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ABSTRACT: This paper presents the minimum submergence depth of an underwater vehicle that can remove the effect of free surface on
the resistance of the underwater vehicle. The total resistance of the underwater vehicle in fully submerged modes comprises only viscous
pressure and friction resistances, and no wave resistance should be present, based on the free surface effect. In a model test performed in
this study, the resistance is measured in the range of 2 to 10 kn (1.03-5.14 m/s) under depth conditions of 850 mm (2.6D) and 1250 mm
(3.8D), respectively, and the residual resistance coefficients are compared. Subsequently, resistance analysis is performed via computational
fluid dynamics (CFD) simulation to investigate the free surface effect based on various submergence depths. First, the numerical analysis
results in the absence of free surface conditions and the model test results are compared to show the tendency of the resistance coefficients
and the reliability of the CFD simulation results. Subsequently, numerical analysis results of submergence depth presented in a reference
paper are compared with the model test results. These two sets of results confirm that the resistance increased due to the free surface effect
as the high speed and depth approach the free surface. Therefore, to identify a fully submerged depth that is not affected by the fiee
surface effect, case studies for various depths are conducted via numerical analysis, and a correlation for the fully submerged depth based
on the Froude number of an underwater vehicle is derived.

1. Introduction

Recently, the use of underwater vehicles has increased in various
fields, e.g., the exploration and development of marine resources,
military purposes including marine surveillance and reconnaissance,
and marine environment monitoring. As a maritime country
surrounded by sea on three sides, South Korea must secure and further
develop its marine resources via the research and development of
underwater-related technology, including underwater vehicles (Choi
and Kim, 2012).

Herein, we discuss the resistance of an underwater vehicle in fully
submerged modes (i.e., fully submerged modes without the free
surface effect, or the unbounded condition). Because fully submerged
modes involve no free surface effect from water, the total resistance
comprises only viscous pressure and friction resistances (Moonesun,
2009). To realize such fully submerged modes, the underwater vehicle

must operate at a sufficient depth.

Jackson(1982) dealt with research on the overall design process of a
underwater vehicle, and the minimum depth suggested in this paper is
H=3D (D = Hull diameter). The drag and lift forces of various
underwater vehicles have been investigated through experiments and
numerical analysis, and the standard depth for the fully submerged
condition of each underwater vehicle varies among the reference
papers.

Rawson and Tupper (2001) showed that because an underwater
vehicle has a larger wetted surface area than a regular merchant ship
for a certain displacement, it demonstrates greater frictional resistance
and hence must operate at a depth that does not result in wave-making
resistance. They defined the minimum depth condition as #= 7/2 (L
= hull length).

Meanwhile, Jackson (1982) presented the overall design process of
underwater vehicles and suggested a minimum depth of Z=3D (D=
hull diameter).

Moonesun et al. (2013) performed a comparative analysis and a
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computational fluid dynamics (CFD) analysis of results obtained by
changing various conditions of the International Towing Tank
Conference analysis method during the model testing of a target
underwater vehicle; the minimum depth was set to Z=5D.

Javadi et al. (2015) experimentally investigated the effect of the
movement of an autonomous underwater vehicle (AUV) on resistance
based on the bow shape. They used two different shapes—tango and
standard shapes—and analyzed the total, residual, and frictional
resistances at Froude numbers (#],) from 0.099 to 0.349. The results
showed that the residual resistance of the standard shape exceeded that
of the tango shape at from 0.19 to 0.3.

Mansoorzadeh and Javanmard (2014) performed single- and
two-phase flow simulations without free surface to investigate the
effect of free surface on the drag and lift coefficients of an AUV based
on experiments and the CFD method. They conducted the study at
various test depths of the model for AUV diameters ranging from 0.87
to 5.22, at two speeds of 1.5 and 2.5 m/s.

