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ABSTRACT: Analyzing the interactions of free surface waves caused by a submerged-body movement is important as a fundamental study of
submerged-body motion. In this study, a two-dimensional mini-towing tank was used to tow an underwater body for analyzing the generation
and propagation characteristics of free surface waves. The magnitude of the maximum wave height generated by the underwater body motion
increased with the body velocity at shallow submerged depths but did not increase further when the generated wave steepness corresponded to
a breaking wave condition. Long-period waves were generated in the forward direction as the body moved initially, and then short-period
waves were measured when the body moved at a constant velocity. In numerical simulations based on potential flow, the fluid pressure changes
caused by the submerged-body motion were implemented, and the maximum wave height was accurately predicted; however, the complex
physical phenomena caused by fluid viscosity and wave breaking in the downstream direction were difficult to implement. This research
provides a fundamental understanding of the changes in the fiee surface caused by a moving underwater body.

1. Introduction

Wave depression

Free surface waves can be generated by water bodies (e.g., ships) or
submerged bodies (e.g., submarines) that move at constant speeds
(Journee and Massie, 2001). At infinite water depths, the flow around a
submerged body causes various flow phenomena according to the
geometry of the object and the flow velocity with no interaction with

the free surface, and many relevant insights have been obtained from

fluid dynamics. In contrast, the flow of a submerged body moving Fig. 1 Free surface wave depression caused by submerged cylinder

under the free surface forms free surface waves, causing complex motion

physical phenomena according to the geometry, velocity, and
submerged depth of the object. Therefore, many studies have been (Sheridan et al., 1997).

conducted to understand such phenomena. When a submerged body in This depression phenomenon becomes more obvious as the

the form of a cylinder, which is the most basic geometry, moves under
the free surface, a jet-like flow occurs between the body and free
surface, and free surface wave depression is generated behind the

cylinder because of the rapid pressure change, as shown in Fig. 1

submerged depth of the submerged body decreases and its velocity
increases (Yi et al., 2013; Shin and Cho, 2021). In addition, a breaking
wave occurs in the depression, affecting the formation of rear free
surface waves (Hyun and Shin, 2000).
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Studies on the geometry of rear free surface waves generated by the
motion of a cylindrical submerged body have long been conducted
using analytical or numerical methods, and in most of them, the free
surface displacement generated behind the submerged body was
calculated by applying an incident wave or flow velocity to a fixed
cylinder (Dean, 1948; Ursell, 1950; Scullen and Tuck, 1995).
this fundamentally differs from the free
displacement caused by the direct movement of the submerged body,

However, surface
and the aforementioned studies had limitations in identifying the
phenomena of free surface waves caused by complex interactions
between the submerged body and the free surface. This is because they
focused on the hydrodynamic analysis of the phenomena of free
surface waves generated behind the submerged body; the actual
movement of the body was not modeled. As various free surface waves
caused by the acceleration of the submerged body from the stationary
state are mixed with those caused by the movement of the body at a
constant velocity, it is necessary to accurately simulate the motion of
the submerged body through towing experiments to analyze the
complex interactions affected by the geometry, velocity, and
submerged depth of the body.

In general, the generation and propagation of free surface waves are
calculated with potential flow that assumes the incompressible,
non-rotational, and non-viscous flow of fluid (Journee and Massie,
2001). Potential flow-based numerical analysis has been commonly
applied to the motion analysis of ocean waves and floating bodies
using the boundary element method. In particular, time- and
frequency-domain analysis for floating body motion has been widely
conducted via modeling under the same conditions as an experimental
tank through the numerical wave tank (NWT) technique (Uzair and
Koo, 2012; Min and Koo, 2017; Min and Koo, 2022). This numerical
analysis technique was used to model the motion of a submerged body
and calculate free surface waves according to the submerged depth and
velocity of the submerged body (Holloway and Davis, 2002; Kim et
al.,, 2019; Seong et al., 2022). In particular, Seong et al. (2022)
reproduced the free surface waves caused by the motion of a
submerged body with a National Advisory Committee for Aeronautics
geometry (NACA0034) using the NWT technique and validated their
method through a comparison with experimental results.

