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Abstract

The finite volume based multi-block RANS code, WAVIS developed at KRISO, is used to
simulate the turbulent flows around a submarine with the realizable k-¢ turbulence model.
RANS methods are verified and validated at the level of validation uncertainty 1.54% of
the stagnation pressure coefficient for the solution of the turbulent flows around SUBOFF
submarine model without appendages. Another SUBOFF configuration, axisymmetric body
with four identical stern appendages, is also computed and validated with the experimental
data of the nominal wake and hydrodynamic coefficients. The hydrodynamic forces and
moments for SUBOFF model and a practical submarine are predicted at several drift and
pitch angles. The computed results are in extremely good agreement with experimental data.
Furthermore, it is noteworthy that all the computations at the present study were carried out
in a PC and the CPU time required for 2.8 million grids was about 20 hours to get fully
converged solution. The current study shows that CFD can be a very useful and cost effective
tool for the prediction of the hydrodynamic performance of a submarine in the basic design
stage.
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1 Introduction

The flow over a submarine is characterized by thick boundary layers, vortical flow structure gen-
erated by hull/appendage junctures and appendage turbulent wakes. In addition, highly three-
dimensional turbulent shear flow including cross-flow separation is featured when the submarines
are in maneuvering with non-zero drift angle or angle of attack.

It is a common practice to perform model tests to evaluate the hydrodynamic performance of
a submarine in the basic design stage. However, the model test is usually expensive and time-
consuming. Recently CFD (Computational Fluid Dynamics) techniques are utilized in many fluid
engineering fields including ship design. Flow information around a hull and appendages, as well
as integral quantities like force and moment, is very useful for the shape design of a submarine. If
the CFD simulation is utilized for the evaluation of hydrodynamic performance prediction, it can
help the submarine designer to produce the hull and appendage shape with the better performance.
CFD can save a lot of efforts in measuring the global quantities and detailed flow information at
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the towing tank or in the wind tunnel, although the computed results can’t give the exactly same
value as in the experiment. It is believed that CFD is the cost-effective tool for the performance
prediction of a submarine.

The experimental measurements of the flow field from the DARPA SUBOFF submarine model
were made in the Naval Surface Warfare Center Carderock Division (NSWCCD) (Groves et al
1989, Huang et al 1989, Ward and Growing 1990, Liu et al 1990, Blanton et al 1990, Grow-
ing 1990). A number of submarine configurations, ranging from axisymmetric body to a fully
appended submarine, were constructed in order to provide CFD validation data. Several RANS
simulations for these configurations were reported for the validation of their computation (Sheng
et al 1995, Bull 1996). The present study covers the flow over the axisymmetric body at zero angle
of attack and drift (designated as AFF-1-*) and axisymmetric body with four identical stern ap-
pendages (designated as AFF-3-*) at the level flight and several angle of attack for the validation
of the RANS method.

More practical submarine geometry named Coelacanth II is considered. The hull form and
appendages were designed by DAEWOO Shipbuilding & Marine Engineering Co., LTD. and the
Vertical Planar Motion Mechanism (VPMM) test was performed at the Korea Research Institute
of Ships & Ocean Engineering (KRISO) Towing Tank (Hwang et al 2002). Although this subma-
rine is not actually built, the flow phenomena would be very similar to the real flow around the
submarine of any navies. The calculations are carried out for zero, +/- 2°, 4°, 62, 8°, 10°, 12°, 16°
of the angle of attack in vertical plane and drift angles in horizontal plane.

2 Computational method

The three-dimensional incompressible RANS code, WAVIS developed at KRISO/KORDI, is used
for the present study. This code has been validated for an application to flow around the practical
ship hull forms (Kim and Van 2000, Kim et al 2002).