Nematollahi et al. (2015) numerically investigated the interaction
between a free surface and a symmetrical AUV. The study was
conducted at various Reynolds numbers of various depths. They
showed that when the Reynolds number was fixed, not only the
pressure drag, but also the resistance coefficient increased when the
F,, decreased, and that the effect of free surface is negligible when A
is greater than or equal to 3 D. Furthermore, they confirmed that if the
Reynolds number increases at a low submergence depth, then the
effect of underwater vehicle motion on the free surface becomes more
evident.

The standard values for submergence depths are difficult to present
because they may vary depending on the vessel shape and velocity,
ie., the F,. However, we conducted this study based on our
assumption that the depth can be expressed by a function of the 7, if
the underwater vehicles exhibit similar shapes. Many types of
underwater vehicles exist, including underwear vehicles and
submarines. However, for the underwater vehicle used in this study,
we assumed that the characteristics of the vessel shape will not vary
significantly.

The aim of this study is to propose a new standard depth at each 7,
for an underwater vehicle with Z/D=5.8 based on resistance test

results obtained via model tests and CFD simulation. Experiments

were conducted in a towing tank at Pusan National University (PNU).
By comparing experimental fluid dynamics (EFD) and CFD analysis
results, we demonstrate the reliability of the CFD analysis and propose
a standard depth, at which the effect of free surface is negligible, for
each 7, by comparing the CFD analysis results with the no-free-
surface condition and the resistance results at various depths with a
free surface condition.

Model tests on a submerged body are typically difficult to conduct at
a sufficient depth because of various constraints; however, the results
of this study can be used as a reference for the standard submergence

depths of underwater vehicles.

2. Resistance Tests

2.1 Specifications of Underwater Vehicle Model

This study was conducted using a scaled-down model of a target
underwater vehicle. Table 1 and Fig. 1 show the detailed specifications
and shape of the model used in the model tests and CFD analysis,

respectively (diameter = length of one side of a square).

2.2 Conditions of Model Tests

We conducted model tests using a scaled-down model of the
underwater vehicle in a towing tank at Pusan National University. The
towing tank measured 100 m long, 8 m wide, and 3.5 m deep, and the
maximum speed of the towing carrier was 7 m/s. The ratio of the
underwater vehicle’s fuselage length to the diameter was 7/ D=5.8.

The experiment was conducted for two depths: 850 mm (2.6 D) and
1,250 mm (3.8 D). The total resistance was measured at intervals of 1
kn (0.514 m/s) at the vehicle speed range of 2 to 10 kn (1.03-5.14 m/s).
Fig. 2 shows the towing carrier at PNU and the experimental setup
used for the model tests. Sandpaper was attached as a turbulence
stimulator at a length between perpendiculars (LPP) position of 0.05

Table 1 Principal dimensions of underwater vehicle

Item Dimension
Length of vehicle (m) 1.938
Diameter of vehicle (m) 0.332
Surface area of vehicle (m?) 2.229

(a) Profile of underwater vehicle (model test)

Fig. 1 Profile of underwater vehicle: (a) Model test and (b) CFD

(b) Profile of underwater vehicle (CFD)
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(a) Towing carrier of PNU

(b) Model test using towing tank

Fig. 2 PNU experimental set-up: (a) Towing carrier and (b) Model test

on the model vehicle’s bow. The towing carrier and model vehicle
were connected using two cylinders (diameter of cylinder = 5 cm),
where a transparent polyvinyl chloride plate was attached to prevent
disturbance from the free surface due to the connecting section of the

load cell and the model vehicle.

2.3 Model Test Results

The resistance test was conducted at intervals of 1 kn (0.514 m/s) at
the vessel speed range of 2 to 10 kn (1.03-5.14 m/s); the experiment
was repeated twice with different depths. The total resistance was
measured at a depth of 850 mm (2.6 D) in the first experiment and at a
depth of 1,250 mm (3.8D) in the second experiment. The results are
shown in Tables 2-3 (&, is the Reynolds number, C;, the residual

Table 2 Resistance test results at shallow depth (Z=850 mm, 2.6 D)

resistance coefficient, and R, the total resistance of the model
vehicle).