In addition, various studies on the flow characteristics under
submerged-body motion have been conducted using computational
fluid dynamics (CFD). Various studies have been reported, in which
researchers implemented changes in the free surface waves caused by
the underwater motion of a simple cylinder (Mnasri et al., 2014),
analyzed the dynamic characteristics of a submerged body through the
adjustment of the drift angle and the angle of attack (Jeon et al., 2021),
analyzed the flow noise of a submarine-shaped underwater body using
CFD and computational acoustics (Ren et al., 2023), and performed
spectrum analysis for the free surface waves caused by the motion of
submarine- and whale-shaped underwater bodies through experiments
and CFD (Liu and Guo, 2013).

To understand the complex phenomena associated with wave

generation and propagation caused by the flow change between a
moving submerged body and a free surface, an accurate numerical
analysis conducted under various experimental conditions is required,
and the phenomena must be identified through a precise experiment in
which the submerged body is towed directly. Experimental research in
which complex flow phenomena were measured by directly towing a
submerged body is rare, and basic research is needed to analyze
complex flow phenomena by directly towing a submerged body in the
presence of a free surface.

In this study, acceleration and constant-velocity regions were created
by directly towing a cylindrical submerged body in water to precisely
identify the interactions between the body and free surface, as well as
the flow changes. In addition, the generation and propagation of free
surface waves were measured, and their characteristics were analyzed.
In contrast to streamlined objects, a cylinder easily causes flow
separation and vortices on its surface owing to fluid viscosity, making it
relatively easy to identify the complex physical phenomena that occur
around the cylinder. Potential flow-based numerical analysis was
conducted using a two-dimensional numerical towing tank that
modeled the acceleration and constant velocity of the submerged body
under the experimental conditions, and the results were compared with
the experimental results. By comparing the experimental measurements
that included fluid viscosity and the results of potential flow-based
numerical analysis, the effects of the fluid viscosity on the geometry
and propagation of the free surface waves caused by the submerged
body motion were identified. The objective of this study was to clarify
the generation and propagation characteristics of the free surface
caused by the movement of a cylindrical submerged body and provide
basic data. If these basic data are accumulated, they are expected to be
used for applied studies, e.g., involving the detection of underwater

bodies moving under free surfaces.

2. Submerged-Body Towing Experiment and
Numerical Analysis

2.1 Two-dimensional Towing Tank

In this study, an experiment was performed using a towing tank that
can directly tow a submerged body in a single fluid environment. The
vertical displacement of the generated free surface waves was
measured, and their propagation characteristics were analyzed
according to the submerged depth of the submerged body and the
towing velocity. Fig. 2 shows the cylindrical submerged body model
connected to the rail support on the side wall of the two-dimensional
towing tank with a wire. In the towing-tank experiment (Kim et al.,
2022a), the two-dimensional submerged-body towing tank of Inha
University was used. The specifications of the cylinder and towing
tank are presented in Table 1. It was possible to clearly observe the
displacement and propagation of the free surface because the walls of
the tank are made of a transparent acrylic material, its frames are made

of aluminum, and its bottom is made of polyvinyl chloride. The
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Table 1 Dimensions of the two-dimensional towing tank and
submerged body

Object Parameter Dimension (m)

Tank length (L) 5.8

Tank width (B) 0.2

Towing tank Water depth (H) 0.77
Rail length (Z,) 4

Wave gauge location (L) 2.8

Body diameter (D) 0.084

S‘;‘;ﬁﬁ’gﬁfd Body width (77) 0.19

Body position from tank bottom (/) 0.395

cylindrical submerged body was divided into upper and lower
hemispheres to allow a wire to pass through, and the cylinder was
formed by fastening four 3-mm-diameter bolts. The width of the
submerged body was set equal to that of the two-dimensional towing
tank to minimize the interference of the tank walls with the formation
and propagation of free surface waves. Fig. 3 shows an overview of the
towing-tank experiment. For the submerged-body towing system, the
submerged body was connected to the wire installed underwater and
was directly towed using the wire drum connected to the servomotor.

The system did not directly interfere with the free surface, because it

o —

towed the submerged body with the wire. The system made it possible
to observe the exact free surface displacement caused by the
submerged-body motion, ensuring the reliability of the experimental
results. Additionally, the submerged body could be accelerated from
the stationary state and towed at a constant velocity.