2.1 Governing equations

The governing equations for turbulent flow in the present study are the Reynolds-Averaged Navier-
Stokes equations for momentum transport and the continuity equation for mass conservation. The
Cartesian coordinates are used, as shown in Figure 1, where (z,y, z) denotes downstream, star-
board, and upward direction, respectively. The origin of the coordinates is located at the midship
and the center of pressure huil. All the quantities are non-dimensionalized by the speed (U, ) and
the length (L) of a submarine, and fluid density (p). Continuity equation is

8’U,k _
Y 0 M

Momentum transport equations are

6ui + (9(uzuj) _ ap + 8Tij

ot dr;  dx; O,

@
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Figure 1: Coordinate systems

where u;=(u, v, w) are velocity components in z;=(x, y, z) directions, while p is static pressure.
Stress tensor 7;; can be written using Boussinesq’s isotropic eddy viscosity hypothesis as follows.

6’111' 8Uj 2

Ou; * 8ui) B g&lk 4

Tij = Ve(

Here, k is turbulent kinetic energy and v, is effective viscosity, i.e., the sum of turbulent eddy
viscosity(; ) and molecular kinematic viscosity(v).

1
=+ — 4
v, Vt+Re ()

and Re is Reynolds number (Ux L /v).

For turbulence closure, the realizable k-¢ model (Shih et al 1995) is employed for the current
study. This model showed better agreement for the application to the flow around practical ship
hull forms (Kim and Van 2000, Kim et al 2002). With the k-¢ turbulence model, the eddy viscosity

vy can be usually written as
kz
vy = Cu? 3

In the standard k-¢ model C,=0.09. For the realizable model, C,, has rather complicated form

given in the followings.
1

m= Ay + As%
U* = /81551 + Q€5 (7
1 (Ou; Ouy
Sij = 5 ((933j + 8_@) (8)
1
2

_ aui Buj
Qij a ((9.13] - 8£L'l> (9)

(6)

where the terms are defined as
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Ay =4.0,Ag = V6cos ¢ (10

o= % arccos(V6W) (11)
SijSikSki &

W= %,S = /Si;Sij (12)

The turbulent kinetic energy k£ can be obtained by the solution of the following transport

equation.
ok + O(ujk) 0 [(1/ N I/t) ok

il -2 )2 _ 1
ot Oz Oz Ok 83@} TG-e (13

where € represents the dissipation rate of turbulent kinetic energy and G is production term as

given below.
= 14
¢ Yt (8.733 + (91’1) a.’I}j ( )

where the constant o, = 1.0 in (13).
The transport equation for dissipation rate € is written by

A QI E

For the realizable k- model,
S. = Cu1Se — CEQ%% (16)

where 0.=1.2, C.9=1.9 , and
C.1 = max (0.43, #) a7

where nn = Sk/e.

It is advisory to use a near-wall turbulence model to resolve boundary layer up to the wall,
however, the number of grid should be almost doubled. For the present study the so-called Launder
and Spalding (1974)’s wall function is utilized to bridge the fully turbulent region and the wall.
The first grid point in the wall function approach is approximately 100 times off the wall compared
to that in the near wall turbulence model. It provides the economy and robustness to a viscous flow
calculation method as a design tool. Since the flow around a ship is of the present interest, the so-
called singular separation with flow reversal is not expected, although the formation of longitudinal
vortex is often observed. The wall function is known to give good results for such a mild flow.
The wall function adopted in the present calculation is given by

UpCYky? 1

— ZIn(En* 1

- ~ In(En}) (18)
K = 0.41 (19)
E =8.342 (20)
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where 7,, is wall shear stress, Up and kp are the magnitude of velocity and turbulent kinetic
energy at the center of the first cell off the wall. The non-dimensionalized normal distance from
the wall n’ is given by

. _ Gk e

np=—— (21

Generation of turbulent kinetic energy at the first cell off the wall is given as follows.
= ou 2
Gp =Ty (3_> - 1/4Tw1/2 (22)
/e kC)/kp'np

while dissipation at that cell is written by

i Cﬁ/‘*kiﬂ
Ep = W (23)

2.2 Numerical discretization

The cell-centered finite-volume method is utilized to discretize the governing equations, as dis-
cussed in Ferziger and Peric (1999). Governing equations are integrated over a grid cell 2 with
boundary surface S, resulting in the following equations.

