
TABLE 3 Gird independence analysis.

Quantity Gird 1 Gird 2 Gird 3 eG32 eG21 RG PG UG

CT 2.126392 2.132027 2.135158 0.009 0.005 0.556 2.240 0.0027

CL 0.789789 0.67583 0.613842 -0.182 -0.099 0.544 2.321 0.0006

CM 0.066397 0.062776 0.06358 -0.009 0.002 -0.222 – 0.00232
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The calculation results were compared with the investigational

outcomes are given in Figure 9. It could be analyzed that the calculation

findings were in appropriate agreement with the experimental

outcomes (Wilson-Haffenden, 2009), with relative errors of less than

8%. The resistance of the hull showed a fluctuating trend, and the

resistance coefficient first increased and then decreased with the

increase of velocity. The reason was related to the interference

between stern and the bow wave systems, which would be analyzed
Frontiers in Marine Science 08
in the following section. In summary, this numerical model can meet

the requirements for calculations of SUBOFF near the free surface.
5 Results and discussion

The present section elaborates the research outcomes of numerical

simulation which are represented featuring hydrodynamic properties of
(a)

(b)

(c)

FIGURE 7

Y+ distribution over the surface of the body: (A)Grid 1; (B) Grid 2; (C) Grid 3.
FIGURE 8

Balance and Sting Arrangement with Model Attached (Wilson-Haffenden, 2009).
frontiersin.org

https://doi.org/10.3389/fmars.2024.1292874
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang et al. 10.3389/fmars.2024.1292874
SUBOFF sailing near the free surface, covering hull resistance, lift, pitch

moment, dynamic pressure distribution and wakes in the free surface.
5.1 Hydrodynamic forces and moment

The pitch moment coefficient, lift coefficient and total resistance

coefficient are calculated as shown in Equation 17.

CT = Fx
0:5rU2L2OA

CL =
FL

0:5rU2L2OA

CM = Mz
0:5rU2L3OA

(17)

The findings pertaining to the overall resistance coefficient for

1.556m long SUBOFF in the velocity range of 0.205<Fr<0.512 are

depicted in the Figure 10A. Under the submergence depth of 1.1D,

it is found that the total resistance of the SUBOFF hull (including

the tail rudder) is slightly larger than that of the bare hull. The

reason lies in the presence of the tail rudder. The water is obstructed

when flowing through the tail, thereby increasing the total

resistance. However, the overall trend of two total resistance

coefficient curves remains consistent. When Fr<0.27 or Fr>0.375,

the resistance of the bare hull increases with the increase of velocity,
Frontiers in Marine Science 09
which is consistent with SUBOFF sailing in the deep water. When

0.270<Fr<0.375, the total resistance oscillates, increasing first and

then decreasing. The reason for this phenomenon lies in the wave

system generated by the hull at the free surface. Within this velocity

range, stern and the bow wave systems interfere with each other,

thereby affecting the hydrodynamic forces on the hull. Under the

submergence depth of 2.1D, it can be seen that most of the total

resistance coefficients are much smaller than that of 2.1D. This

indicates that the submergence depth significantly affects the total

resistance of SUBOFF navigation nearby the free surface.

The results of the lift coefficient of the 1.556m long SUBOFF in

the velocity range of 0.205<Fr<0.512 are depicted in the Figure 10B.

Where, a negative value represents that the hull is subjected to lift

near the free surface, while a positive value represents that the hull is

subjected to lift away from the free surface. Under the submergence

depth of 1.1D, when 0.270<Fr<0.375, the lift on the hull exhibits

oscillation. However, the velocities corresponding to the local

maximum and minimum values are different. When Fr>0.40, the

absolute value of lift decreases with increasing velocity. This

indicates that the hull is subjected to a decrease in lift near the

free surface, but will still gradually approach the free surface. Under

the submergence depth of 2.1D, the lift on the hull gradually

decreases with the increase of Fr, which means that the hull is

always subjected to lift away from the free surface.
A B C

FIGURE 10

Hydrodynamic forces and moment: (A) total resistance coefficient; (B) lift coefficient; (C) pitch moment coefficient.
A B C