The submerged-body towing system was used to tow the submerged
body at a constant velocity. Fig. 4 shows the wire drum connected to
the alternating-current (AC) servomotor installed in the towing tank. It
towed the submerged body at a precise velocity along the rail installed
on the tank wall by circulating the wire shown in Fig. 3. The wire
connected to the submerged body passed through the centerline of the
body. The tension of the wire acted on the center of gravity of the
submerged body, causing translational motion. For the towing system,
the towing velocity and towing distance were adjusted through the
Programmable Multi Axis Controller (PMAC) software.

The free surface waves generated by the submerged body were
accurately measured using a servo-type wave gauge (PCA-WH60S).
This wave gauge can measure the vertical displacement of a free
surface every 0.01 s (100 Hz) with a precision of up to 0.056 mm using
water as a conductor. Proper tension must be maintained in the
underwater wire for stable towing of the submerged body. In the
experiment, the overall tension of the towing system was controlled by

adjusting the pulley connected to the wire in the vertical direction.
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Fig. 2 Submerged cylinder installed in a two-dimensional mini-towing tank
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Fig. 3 Experimental setup for towing the submerged cylinder

Fig. 4 AC servomotor and wire drum for towing the submerged body
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2.2 Two-dimensional Numerical Towing Tank

To validate the experimental results, a numerical analysis was
performed using a two-dimensional numerical towing tank modeled
according to the experimental towing tank. Fig. 5 shows a schematic of
the numerical towing tank, whose specifications are those presented in
Table 1. However, the numerical towing tank did not need the
underwater rail or wire, because it could move the submerged body
precisely at the fixed velocity every hour. While the cylindrical
submerged body was accelerated from the stationary state and
subjected to the constant-velocity translational motion in the same
manner as the experimental conditions, the displacement and
propagation pattern of the free surface were calculated in the time
domain. The two-dimensional numerical towing tank was detailed in
previous works (Seong et al., 2022; Kim et al., 2022b). It was briefly
described in this paper because the accuracy and reliability of the
solution were verified.

2.2.1 Governing equations and boundary conditions

In the fluid field used for numerical analysis, the surface tension of
the free surface was neglected, and non-viscous, incompressible, and
non-rotational potential flow was assumed. Accordingly, the motion of
the fluid particles in the fluid field can be described as velocity
potential, and the continuity equation is satisfied. Therefore, the

governing equation of the fluid field is Laplace’s equation:
V2ip=0 )
where ¢ represents the velocity potential. The above governing

equation can be converted into a boundary integral equation using

Green’s second identity according to the boundary element method, as

There were boundary conditions for each boundary of the numerical
towing tank, and linear boundary conditions were used in this study.
Eqgs. (3) and (4) give the linear boundary conditions of the free surface,
i.e., the dynamic and kinematic boundary conditions, respectively.

o _ -

o +gn=0 on z=0 3)
on_ o9 -

oo M 2 0 4

Here, 7 represents the vertical displacement of the free surface and ¢
represents the gravitational acceleration. No penetration boundary
condition was applied to the walls on both sides of the tank or the
bottom, as given by Eq. (5).

2% _ ®)

on

The boundary condition for the moving cylindrical submerged body
is given by Eq. (6), where Urepresents the velocity of the body and n,
is the horizontal-direction (z-direction) component of the normal
vector on the submerged-body surface. The submerged body slowly
accelerates and reaches a certain velocity, in the same manner as the
experimental conditions. At this instance, the acceleration is given by
the ramp function as shown in Eq. (7). The ramp function is applied to
the initial acceleration section and the last deceleration section
immediately before the submerged body stops. The ramp section is
expressed by R7 in Eq. (7), and it was set as 0.22 s, which was
identical to that in the experiment. Fig. 6 shows the ramp function with

respect to time. After passing through the ramp section, the submerged

follows: body performs translational motion at a constant towing velocity (U)
in the constant-velocity region.
. G,
o, = ff(c g )ds Q)
! o\ Y on 7 on o6

—=ramp - (U - nl_) on body 6)

on
where « represents the solid angle, which has a value of 0.5 when the
field point is located on the boundary. The two-dimensional Green’s 1— cos(;—tT) + < BT
function is G; = —(1/2r)ln R, where R represents the distance ramp={""_5 o %)

. o f>
between the source point and field point distributed on the boundary of 1
the computational domain.
zfmm]
Free-Surface
x[m] Bounaary Condition \v4
L ‘
Rigid-Wall Rigia-Wall
Boundary Condition Body Boundary Condition
Rigid-Bottom