The experimental results obtained based on a depth of 850 mm (2.6)
as well as the residual resistance coefficient, which increased
gradually at high speeds, indicate that the wave-making resistance was
due to the free surface. Subsequently, we conducted the experiment
again at a depth of 1,250 mm (3.8 D) based on a reference, which was
unbounded by the effect of free surface.

The experimental results based on a depth of 1,250 mm (3.8.D)
indicate that as the speed increased, the residual resistance coefficient
increased less as compared with the residual resistance coefficient at a
depth of 850 mm (2.6 D). Fig. 3 shows a graphical comparison of the
residual resistance coefficient values between the two depths.

VS VS V:‘l[ Rn C}I RT/IJ
(kn) (m/s) (m/s) (10% (107 ™)
2 1.03 0.54 0.124 1.072 1.685 2.03
3 1.54 0.81 0.186 1.607 2.852 5.14
4 2.06 1.08 0.248 2.143 2.555 8.45
6 3.09 1.62 0.372 3214 2.420 17.74
7 3.60 1.89 0.435 3.750 2.435 23.79
8 4.12 2.17 0.497 4.286 3.084 34.00
9 4.63 2.44 0.559 4.822 3.485 45.19
10 5.14 2.71 0.621 5.357 3.766 57.56
Table 3 Resistance test results at deep depth (#=1250 mm, 3.8D)
VS VS V}W Rn CH RTAW
(kn) (m/s) (m/s) (10% (10°%) N)
2 1.03 0.54 0.124 1.072 2.311 2.26
3 1.54 0.81 0.186 1.607 1.402 4.14
4 2.06 1.08 0.248 2.143 1.750 7.50
6 3.09 1.62 0.372 3214 1.633 15.63
7 3.60 1.89 0.435 3.750 1.526 20.42
8 4.12 2.17 0.497 4.286 1.696 27.09
9 4.63 244 0.559 4.822 1.740 34.08
10 5.14 271 0.621 5.357 1.823 4221
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Fig. 3 Comparison of residual resistance coefficient between depths
of 850 mm and 1,250 mm

These two sets of results confirm that the resistance may change
sensitively depending on the submergence depth as a result of the
wave-making resistance due to the free surface. Because we could not
conduct the experiment at a depth exceeding 1,250 mm owing to the
condition of the PNU towing tank, we performed CFD analysis to
analyze the difference in resistance based on the free surface
conditions.

3. Numerical Analysis and Correlation Derivation

3.1 Numerical Analysis Method

In this study, we used STAR CCM+ (Ver. 11. 02) to perform the
numerical analysis. In terms of the coordinate system applied to the
CFD analysis, the positive (+) x-axis represents the flow direction, the
positive y-axis represents the starboard of the underwater vehicle, and
the positive z-axis represents the opposite direction of gravity.

A continuous equation and a Reynolds averaged Navier-Stokes
equation, which are the dominant equations of three-dimensional

non-compressible turbulent flow, are used in the simulation. They are

Velocity Inlet

Pressure Outlet

Symmetry
(a) Domain and boundary condition for CFD

expressed as follows:
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where p is the density of the fluid, ¢ the time, v, the flow rate, p the
pressure, £ the fluid viscosity coefficient, g, the gravitational
acceleration, pu "u; the Reynolds stress term, and #; the body force
per unit volume.

Turbulence models can be classified into zero-equation, one-
equation, and two-equation models depending on the number of
turbulence-related equations to be solved additionally. The realizable
k—e¢ model is the most typically used model in engineering. In this
study, we used the realizable k—e& turbulence model, which showed
improved performance for the boundary layer separation flow caused
by the adverse pressure gradient. In the free surface analysis, we used
the volume of fluid (VOF) method. The VOF method is a method that
monitors the position of the free surface, which is the boundary
between two fluids, based on the volume ratio of the two fluids, which
have different densities in the grid (Jagadeesh and Murali, 2010).

The analysis domain and boundary conditions used in this study are
shown in Fig. 4. As boundary conditions, an inlet at the bow and
velocity inlets on the bottom and top were established, and the outlet
where the flow exited was set as a pressure outlet. The size of the
domain was defined for the LPP.

