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ABSTRACT

Drag estimation and shape optimization of submarine shaped hulls are important for energy efficiency and hull form
improvement. In this study. finid flow around the 3D DEEA bare submarine hull is simulated with the help of finite
wvolume method. Widely implemented Reynolds-averaged Navier-Stokes (RANS) approach and 55T k-wm furbulence
model with low-Fe version are used to represent torbulent transport equations. Computed results are compared with
experimental results as well as simmlated resulis of other researchers and found satisfactory. The velocity distribution
(vectors, contours and streamlines), pressure distribution and drag coefficient are also analyzed. The result of this
study illustrated the flow physics around 3D submarine shaped hull which might be helpful for improvement of design
of such underwater bodies.

Eey Words: Computational Fluid Dynamics (CFD), Huoll Form Optimization, Numerical Simulation, Underwater
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LOINTRODUCTION

Computational fluid dynamics constitutes a new
approach in the theoretical study and development of
the whole discipline of flmid dynamics. Throughout
most of the twentieth cenfury the study and practice
of the flmd dynamics involved use of the pure theory
on one hand and pure experiment on the other hand.
The advent of the high-speed digital computers
combined with the development of accurate numerical
algorithms for solving physical problems on these
computers has revolutiomized the way we study
and practice flmd dynamics today. CFD is a major
tool in solving hydrodynamic problems associated
with ships, submarnnes, torpedoes, etc. It can offer
cost-effective solution to many problems including
underwater vehicle hull forms. The modeling and
simulation of an underwater vehicle and calculation
of the relevant hydrodynamic coefficients have been
performed by many researchers. However, effective
utilization of CFD for manne hydrodynamics
depends on proper selection of turbulence model,

grid generation and boundary conditions. Finite
volume method for computation of hydrodynamic
forces 15 based on Reynolds-averaged Navier-
Stokes (RANS) equations. Vanious researchers
used trbulence modeling to simulate flow around
axisymmetric bodies since late seventies. Patel and
Chen [1] made an extensive review of the simulation
of flow past axisymmetric bodies. Choi and Chen
[2] gave calculation method for the solution of
RANS equation, together with k-sturbulence model.
Sarkar et al. [3] uvsed a low-Re k& model of Lam
and Bremhorst [4] for sismulation of turbulent flow
past underwater axisymmetric bodies. Kanm ef al.
[5-8] showed that SST k@ model is more effective
to calculate drag force and unstructured gnid gives
more accurate results than structured gnd for the
underwater slender bodies. However, these studies
were limited to 2D axisymmetric underwater bodies.
In this study, SST A-@ (with low-Re version) model
1s used o simulate fluid flow past 3D DREA bare hull
with the help of ANSYS Fluent 162 CFD software.

MIST Jowrnal of Science and Technology | Volume 6 | Issue 1 | December 2018



CFD Simmlation of Flowr Around 3D Submanne . ShanfEKhan Mahbubar Rahman and Mashud Eanm 5B

2.1 Mass Conservation Equation
The equation of conservation of mass or continuity
equation can be expressed as:

ap .
5+ V.(pi?) = 8, (1)

Equation (1) is the general form of the mass
conservation equation and is wvalid for
incompressible as well as compressible flows [9].
The source 5, is the mass added to the continuous
phase from the dispersed second phase (for
example, due to vaporization of liquid droplets)
and any user-defined sources.

2.2 Momenitum Conservation Equations
Conservation of momentum in an inertial (non-
accelerating) reference frame is described by -

2 o) +V.() = —Vp+V.D +pd +F @)

where p is the static pressure, T is the stress tensor
and pg and F are the gravitational body force and
external body forces respectively. F is also
contains other model-dependent source terms such
as porous-media and user-defined sources.

2.3 Shear-Stress Transport (S8T) k-o Model

The SST k-w turbulence model, developed by
Menter in 1993, is a two-equation eddy-viscosity
model which has become very popular. The use of
a k- formulation in the inner parts of the boundary
layer makes the model directly usable all the way
down to the wall through the viscous sub-layer;
hence the SST k-w model can be used as a low-Re
turbulence model without any extra damping
functions. The SST formulation also switches to &-
£ behavior in the free-stream and thereby avoids the
common k-w problem that the model is too
gensitive to the inlet free-stream turbulence
properties. The SST k- model is similar to the
standard k-0 model, but includes the following
refinements:

= The standard #k-w model and the
transformed k-¢ model are both multiplied by a
blending function and both models are added
together.

" The blending function is designed to be one
in the near-wall region, which activates the
standard A-w model and zero away from the

surface, which activates the transformed k-
£ model.

= The SST model incorporates a damped
cross-diffusion derivative term in the @-
equation.

= The definition of the turbulent viscosity is
modified to account for the transport of the
furbulent shear stress.

=  The modeling constants are different.

These features make the SST k- model more
accurate and reliable for a wider class of flows than

the standard k- model [8].

Transport equations for the SST k- Model are:

i i
=_{rka_xt_) + G — Y + S (3)

dxp

and
[i] a
& (pw) + 3= (puny)

=2 (p 2k -
=5 (rm &r;) + G, =Y, + D, +

S (4

In these equations, the term G, represents the
production of turbulence kinetic energy and is
defined in the same manner as in the standard k-
model. &, represenis the generation of wm,
calculated as described for the standard k- model
in Modeling the Turbulence Production. [}, and I,
represent the effective diffusivity of k and w
respectively. ¥, and ¥, represent the dissipation of
k and @ due to turbulence. D,, represents the cross-
diffusion term. 53 and S, are user-defined source
terms.