Boundary Condition

Fig. 5 Computational domain of the two-dimensional numerical towing tank



Experimental and Numerical Study on the Characteristics of Free Surface Waves by the Movement of a Circular 93

2 .
IAccelerqtmn .
!
1 E > I
i I 1
I I - d
! : Constant Velocity !
0.8y 1
I 1 1
i ] 1
= 1 1 1
£0.6
& 1 : :
I ] 1
] 1 1
0.4 I I
I 1 1
n 1 1
] 1 1
1 1
02} : !
n I 1
I 1 1
0 ' !
0 02 04 0.6 0.8 1

t[s]
Fig. 6 Ramp function for towing velocity

3. Comparison and Analysis of
Experimental Results

3.1 Analysis of Experimental Results

In the experiment of this study, the vertical displacement of free
surface waves was analyzed, and its characteristics were identified
according to the velocity and submerged depth of the submerged body.
Table 2 presents the various submerged depth, velocity, and Froude
number conditions examined. The waves generated in front of the
submerged body by its motion were measured to identify their
propagation characteristics, and the maximum wave height that
occurred behind the body was measured and analyzed. Fig. 7 presents
the vertical displacement of the free surface according to the body
velocity in time series for submerged-body depths of d = 1D and d =
1.75D. As shown, the displacement increased as the body velocity
increased, and the maximum wave height occurred behind the body.

The number of free surface waves that propagated to the front of the
submerged body increased as the body approached the measuring
point (the position of the wave gauge) at a low velocity. However,
when the submerged-body depth was large (d = 1.75D), the maximum

wave height and the number of free surface waves that propagated to

3r ——> Passing the wave
| gauge

t[s]
(@

the front of the body decreased. In addition, when the submerged-body
depth was small (d = 1.0D), the maximum free surface displacement
occurred after the submerged body passed the wave gauge owing to
the occurrence of the maximum wave depression with the rapid free
surface increase, and the shape of the wave was mostly lost behind the
body. In contrast, when the submerged-body depth was large, the
overall free surface displacement decreased, as only the maximum
wave depression occurred, without a rapid increase in surface
displacement. This appears to be because the jet-like flow increased
behind the submerged body, which led to an increase in the
displacement of the free surface as the body velocity increased
(increase in Froude number) or the submerged depth decreased at a
constant velocity, as reported by Shin and Cho (2021). Therefore, it
can be said that the jet flow, which depends on the submerged depth
and velocity of the submerged body, affects the maximum wave
height.

The cause of the loss of free surface waves behind the submerged
body can be inferred from the work of Hyun and Shin (2000). It is
judged that as the submerged-body depth decreases, the displacement
of the free surface rapidly decreases owing to wave breaking that
occurs behind the body. Conversely, if the submerged-body depth
increases (d = 1.75D), the degree of wave breaking that occurs behind
the body is weak owing to the sufficient distance between the body and
free surface, and there is room for an increase in the displacement of

the free surface.

Table 2 Experimental conditions

Parameter Dimensions
Submerged-body depth (d) 1D, 1.5D, 1.75D (m)
Body velocity (U) 0.3-0.7 (m/s)
U
Froude number ( 7. = —— 0.330-0.771
( \/g?)

pUD

Reynolds number ( Re= T) 14,157-33,033

Towing distance (L,) 4 (m)

——> Passing the wave

0 2 4 6
t[s]

(b)

Fig. 7 Time series of surface elevations for different velocities: (a) U = 0.3 m/s; (b) U = 0.4 m/s; (c¢) U = 0.5 m/s; (d) U = 0.6 m/s;
(e) U= 0.7 m/s
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Fig. 7 Time series of surface elevations for different velocities: (a) U = 0.3 m/s; (b) U = 0.4 m/s; (¢) U = 0.5 m/s; (d) U = 0.6 ms;

(e) U = 0.7 m/s (Continuation)
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Fig. 8 Comparison of wave periods measured in order: (a) U = 0.3 m/s; (b) U = 0.4 m/s