FIGURE 9

Comparison of SUBOFF bare hull near the free surface between calculation results and experimental results: (A) total resistance; (B) total resistance
coefficient; (C) relative error.
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The results of the pitch moment coefficient of the 1.556m long

SUBOFF in the velocity range of 0.205<Fr<0.512 are depicted in the

Figure 10C. According to the right-hand spiral rule, when viewed in the

positive direction along the y-axis of the hull, a positive value represents

that the hull is subjected to a clockwise moment, while a negative value

represents that the hull is subjected to a counterclockwise moment.

Under the submergence depth of 1.1D, when 0.26<Fr<0.36, the pitching

moments are oscillating. When Fr>0.36, the pitching moment (absolute

value) on the hull increases with increasing velocity, indicating that the

bow of the hull gradually moves away from the free surface and the stern

gradually approaches the free surface.
5.2 Dynamic pressure distribution of
the hull

On the external side oriented towards the direction of motion,

the velocity at the surface of SUBOFF is presently zero, resulting in

the formation of a stagnation point. The conversion of kinetic

energy into pressure energy results in a rise in pressure. The

pressure is commonly referred to as the total pressure, denoted as
Frontiers in Marine Science 10
P, and is defined as the disparity between the total pressure and the

undisturbed pressure. (also known as static pressure Ps) is called the

dynamic pressure Pm. The calculation equation for dynamic

pressure is as shown in Equation 18.

Pm = P − Ps = P − rgh (18)

The dynamic pressure coefficient is calculated as shown in

Equation 19.

CP =
Pm

1
2 rV

2 (19)

Figure 11 depicts the dynamic pressure coefficients of contour

line alone the SUBOFF hull under the velocity of Fr=0.460 and

submergence depth of 1.1D. The top pressure of the middle contour

line of the hull is positive, while the bottom pressure is negative. The

sum of the two vectors is a part of the lift of the SUBOFF hull. The

average value of both is shown by the yellow line in Figure 12A. It is

shown that pressure dispersal is almost consistent with the contour

line along the horizontal plane of the hull. Therefore, the pressure

dispersal at this location can be used to approximate the lift force on

the hull.
FIGURE 11

Dynamic pressure coefficients of contour line under the velocity of Fr=0.460 and submergence depth of 1.1D.
A B

FIGURE 12

Dynamic pressure coefficients of contour line along the horizontal plane: (A) 1.1D submergence depth; (B) 2.1D submergence depth.
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Figure 12 depicts the dynamic pressure coefficients of contour

line along the horizontal plane of the SUBOFF hull under typical

velocities and two submergence depths. It can be seen from

Figure 12 that due to the formation of a stagnation point at the

bow of the SUBOFF, it is subjected to the maximum pressure, so the

dynamic pressure coefficient is close to 1. The dynamic pressure

coefficient at the front shoulder, rear shoulder, and stern rudder of

the hull shows a sudden increase and decrease. When Fr=0.282, the

pressure coefficient in the first half of the hull increases significantly

due to the influence of waves generated by SUBOFF. In addition,

the dynamic pressure coefficient at the latter half reaches a positive

value. The lift on the front half of the hull decreases. The second half

is subjected to pressure opposite to the direction of lift, resulting in a

negative pitch moment on the hull. In addition, due to the decrease

in pressure coefficient at the rear shoulder of the hull, the lift at this
Frontiers in Marine Science 11
point increases, and the overall lift reaches its maximum value,

resulting in a local extreme value of lift around this velocity.

