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The hydrodynamic forces and flow fields of an underwater vehicle encountering internal solitary waves are numerically
simulated by the Reynolds-averaged Navier–Stokes method. The Korteweg–de Vries internal solitary theory is used to model
the induced currents. First, the general hydrodynamic characteristics are studied, and the computed results indicate that
the unsteady feature of hydrodynamic forces is obvious under the action of internal waves. Second, three factors, such as
the internal wave amplitude, underwater vehicle speed, and submergence depth, are investigated, and a series of cases are
simulated and analyzed. Finally, the influence rules of the three factors are obtained with reasonable explanations.

INTRODUCTION

An internal wave is a common marine phenomenon in the
ocean, especially in the marginal seas. Figure 1 demonstrates
the widespread occurrences of internal waves around the world.
It is compiled by Jackson (2004), who identified more than 50
locations globally where internal solitary wave trains occur. In
the density-stable stratified ocean, when the seawater tide flows
through a dramatically changing terrain such as a submarine ridge,
internal waves will be excited at the ridge (Fang and Du, 2005).

The density difference in the stratified oceans is generally
very small. It is equivalent to placing the layered seawater in
a microgravity field. The reduced gravitational acceleration is
g′ = 4ã�/�5g. From the viewpoint of energy, internal wave ampli-
tude is inversely proportional to the square root of reduced gravi-
tational acceleration. Therefore, the amplitude of an internal wave
can be 10 times that of a surface wave under the same energy
condition (Li, 2015). As a result, internal waves are usually called
large waves under the ocean surface.

Large-amplitude internal solitary waves can cause strong con-
vergence and divergence of seawater, resulting in sudden and
strong currents (Fang and Du, 2005). The maximum velocity of
a flow field induced by an internal wave may be 2 m/s or higher
(Huang et al., 2016). Therefore, the destructive forces of internal
waves are very strong. Nonlinear solitary waves, especially those
with large amplitudes, are serious threats to the security of ocean
engineering structures.

The generation, propagation, and evolution of nonlinear inter-
nal waves are understood based on various mathematical mod-
els and equations, such as the Korteweg–de Vries (KdV) equa-
tion (Korteweg and de Vries, 1895), the Benjamin–Ono equation
(Iório, 1986), and Boussinesq equations (Wei et al., 1995). After
years of research, internal waves simulated in stratified fluid tanks
are relatively easy to achieve in a laboratory as well as in numeri-
cal tanks (Hsieh et al., 2019). Internal solitary waves represent the
coexistence of nonlinearity and dispersion. In the numerical simu-
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lation, internal solitary waves are generally described by the KdV
equation. The KdV theory was first proposed by Korteweg and
de Vries (1895). In recent years, interactions of large-amplitude
internal waves with objects have attracted many scholars. The
effect of internal waves on drilling systems has been studied, and
it was found to increase mooring line tensions, drill pipe dam-
age, and vessel offset (Kurup et al., 2011; Lee and Yan, 2012;
Osbourne et al., 1977). In addition to the vertical cylindrical off-
shore structures, the impacts of internal solitary waves on the hor-
izontal cylinder, such as the creation of submerged floating tun-
nels, were numerically investigated (Zou et al., 2021). It suggests
that the influence of the relative distance of the tunnel to the inter-
nal solitary wave (ISW) pycnocline is crucial. Masashi Kashiwagi
and Igor Ten developed a boundary integral equation method and
studied the two-dimensional diffraction and radiation problem of
a body floating in a two-layer fluid (Kashiwagi et al., 2006; Ten
and Kashiwagi, 2004). These studies are very valuable. Besides
this, there has been much work done on internal waves generated
by a submerged body in a stratified fluid. Many experiments and
calculations have been carried out to study the characteristics of
an internal wave wake (Li and Sclavounos, 2002; Mei and Naciri,
1991; Meunier et al., 2018; Wang, 2017). By contrast, there are
few studies on the impacts of (naturally existing) ocean internal
waves on submarines. Computations of turbulence flow around
constrained bodies have been widely adopted to study the hydro-
dynamic loads exerted by ISWs. Some hydrodynamic properties
of bodies in internal waves have been revealed (Guan et al., 2012;
Shen and Hou, 2016; Xu and Zhou, 2021). And experiments were
also carried out by using constraint models in a stratified fluid
tank (Du et al., 2016). These research works form the basis of
further research. The study on hydrodynamic influence factors in
internal waves is meaningful to the safe navigation of underwater
vehicles. But on this aspect, there is a lack of research. So, we
mainly focus on this topic, and comparative research on internal
wave loads in different conditions is carried out herein.

METHODOLOGY

The computational fluid dynamics (CFD) software STAR-
CCM+ (Siemens, 2017) is applied to the simulation in this paper.
Water is assumed to be an incompressible and isothermal New-
tonian fluid. Flows are three dimensional and turbulent. A realiz-
able k–� model is chosen as the turbulence model. The continuity
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