Fig. 8 shows the results of measuring and comparing the wave
periods observed in front of the submerged body in order. Here, Nth
Wave = 1 represents the first period measured by the wave gauge as
the wave generated at the time of the acceleration of the submerged
body propagated forward. As indicated by Fig. 7, the number of waves
measured in front of the submerged body increased as the
submerged-body depth decreased. Therefore, the number of waves
measured was small when the submerged depth was large (d = 1.75D).
Long-period waves were generated at the beginning when the
submerged body accelerated, and then the period of the waves

decreased slightly. As the submerged body approached the measuring

point (the position of the wave gauge), the measured wave period
decreased, but the rate of reduction gradually decreased and tended to
converge to a certain value. This is because various waves were
generated at different velocities until the submerged body reached a
certain velocity after acceleration, and fast long-period waves among
them reached the measuring point first, followed by short-period
waves. The value to which the wave period converged was similar to
that given by a dispersion relation (Eq. 8) that corresponds to deep
water conditions. In the comparison graph, the part where the period
decreases and increases suddenly represents the wave period
corresponding to the maximum wave height caused by the
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submerged-body motion. The wave period was longer when the
submerged-body depth was larger; i.e., long-period waves were
generated at the maximum surface displacement that occurred behind
the submerged body. In addition, the period measured in front of the
submerged body was generally longer when the submerged-body

depth was larger.

W =gk ®)
_ 2w
7= ; )

Here, T represents the wave period, w represents the wave frequency,
and k represents the wavenumber.

Fig. 9 shows the maximum wave height according to the submerged
depth and velocity of the submerged body. As in the previous analysis,
the maximum wave height tended to increase as the body velocity
increased. At 0.3 m/s, which was the lowest body velocity, there was
no significant difference in wave height with respect to the submerged
depth. However, as the velocity increased, the wave height rapidly
increased at d = 1.0D, which was the smallest submerged depth, and
then decreased at a maximum velocity of 0.7 m/s. This indicates that
the wave height increases with the body velocity when the submerged
depth is deep enough, but the maximum wave height decreases when
the velocity increases further and wave breaking occurs behind the
body. If the submerged-body depth is sufficiently large, the
wave-height increase is small when the velocity is low; however, the
wave height is likely to increase if the velocity increases. Under the
experimental conditions of this study, even if the body velocity is
higher than 0.7 m/s at a submerged depth of d = 1.75D, the maximum
wave height will increase further because the effect of wave breaking
that occurs behind the cylinder is expected to be insignificant. This
phenomenon can be more accurately understood by comparing the
wave steepness at the maximum wave height, as shown in Fig. 10.

Wave steepness is expressed by an equation in which the wave height

is divided by the wavelength (%, Az = UAt). Theoretically, when

50
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L
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Fig. 9 Comparison of the maximum wave height for various body
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Fig. 10 Comparison of the wave steepness for various body

velocities at the maximum wave height

the wave steepness is close to 0.1, wave breaking occurs. When the
body velocity was 0.7 m/s, the wave steepness was close to 0.1 at
submerged depths of d = 1.0D and d = 1.5D. Under these conditions,
the magnitude of the wave height no longer increases, because wave

breaking occurs in free surface waves.

3.2 Comparison with Numerical Analysis Results

The results of the submerged-body towing experiment performed in
the two-dimensional towing tank were compared with the calculation
results obtained using the numerical towing tank. The benefit of the
numerical technique is that the entire experimental tank can be
modeled to perform calculations under the same conditions as the
experiment by controlling the body velocity and reflected wave. Fig.
11 presents a comparison of the free surface displacement generated
when the submerged body moved at the highest velocity (U= 0.7 nv/s).
As shown, the numerical analysis results generally agreed with the
experimental results for the maximum wave depression of the free
surface caused by the submerged-body motion. However, there was a
significant difference in the free surface displacement generated
behind the cylinder. This is because wave breaking occurred behind
the body, and the shape of the wave was lost, as the wave steepness of
the maximum wave height corresponded to the wave-breaking
condition, as mentioned in the analysis of the experimental results. In
contrast, in the potential flow-based numerical analysis, the waves
generated by the submerged body-motion were maintained without
breaking, because fluid viscosity and wave breaking were not
considered. The maximum wave depression that occurs immediately
after the passing of the submerged body and before the occurrence of
wave breaking is the free surface displacement generated by the fluid
pressure change caused by the cylinder motion. For the potential
flow-based calculation, the fluid pressure change can be implemented,
but it is difficult to implement the complex physical phenomena
caused by fluid viscosity and wave breaking behind the submerged
body. In addition, the free surface displacement that occurred in front
of the submerged body was smaller than that in the experiment. This

appeared to be because linear free surface boundary conditions were
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Fig. 11 Comparison of wave elevations for d = 1.75 D and U =
0.7 nvs

applied in the potential flow-based calculation; thus, the nonlinear
geometry of the free surface was not reflected.