When Fr=0.333, the increase in wave length causes the local

maximum value of the hull dynamic pressure coefficient to shift

back. And due to the small amplitude of the wave at the rear

shoulder, the lift at the rear shoulder is reduced, and the pitch

moment of the hull is positive. When 0.333<Fr<0.410, the pressure

coefficient in the middle of the hull is always negative, which means

that it is subjected to lift. As Fr increases, the lift and pitch moment

gradually increase. When Fr=0.512, due to the wavelength

completely exceeding the length of a hull, the wave amplitude

generated in the front and rear shoulders is larger, resulting in a

decrease in lift. Dynamic pressure distributions on the port shown

in Figures 13, 14 support the above conclusion that lift is caused by

the pressure difference between the upper and lower surfaces.
A B

D

E F

C

FIGURE 13

Dynamic pressure distribution on the port under submergence depth of 1.1D: (A) Fr=0.230; (B) Fr=0.282; (C) Fr=0.333; (D) Fr=0.371; (E) Fr=0.410;
(F) Fr=0.512.
A B

D

E F

C

FIGURE 14

Dynamic pressure distribution on the port under submergence depth of 1.1D: (A) Fr=0.230; (B) Fr=0.282; (C) Fr=0.333; (D) Fr=0.371; (E) Fr=0.410;
(F) Fr=0.512.
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5.3 Free surface

The hull of the SUBOFF is experiencing shallow immersion

conditions. In this study, the Volume of Fluid (VOF) method was

employed to compute the two-phase flow, incorporating pertinent

parameters for the free surface. To mitigate the presence of the
Frontiers in Marine Science 12
vertical velocity component near the computational domain’s exit,

a linear damping function was introduced as a source term in the

equation governing the vertical velocity, resulting in a flattening of

the wave height at said exit position. In order to investigate the

impact of the damping function on the wave height of the free

surface, specific calculation conditions were chosen, including a
FIGURE 15

Comparison of waveform of the middle longitudinal section under the condition of SUBOFF L=4.356m, velocity Fr=0.462 and submergence depth=1.1D.
FIGURE 16

Waveform in the free surface under submergence depth of 1.1D: (A) Fr=0.230; (B) Fr=0.282; (C) Fr=0.333; (D) Fr=0.371; (E) Fr=0.410; (F) Fr=0.512.
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SUBOFF hull length of 4.356m, a velocity of Fr=0.462, and a

submergence depth of 1.1D. The width of the damping region

corresponds to the wavelength of a theoretical wave under these

operating conditions. Figure 15 presents the longitudinal profile

waveform of the free surface, clearly illustrating that the absence

of wave damping at the computational domain boundary results

in a persistent increase in wave height due to wave reflection. The

inclusion of wave damping in the computation resulted in a

notable reduction in wave height at the exit location, leading to

a flattening of the wave profile. Furthermore, a comparison

between the wave heights at various longitudinal positions of

the free surface and the numerical findings of Amiri et al. (2018)

revealed a satisfactory level of agreement. No significant

discrepancies were observed in terms of wavelength and wave

height, thus justifying the incorporation of wave damping at the

designated boundary in this study.

Figure 16 depicts the waveform of SUBOFF on the free surface

under typical velocities and two submergence depths. The wave

that rises at the forefront of the UUV is the peak, and at the stern

of the UUV is the trough. When an UUV is sailing directly near

the surface, a Kelvin wake forms on the free surface. The Kelvin

wake consists of transverse waves and divergent waves, with

transverse waves propagating backward and divergent waves
Frontiers in Marine Science 13
propagating on both sides. The first and last stationary points

each form a transverse wave system and a scattered wave system,

which meet and overlap at the corresponding free surface behind

the UUV. Unlike surface vessels, wave amplitude of the Kelvin

wake formed by UUVs sailing directly near the surface is smaller,

and the divergent wave system decays faster. Divergent waves can

only be seen near the hull, while the transverse wave system

propagates further, especially in low Fr conditions. In addition,

the wave height and wavelength both increase with

increasing speed.

Under the condition of submergence depth=1.1D, when

Fr=0.512, the sharp waves in the UUV SUBOFF wave-making are

most obvious, the transverse waves are approximately

perpendicular to the direction of the hull navigation. The UUV

generates lower waves on the surface as its depth declines, as seen in

Figure 17. The intersection of transverse and scattered waves is

more pronounced, but the waveform remains almost unchanged.