A trimmed mesh and a prism layer were used to create the
underwear vehicle’s surface and the space grids. The number of grids
was approximately 1.03 million when the resistance performance was
considered, whereas it was approximately 990,000 when no free
surface was involved. Fig. 4 shows the grid system, and for the first
position of the grid points located on the surface, we assumed that it

was at approximately y* = 50. Meanwhile, because the effect of shear

(b) Numerical grid system for CFD

Fig. 4 Boundary condition and Grid system for CFD: (a) Domain and boundary condition; (b) Numerical grid system
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Table 4 Comparison of resistance results between EFD and CFD simulations

v, v, Vv, R, FFD  C, EFD ¢, EFD R, CFD C, CFD C, CFD  C, Diff.
(kn) (m/s) (m/s) " N) (10%) (10%) ) (107%) (107%) (%)
3 1.54 0.81 0.186 4.14 5.641 1.402 4.15 5.655 1416 -0.25
6 3.09 1.62 0373 15.63 5325 1.633 14.49 4923 1.231 7.55
8 4.12 2.17 0.497 27.09 5.191 1.696 24.29 4.655 1.159 1033
10 5.14 2.71 0.621 4221 5177 1.823 36.41 4.465 1112 13.75

force was significant around the underwater vehicle, six layers were
established in the prism layer, and the wall function was applied
(Byeon et al., 2018).

3.2 Numerical Analysis Results

3.2.1 Comparison of resistance in no-free-surface condition

Next, we compare the results obtained by conducting the model test
with a free surface condition at 3.8 D depth and the CFD analysis
results without the free surface condition. Table 4 and Fig. 5 show the
differences in resistance coefficient and total resistance at vehicle
speeds of 3, 6, 8, and 10 kn (1.54, 3.09, 4.12, and 5.14 m/s,
respectively). Based on the result where the difference in total
resistance at a low speed of 3 kn (1.54 m/s) was —0.25%, we conducted
a CFD analysis under the same conditions for different vehicle speeds.
The results show that as the speed increased, the differences in
resistance coefficient and total resistance increased. The experimental

results based on a low speed of 3 kn (1.54 m/s) were consistent with
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Fig. 5 Comparison of resistance coefficient between EFD and
CFD simulations according to the Froude number

the CFD results for the no-free-surface condition because almost no
wave-making resistance caused by free surface was present.
Furthermore, the effect of wave-making resistance became dominant
when approaching a high speed.

3.2.2 Comparison of resistance in free surface condition

The results shown in Table 4 and Fig. 5 suggest that the difference in
the resistance coefficient at high speed was caused by the
wave-making resistance arising from the free surface; additionally, the
experiments did not satisfy the standard depths of the fully submerged
condition. Therefore, we conducted a CFD resistance analysis by
changing the submergence depth at a specified speed of 10 kn (V=
5.14 nv/s, V,,=2.71 m/s). A comparative analysis was performed for
the EFD and CFD results under the following four depth conditions: A
=3Dand H=5D, which are suggested in a previous study; 7 =3.8D,
which is a depth at which the model test was conducted at PNU; and
without any free surface condition (non-F.S.E.) (F.S.E.= free surface
effect). Table 5 shows the results.

As shown by the CFD results in Table 5 below, the size of the total
resistance decreases as the submergence depth increases. Additionally,
the free surface effect differs significantly based on the submergence
depth at a high speed of 10 kn ( V= 5.14 my/s, V,,=2.71 m/s), which

suggests that the mode test was not conducted at a sufficient depth.

3.2.3 Case studies of submergence depth at different vehicle speeds

The results of the model test and CFD analysis shown in Tables 4
and 5 confirm that the difference in total resistance caused by the free
surface effect is significant between the submergence depths, and that
the effect becomes more prominent as the speed increases.