Fig. 12 presents a comparison of the magnitudes of the maximum
wave depression of the free surface with respect to the velocity of the
submerged body. The magnitude of the maximum wave depression
corresponds to the length of the arrow in Fig. 11. The results of the
experiment and numerical analysis were generally similar, and the

magnitude of the maximum wave depression increased as the body
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velocity increased. This indicates that the formation of the maximum
wave depression is affected more significantly by the kinematic factors
of the submerged body and the resulting fluid pressure change than by
the fluid viscosity. Therefore, the maximum wave height was
accurately predicted in the potential flow-based numerical analysis,
although the maximum wave height measured in the experiment

slightly exceeded the numerical analysis result. This appears to be
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Fig. 13 Comparison of wave periods measured and calculated in order at d = 1.75D: (a) U = 0.3 mv/s; (b) U = 0.4 m/s; (c) U = 0.5

m/s; (d) U = 0.7 m/s
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because some of the effects of fluid viscosity that could not be
considered in the potential flow-based calculations were included, and
the nonlinear waveforms could not be properly implemented by
applying linear free surface boundary conditions.

Fig. 12 presents a comparison of the measured and calculated
periods of the free surface waves that propagated in front of the
submerged body due to the body motion. As shown, the experimental
and numerical analysis results had similar tendencies at all the body
velocities. As the submerged body began translational motion and
accelerated, waves with the longest period were generated and
propagated first, followed by waves with gradually decreasing periods.
The period of the waves generated by the submerged body at a
constant velocity ultimately converged to the value given by Eq. (9),
and it was confirmed that the convergence of the measurement and
calculation results improved as the body velocity increased. Under all
the velocity conditions, long-period waves were generated when the
maximum wave depression occurred. Additionally, the rate of the
wave-period increase decreased as the body velocity increased. This
indicated that less long-period waves were generated as the body
velocity increased, because the body quickly exited the acceleration
region and entered the constant-velocity region owing to the
submerged-body acceleration time being fixed at 0.22 s. Therefore, the
agreement between the numerical analysis results and experimental
results improved. However, the wave-period increase point differed
between the experimental and numerical results, as shown in Fig.
13(a), because the numerical results and the measured data were
different (Fig. 7(a)).

4. Conclusions

The complex flow phenomena around a submerged body moving
under a free surface were measured using a two-dimensional
submerged-body towing tank. Acceleration and constant-velocity
regions were created by directly towing the cylindrical submerged
body underwater. The displacement and propagation of the generated
free surface waves were analyzed, and their characteristics were
identified. The experimental results were compared with potential
flow-based numerical analysis results to examine the effect of the fluid
viscosity on the generation of free surface waves. The following
conclusions are drawn.

(1) As the velocity of the submerged body increased and its
submerged depth decreased, the maximum wave height of the free
surface increased. However, the maximum wave height stopped
increasing when the wave steepness reached the wave-breaking
condition.

(2) When wave breaking occurred owing to the increase in body
velocity, rapid wave loss occurred behind the body.

(3) Long-period waves were generated in the forward direction as
the submerged body moved, and short-period waves were gradually
generated as it moved at a constant velocity. This is because various

waves were generated at different velocities until the submerged body

reached a certain velocity after acceleration, and the fastest
long-period waves among them reached the measuring point first,
followed by short-period waves.

(4) In the potential flow-based numerical analysis results, the
maximum wave depression was generally accurately predicted
because it was possible to implement the fluid pressure change caused
by the submerged-body motion, but it was difficult to implement the
complex physical phenomena caused by fluid viscosity and wave
breaking behind the submerged body.

To more precisely analyze the generation and propagation
characteristics of free surface waves caused by submerged-body
motion, it is necessary to investigate the changes in free surface waves
due to changes in the submerged-body geometry and acceleration
region, as well as high-speed motion, in the future. This will make it
possible to obtain basic data that can be applied to the detection of

submerged bodies that move near free surfaces.
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