When the UUV is sailing directly in deep submergence, as Fr

increases, the proportion of pressure difference resistance (mainly

viscous pressure resistance) gradually decreases. When sailing

directly near the free surface, the presence of the Kelvin wake

generates wave making resistance, which significantly increases the

proportion of pressure difference resistance with the increase of Fr.
FIGURE 17

Waveform in the free surface under submergence depth of 2.1D: (A) Fr=0.230; (B) Fr=0.282; (C) Fr=0.333; (D) Fr=0.371; (E) Fr=0.410; (F) Fr=0.512.
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As Fr increases, the divergent wave system gradually becomes

apparent, and the peaks and valleys formed by the superposition

of the divergent wave system and the transverse wave system are

clearer. The wave making energy is greater, and the UUV needs

more power to overcome the wave making resistance.

Figures 18, 19 depicts the wave height of the free surface directly

above the hull under submergence depth of 1.1D and 2.1D,

respectively. The distance between the two red dotted lines in

Figures 18, 19 represents the longitudinal length of the SUBOFF

hull. The dotted line on the left side represents the bow of the hull.

There is a wave peak at the bow of the hull, and then as the velocity

increases, the wavelength generated by the hull gradually increases.

The calculated wavelength is very close to the theoretical value.

Within the range of 0.230<Fr<0.358, the second peak of the

waveform at the free surface is roughly located in the rear section

of the hull, forming a trough at the front end of the longitudinal

position of the stern rudder. When Fr>0.358, the wavelength

increases due to the increase in hull speed. However, due to the

influence of the position of the rear shoulder of the hull and the tail

rudder, the second peak and trough generated by the hull are not

obvious. When 0.294<Fr<0.371, the wave heights at the second and

third peak positions gradually decrease, indicating a gradual loss of
Frontiers in Marine Science 14
wave energy, resulting in a downward trend in the hull resistance

within this velocity range.
6 Conclusion

In this paper, the SUBOFF UUV sailing near the free surface is

numerically simulated. Hydrodynamic performance as well as wake

study under different sailing speeds and submerge depths are

carried out. The verification and validation study depicts that the

numerical model in this paper can meet the requirements for

calculations of SUBOFF sailing near the free surface. The

numerical findings reveal that the overall resistance of SUBOFF

when sailing close to the open surface is considerably affected by the

depth of submergence. An interesting discovery is that the total

resistance coefficient curve exhibits a peak and a trough under the

submergence depth of 1.1D, while disappears under the

submergence depth of 2.1D. This means that when sailing near

the free surface, the total resistance coefficient is extremely low

within a certain speed range. At the same time, the impact of free

surface on the hull is also extremely low. This discovery can be

beneficial for the speed design of UUVs near the free surface.
A B C

FIGURE 18

Waveform in the free surface under submergence depth of 1.1D: (A) 0.230≤Fr ≤ 0.294; (B) 0.307≤Fr ≤ 0.358; (C) 0.371≤Fr ≤ 0.512.
A B C

FIGURE 19

Waveform in the free surface under submergence depth of 2.1D: (A) 0.230≤Fr ≤ 0.294; (B) 0.307≤Fr ≤ 0.358; (C) 0.371≤Fr ≤ 0.512.
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The bow wave and stern wave systems interfere with each other,

thereby affecting the hydrodynamic forces on the hull. The dynamic

pressure coefficient at the front shoulder, rear shoulder, and stern

rudder of the hull shows a sudden increase and decrease. As Fr

increases, the lift and pitch moment gradually increase. When

Fr=0.512, due to the wavelength completely exceeding the length

of a hull, the wave amplitude generated in the front and rear

shoulders is larger, resulting in a decrease in lift. When sailing near

to the open surface, SUBOFF’s Kelvin wake causes wave-making

resistance, which increases drastically with Fr. As Fr increases, the

divergent wave system becomes more evident and the peaks and

troughs created by its superposition with the transverse wave

system become clearer. Because they need more energy to

develop, UUVs need more power to overcome wave resistance.
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