Next, we conducted a CFD resistance analysis to examine the
correlation between the vehicle speed and submergence depth to
identify the standard depth that satisfies the fully submerged condition
for each vehicle speed; subsequently, we comparatively analyzed the
results. The analysis was conducted for four vehicle speeds of 3, 6, 8,

Table 5 Comparison of resistance obtained via EFD and CFD simulations based on depth variation at 10 kn (V,, = 2.71 m/s)

H R, (N) C, (107 C, (107 C, Diff. (%)
EFD 3.8D 49221 5.177 1.823 -
3.0D 41.60 5.102 1.748 1.45
3.8D 40.45 4.961 1.607 4.17
CFD
5.0D 37.24 4.567 1213 11.78
non F.SE. 36.41 4.465 1.112 13.75
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Table 6 Case study based on depth of submerged body
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aZf) (mI;i) (nlq/% £ Case D(egh (non ];T.S.E.) (F.]s%.jia.) Diff. (%)
3 1.54 0.81 0.186 1 1.5D 4153 4.236 -1.999
2 2.0D 4153 4201 -1.156
3 2.5D 4153 4177 L0578
6 3.09 1.62 0.373 1 2.0D 14.488 14.757 -1.857
2 24D 14.488 14.635 1,015
3 3.5D 14.488 14.550 20428
8 412 2.17 0.497 1 4.0D 24291 24.634 1412
2 42D 24291 24.546 -1.050
3 50D 24291 24.482 -0.786
10 5.14 271 0.621 1 5.5D 36.412 36.983 11568
2 6.0D 36.412 36.778 -1.005
3 6.5D 36.412 36.621 0,574

Table 7 Standard depth of fully submerged condition by Froude Number 7,

Vg Ve Vi F Depth R, non F.SE. CT_non_3F.S.E. CR_non_3F.S.E. R, F.SE. CT_F:3S.E. C}Y_F:;S..E. C,_Diff.
(kn)  (m/s)  (mvs) ! ™) (10%) (10%) ™) (10%) (10%) (%)
3 1.54 081 0.186 20D 4.15 5.655 1.416 4.20 5.723 1.485 -1.156
6 3.09 .62 0373 24D 14.45 4.923 1.231 14.64 4.987 1.294 -1.015
8 4.12 217 0497 42D 24.29 4.655 1.159 24.55 4.704 1.208 -1.050
10 5.14 271  0.621 6.0D 36.41 4.465 1.112 36.78 4511 1.157 -1.005
and 10 kn (1.54, 3.09, 4.12, and 5.14 m/s, respectively), and case Centroid{Z] (m)
studies were conducted at various depths with the free surface .2'164
condition in reference to the results obtained without any free surface -
condition. Table 6 shows the results for cases involving a free surface
condition (F.S.E.) and no free surface condition (non-F.S.E.). 5159

For each vehicle speed, the standard depth for the fully submerged
condition of the underwater vehicle was set to a depth at which the
difference in the CFD resistance analysis results, i.e., the difference
between the results of F.S.E. and non-F.S.E., was less than 1%. As

7
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Fig. 6 Comparison resistance coefficient between non F.S.E. and

F.S.E. cases based on Froude number £,

.2.151

Fig. 7 Free surface of centroid (2) about V, = 10 kn, # = 6.0D
(Z = 2.158 m)

shown in Table 7, the results are 2.0 D at V,=3 kn (1.54 m/s), 2.4 D at

Ve=6kn (3.09m/s), 42D at Vy=8kn (4.12m/s), and 6.0D at Vy=
10 kn (5.14 m/s). The graph in Fig. 6 shows the difference in the
resistance coefficient between the EFD and CFD results based on the .
Furthermore, Fig. 7 shows the waveform of the free surface in the
z-direction for V,=10kn (5.14 m/s) and # = 6.0 (the z-position of the
free surface in the CFD simulation is 2.158 m.)