/’17- idS =0 24)
S
0 - o - - o
a u;dS) + w; U - 1idS = Tijlj * ndS — | pi; - 1idS 25)
Q S S S

where ZJ is unit vector in x;-direction.

The first term of momentum transport equation, temporal derivative is ignored by putting
very big time step, since only the steady solution is of the present interest. Convection terms are
discretized using QUICK scheme of the third order. But the QUICK scheme requires 13 point
stencil, resulting in complicated algebraic equations. Thus, the so-called deferred correction is
adopted, which a simple upwind scheme is used with lagged higher-order terms. The deferred
correction makes 7 point stencil with simple linear equations. Rewriting the third term of stress
tensor,

. ; N - Ou; -
/Tijij -idS = /I/t (g;: + 3—2) ij - dS = /l/t (gmd(ui) -7+ BZJZ 15 fi) ds (26)
S S S

Central difference scheme is utilized for diffusion terms, while the terms coming from grid
non-orthogonality are deferred. Linear equations obtained from 7 point stencil are solved using
strongly implicit procedure (Stone 1968).

If the pressure field is known a prior, momentum equations will give correct velocity field.
However, those velocity components will not satisfy the continuity equation. To ensure divergence-
free velocity field, the SIMPLEC method (Van Doormal and Raithby 1984) is employed. Since the
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collocated grid arrangement is chosen, the artificial dissipation term in pressure correction equa-
tion is added, as discussed in Rhie and Chow (1983). The resulting linear equations for pressure
correction are solved using strongly implicit procedure until the equation residual drops by an
order of magnitude each iteration.

With the generated grid system, flow calculation is initiated, starting from uniform stream.
With the grids and initial guess for flow field ready, iteration begins for coupled partial differential
equations. After three momentum-transport equations are solved sequentially to obtain prelimi-
nary velocity components, the pressure correction equations are solved to get pressure field. Then,
velocity components are corrected using new pressure values. In the next turbulence equations are
solved and eddy viscosity is updated. Iteration continues until total residuals of each momentum
equation are less than 10~°, which is about five orders less than the initial residuals.

3 RANS solutions for SUBOFF

3.1 SUBOFTF experiments

The Submarine Technology Program (STP) Office of DARPA funded a concerted and coordinated
CFD program to assist in the development of advanced submarines for the future. The SUBOFF
project provides a forum for the CFD community to compare the numerical predictions of the flow
field over an axisymmetric hull model with and without various typical appendage components
with experimental data. The detail available data sets are well summarized by Liu and Huang
(1998). Two SUBOFF models, DTRC model No. 5470 and 5471, were used. The two models
differ only in the location of the surface pressure taps. Model 5470 was designed for the towing
tank and Model 5471 for the wind tunnel. The details of the model configurations are described in
Groves et al (1989).

Most measurements related to the level flights were performed at the wind tunnel with Model
5471. Figure 2 shows the dimensions of the wind tunnel and layout of the model. The flow was
measured at the Reynolds number of 1.2 x 107. Eight basic model configurations (AFF-1 thorough
8) were tested at the wind tunnel. The measurement of the hydrodynamic forces and moments at
various drift angles was conducted in the David Taylor Model Basin on a towing carriage utilizing
a planar motion mechanism (PMM) with Model 5470 (Roddy 1990). All experiments in the
towing tank were carried out at the Reynolds number of 1.4 x 107,

For the wind tunnel tests of each configuration, the pressure and wall shear stresses are mea-
sured on the hull surface. The measurement of the flow quantities are also performed along an
axisymmetric body. They were the three components of mean velocities and their turbulence in-
tensities, two Reynolds stresses, boundary layer surveys along the upper meridian at five locations,
and wake survey. The uncertainty of the measurements was 2.5% of Uy, for the mean velocity
components and 0.2% for the Reynolds stresses, where Uy is the free stream inlet velocity. The
uncertainty of the pressure and skin friction coefficients are +0.015 and 3-0.0002 for their values
respectively.

For the towing tank test with PMM, the axial force coefficients are more difficult to measure
accurately than the other coefficients and the experimental axial force coefficient data have 10%
uncertainty. On the other experimental coefficients (vertical force and pitching moments) 5% of
data uncertainty exist.

The present study covers the flow over the configuration AFF-1-*, the axisymmetric body
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of revolution and the configuration AFF-3-*, axisymmetric body with four identical stern ap-
pendages.
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Figure 2: Schematic view of experimental setup for SUBOFF model in the wind tunnel

3.2 Verification & Validation (V&V) analysis and RANS solution for AFF-1 con-
figuration

An assessment of the quality of the CFD result is imperative, which has accelerated progress on
development of V&V methodology and procedure for estimating numerical and modeling errors
and uncertainties in CFD simulations. However, in spite of progress, the various viewpoints have
not yet fully converged and current methodology and procedure are not standardized. Here, how-
ever, the recommended V&V procedure are used, which is provided by Stern et al (2001).

In order to verify the RANS solution for the SUBOFF barehull (AFF-1-* configuration), three
systematically refined grids are required. Non-integer grid refinement ratio rg = /2 is selected
in the present study. The fine grid is generated at first. Removing every second point in the fine
grid can generate the coarse grid and the medium grid is generated by an interpolation method.
The number of grids are 121 x 61 x 3 for the fine grid, 87 x 43 x 3 for the medium grid, and 61
x 31 x 3 for the coarse grid in the axial, radial and circumferential respectively. The number of
grids in the circumferential direction is reduced to 3 by using symmetry condition. The realizable
k-e turbulence model is employed for the case of V&V analysis. Since the wall function is used,
the distance of the first adjacent grid from the hull surface was adjusted to y™=30-130 for the fine
grid, 30-180 for the medium grid, and 30-250 for the coarse grid.

The pressure coefficient along the hull surface defined as Cp = 2p / pUZ, is selected as a point
variable. The grid convergence for the pressure distribution along the hull surface is shown in
Figure 3, including comparison with experimental data (Huang et al 1990). In their experiments,
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the effect of tunnel blockage is notified. The square symbols imply their original measurements
and the circle symbols are correction of the blockage effect.
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Figure 3: The grid convergence of the pressure coefficient profile along the full surface

To facilitate the V&V analysis, the solutions from all three grids are interpolated onto the same
number of points with uniform spacing. The averaged Lo norm value over interpolated values is
used as a global metric. The definition of the averaged Lo norm is as follows.

27

where x, y are the vector to compute the norm and z;, y; are their components. Thus, the separate
L5 norms of the solution change £33 between the coarse and medium and €57 between the medium
and fine grids are used to define for the grid convergence ratioR, the estimated order of accuracy
pa, the correction factorCg, and the grid uncertainty U in a profile-averaged sense. The detail
derivations of these equations are given by Stern et al (2001).

(Re) = lleally/ lleszll, (28)
_ In(llesally/lle21l,)

(pe) = — 12 29)

<PG> -1
(Co) = —pe— (30)

TG EST _ 1
We) = 211 - (Ce)| +1) | A2l G

TG~ 1

where () and |||, are used to denote a profile-averaged quantity (with ratio of solution changes
based on Ly norm) and Ly norm, respectively. Based on the above equations, we get |e32||,=
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0.00164 and ||e21]|,=0.00105. The number of interpolation points along the hull surface is varied,
and so more than 20 points doesn’t change much in Ly norm value. 50 interpolation points are used
in current analysis. Based on the above (28)-(30), the grid convergence ratio (R¢)=0.64, order
of accuracy (pg)=1.27, and correction factor (C;)=0.55 are calculated. Since 0 < (Rg) < 1,
we can say the RANS solution is verified and has the monotonic convergence. The estimated grid
uncertainty (Ug) from the (31) is 0.36% of the stagnation pressure coefficient (Cp = 1.0), which
is less than the experimental data uncertainty (Up), 1.5% of the stagnation pressure coefficient.
The L norm of the error || E||, of the fine grid solution compared to the experimental values is
0.51% of the stagnation pressure coefficient. The numerical simulation uncertainty Ugy can be