3.2.4 Correlation between #,, and appropriate submergence depth
For each vehicle speed, the appropriate submergence depth at which
free surface imposes no effect was set to the depth at which the

difference in resistance coefficient between the non-F.S.E. and F.S.E.
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Fig. 8 Fully submerged depth based on Froude Number £,

results was less than 1%. The vehicle speed and depth were non-
dimensionalized into 7, and /D, respectively, and their correlation
is shown graphically in Fig. 8. The x-axis of the graph in Fig. 8
represents 7, and the y-axis represents the ratio of the submergence
depth to the hull diameter (#/D). The results for the appropriate
submergence depths at four 7, of the underwater vehicle are shown in
a trend line. Furthermore, a comparison between the current results
and those obtained based on 7, = 0.4 and A = 5.0.D by Moonesun et
al. (2013) suggest that the experiments were conducted at a deeper
level than the required depth determined in this study. However, a
deeper level may be required when F, is large (i.e., when the
underwater vehicle exhibits a high vehicle speed or a small Z).

The equation below shows the correlation between £, and /D (x =
F,,y=H/D).

y=24x’-10x+3 (x=F,, y=H/D) 3)

4. Conclusion

The effect of free surface based on the submergence depth of an
underwater vehicle was investigated in this study. Model tests and
CFD analysis were performed to determine the total resistance and
resistance coefficients of the underwater vehicle.

The underwater vehicle’s Z/D was 5.8, and the experiment was
conducted twice at depths of 850 mm (2.6 D) and 1,250 mm (3.8 D),
intervals of 1 kn (0.514 my/s), and a vehicle speed range of 2 to 10 kn
(1.03-5.14 m/s). In terms of the residual resistance coefficient, the
results obtained at a depth of 850 mm (2.6 D) were higher than those
obtained at a depth of 1,250 mm (3.8.D) as the speed increased. Hence,
we inferred that the wave-making resistance might have been caused
by the free surface effect arising from the difference in depth. We
conducted a CFD resistance analysis to verify the difference in the free
space effect between the depth conditions. First, we compared the total

resistance obtained via CFD simulation without a free surface and that
obtained experimentally. The result showed that the difference in the
total resistance was —0.25%, which is insignificant, at a low speed of 3
kn (1.54 mv/s); however, the difference increased gradually to 13.75%
at a high speed of 10 kn (5.14 m/s), and the difference in the residual
resistance coefficient increased as well. In our opinion, this error
occurred because the standard depth, at which the free surface imposed
no effect, was not satisfied in the high-speed domain in the
experiments; therefore, we examined the difference in the total
resistance based on the submergence depth at specified speeds. We
investigated four depths: depths of 3D and 5D, as suggested in a
reference paper; a depth of 3.8, which was applied for an experiment
performed in the PNU towing tank; and the no-free-surface condition.
The CFD analysis results obtained based on these depths were
compared with the EFD results. The results showed that as the depth
from the free surface increased, the total resistance from the CFD
results decreased and, consequently, the error from the model test
result increased. Therefore, based on the two sets of results above, we
concluded that the values measured in the model test were high owing
to the effect of the free surface because the model test was not
performed at a sufficient depth, and that the effect was more prominent
in the high-speed domain.

We conducted case studies by performing CFD simulations based
on various depths of the free surface for each vehicle speed to identify
a submergence depth at which the free surface effect was absent. A
depth at which a difference of less than 1% was indicated between the
F.S.E. and non-F.S.E. cases was set as the appropriate depth. The
standard depths of the underwater vehicle without the effect of free
surface were defined as follows: 2.0D at V,=3 kn (1.54 nv/s), 2.4 D at
Ve=6kn (3.09 m/s), 42D at V,=8kn (4.12 m/s),and 6.0D at V=
10 kn (5.14 m/s). Furthermore, the vehicle speed and submergence
depth were non-dimensionalized into 7, and H/ D, respectively, and
the correlation was formulated as y = 242 — 10z + 3.

We confirmed that the results varied significantly because of the
free surface effect due to the submergence depth and . The sufficient
depth may change depending on the shape of the underwater vehicle;
however, if the shape does not differ significantly from that of the
underwater vehicle applied in this study, then the results of this study
can be applied to the experiment. In the future, more reliable data will
be obtained to perform follow-up studies for various types of
underwater vehicles based on a submergence depth at which the free

surface effect is absent.
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