defined as 4/ UCQ; + UIQ, where U7 is the iterative uncertainty. When the solution is fully converged,
the iterative uncertainty is usually negligible. Therefore, the numerical simulation uncertainty
Usn be equated to the grid uncertainty Ug. From the definition of the validation uncertainty

Uy = /U2y + U3, 1.54% of the stagnation pressure coefficient is obtained. Since |E| < Uy,
the solution is globally validated at the level of (Uy )=1.54% of the stagnation pressure coefficient.
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Figure 4: The distribution of error and Figure 5: Comparisons of the computed
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Distributions of the error and validation uncertainty, (£, £Uy ) are calculated similarly based
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on the local solution changes €32 and €97 at the each axial point of the experimental data. Figure 4
shows the resulting distributions of (£, £Uy). When F is within +Uy, the solutions are validated
at the levels of Uy . The simulation errors for the fine grid solution are mostly located within the
intervals of the validation uncertainty except for a couple of points in the region of forebody and
the local maximum level of validation uncertainty is 5% of the stagnation pressure coefficient.

Therefore, the RANS solution for AFF-1 configuration of SUBOFF is verified and validated at
the level of (Uy )=1.54% of the stagnation pressure coefficient. The lack of validation comes from
the underprediction of the local pressure coefficient near forebody compared to the experimental
data.

Figure 5 shows the comparisons between the measured and computed skin friction coefficient,
where computed results are performed with the fine grid. The measured data is given as symbols
including the error bar representing the data uncertainty (1-0.0002). The computed results are in
good agreement with the experiment.

The computed mean velocity profiles at different axial locations, /L = 0.904 and 0.978
are compared with the experiment data including the error bar representing the data uncertainty
(£0.025) in Figure 6 and 7. The comparisons of the measured and computed Reynolds stresses
—ul,vl /U2, profiles are also shown in Figure 8 and 9 with the data uncertainty (£0.0001). Both
computed mean velocity and Reynolds stress profiles show a fair agreement with the experimental
data.

3.3 RANS solution for AFF-3 configuration

The turbulent flows around the axisymmetric body with four identical stern appendages (AFF-3-#*
configuration) at zero angle of attack are simulated with RANS method. The one side of y=0 plane
is computed to reduce the number of grid using the symmetry condition. The number of grid in the
axial direction is similarly kept with validated fine grid system for the previous barehull (AFF-1
configuration) solution.

Figure 10 displays the grid system used for this configuration, consisting of 24 blocks with
about 1 million grid points. C-H type grid topology is used for the stern appendages. The distance
of the first adjacent grid from the hull and appendage surface was adjusted to y=50-230.
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Figure 11 displays the schematic view of the flow structures for this configuration. Each
appendage generates two pairs of longitudinal vortices starting from the juncture of the hull and
appendage (horseshe vortex) and tip trailing edge of the appendages. As a result, four distinct
wake trails from four stern appendages are identified at the level flight with this configuration.
Comparisons of measured and computed circumferential variation of axial velocities at x / L=0.978
and r/Rmax= 0.3 and 0.5 are shown in Figure 12. In the inner stern boundary layer (r/Ryax=
0.3), the axial velocities behind the appendages are clarified to be higher than those to each side
of the appendage both in computation and measurement.

U 0 010203040506070809

Figure 10: Surface mesh of the multi- Figure 11: The schematic view of the
block grid system for the AFF-3 config- flow structure with axial velocity con-
uration tours
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Figure 12: Wake survey comparisons at z/L=0.978

For the validation of the hydrodynamic coefficient predictions, the towing tank test (Model
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5470) with PMM is simulated at the Reynolds number of 1.4 x 107 with zero, +/- 4°, 8°, 12°, 16° of
the angle of attack () in vertical plane. Figure 13~15 show the comparisons of the axial, vertical
forces and pitching moment coefficients with experimental data. Pitching moment is computed
at LCB of the barehull (/L = 0.4621) and the force and moments are non-dimensionalized by
0.5pL? and 0.5pL3 respectively. The computed results are in extremely good agreement with
experimental data.
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Figure 13: The axial force coefficients Figure 14: The vertical force coeffi-
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Figure 15: Pitching moment coefficients

4 Hydrodynamic performances for the practical submarine

DAEWOO Shipbuilding & Marine Engineering Co., LTD (DSME) designed 3000-ton class sub-
marine hull forms named Coelacanth II including full appendages for the study of future develop-
ment (Hwang et al 2002). Figure 16 shows the schematic view of the developed hull forms. The
mode] test using the Vertical Planar Motion Mechanism (VPMM) was performed at the KRISO
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Towing Tank in order to obtain the hydrodynamic coefficients for the simulation of 6-degree-of-
freedom motion.

X

Figure 16: The schematic view of the hull forms of Coelacanth I1
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Figure 17: The schematic view of the - R B
flow structure with axial velocity con-
tours Figure 18: Lateral force coefficient

The hydrodynamic forces and moments for zero, +/- 22, 4%, 6%, 8, 10°, 12°, 16° of the angle of
attack in vertical plane and drift angles in horizontal plane are computed at the Reynolds number
of 8.93 x 108, which corresponds to the model speed of 2.1252 m/s. For the vertical drift angle
cases, the center plane of the submarine is considered as the plane of symmetry, thus, only the
half in the starboard side is calculated and reflected. However, in the horizontal drift cases, both
the port and the starboard side, i.e., the whole submarine is simulated. About 2.8 million grid
points with 62 blocks are used for the whole domain simulation. Figure 17 displays complex flow
structures at advance with 16° vertical angle of attack. Boundary layer built along the hull surface
is identified including strong flow separation on the hull surface.

The computed hydrodynamic force and moments are compared with experimental data carried
out at KRISO towing tank. The lateral force (Y), yawing moment (N), and rolling moment (K)
versus drift angles () are shown in Figure 18, 19, and 20 respectively. The vertical force (Z) and
pitching moment (M) versus angle of attack («) are shown in Figure 21 and 22. The present results
shows a good agreement with the experimental measurements of the steady force and moments
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acting on the practical submarine geometry, which are essential and foremost step in predicting
the unsteady forces and moments acting on maneuvering submarines. The quality of agreement
between the computation and experimental data is surprisingly good.

S Summary and conclusions

The finite volume based multi-block RANS code, WAVIS developed at KRISO, is applied to the
turbulent flows around a submarine configuration. RANS methods are verified and validated at
the level of validation uncertainty 1.54% of the stagnation pressure coefficient for the solution
of the turbulent flows around SUBOFF model without appendages. Another SUBOFF configu-
ration, axisymmetric body with four identical stern appendages, is also computed and validated
with the experimental data of the nominal wake and hydrodynamic coefficients. For the realistic
application, the hydrodynamic forces and moments for a practical submarine (Coelacanth II) are
predicted at several drift and pitch angles. The computed results are in extremely good agreement
with experimental data.

It is noteworthy that all the computations in the present study were carried out in a PC and the
CPU time required for 2.8 million grids was about 20 hours to get fully converged solution. The
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cost and the level of flow details provided by CFD tools are drawing much attention for the shape
design of hull forms and control plates. It is quite certain that CFD can be a very useful tool for
the hydrodynamic performance prediction of submarine in the basic design stage.
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