3.0 METHODOLOGY

A finite volume based CFD package ANSYS
Fluent 16.2 is employed to obtain the solution of
the Reynolds-averaged Navier-Stokes equations.
The pressure based segregated solver was selected,
which solves the pressure and momentum
sequentially. Semi-Implicit Method for Pressure-
Linked Equations {(SIMPLE) algorithm is used for
coupling between the pressure and velocity fields.
Second order upwind interpolation scheme for the
convection term was selected for 2 order
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accuracy. Least squares cell based approach is used
to determine the gradients of solution variables at
cell centers. Second order interpolation scheme is
selected for calculating cell-face pressure. An
absolute convergence criterion of 1072 is set for
all the discretized equations.

3.1 Hull Geometry

In this study, the computational domains are
created around the DREA (Defence Research
Establishment Atlantic) standard bare submarine
hull as used by Department of Research and
Development Canada, 1988, The geometry of the
hull is considered to stay comsistent with the
experimental result. The wvertices of 2D
axisymmefric geomeiry are created using
following formulas:

For nose section,

2
# = %[2.55905 J%— 3.48055% + 0.49848 (’li) +

3
3.40732 G} ] where, 0 = % =02 (5)
For mid body,
d 3d
R 4 here 02<X<1-32 ®)

[ [ l l

For tail section,

) d | [z 3dy1?

=zt~ (- T) 7
3d =x

where, l—TETEI

where, [ is the length of the hull,  is the maximum
diameter and I/d = 8.75 . By revolving 2D
axisymmetric sketch 360" around x-axis 3D DREA
bare hull has been created and shown in Fig 1.

'

k
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Fig 1: DREA bare submarine hull

3.2 Flow Domain

Fig 2 shows computational domain for this present
study. Distances of the inlet and outlet boundary
from leading edge of the DREA body are
considered 0.251 and 21 respectively. The sides,
top and bottom boundary is located at 0,250 from
DREA  centerline. Since the flow is
incompressible, the considered downstream
solution domain is ensured large enough to capture
the entire viscous-inviscid interaction and wake
development.

Inlet B l::

Fig 2: Computational domain

3.3 Mesh Generation

Finite volume method is the common approach to
solve RANS equations in the computational
domain. Computational domain needs to be
discretized to solve discretized RANS equations
within them. In this study, unstructured grid is
generated by using ANSYS Fluent Meshing
software. The mesh was then exported to Fluent
Solver for numerical study. Tetrahedral method
with patch conforming algorithms used to generate
mesh of the flow domain and 3D inflation is also
created. Total 1012048 regular elements were
built with 272602 nodes in the solution domain.
Minimum orthogonal quality is found 4.20 x 107,
maximum ortho skew is found 5.42 x 107!
and maximum aspect ratio is found 9.89, which
are in acceptable range.
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In order to ensure that sufficient numbers of grid
points are used to resolve the boundary layer, the
turbulence closure model requires that the wall

yt= % (where, u, = JE is the friction velocity)

parameters must satisfy a certain criterion. Grid
points supposed to keep close enough near DREA
body in such way that wall y* < 40 to obtain
accurate results using 88T k-0 turbulence method
[10], which is maintained for the present study.

Fig 3 shows y* distribution around the body and
Fig 4 shows details of generated unstructured
mesh of the domain.

2 L8] 4 B 94 B3 2F 1T 08 B2
Pomilicn ()

Fig 3: Wall Y* distribution around the 3D
submarine bod
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Fig 4(b): Enlarged view of mesh near bow

At b r._-...'._ 4= _—

Fig 4(d): Cross sectional view of inflation layer

3.4 Model Selection and Boundary Conditions

Shear Stress Transport (SST) ke turbulence
model is used for capturing turbulent flow. This
model combines the accurate near-wall treatment
of the ko method with the free-stream
independence of the k- method by using a
blending function; thus it enables the model to
switch between the standard k-w model near the
wall and standard k-¢ model in the far-field.
Reynolds number (Re) value is kept to 23003039
to keep consistency with the experiment. At the
upper boundary, free-slip boundary condition is
specified Eoy= l]). At the outlet, the outflow
boundary condition, given by 2= = === 0 with
zero turbulence (k = w = 0), is imposed. At
the solid wall of the hull, the widely used wall
boundary conditions (u = v = 0) are used. All
other parameters are kept in model default value.

4.0 MODEL VALIDATION

The 2D axisymmetric geometry of the DREA bare
hull is selected for the purpose of validating the
numerical model. Obtained results are found
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satisfactory, as shown in Table 1, compared to
the CFD results of Baker [11], Karim ef al. [5],
Ray et al. [10] and the ongmal expenimental
resulis of Mackay [12].

Table 1: Results Comparison

For 3D model grid-independent solution test is
carriecd out for the unstructured mesh of the
solution domain. Table 2 shows variation of grid
numbers do not affect results significantly. In
general higher grid numbers give accurate
resolution. But mesh size should be kept at

ffici minimum but sufficient wvalue to reduce

Results Comparison g{{jﬂ ) tent computational time. It is mentionable that, the

D, computer having Processor- Intel{R) core(TM)2

Experimental [12] 0.00123 Duo CPU E750@ 2.93GHz 2.94 GHz

+0.000314 RAM- 2GB took around 25 hours to give

Baker [11] 0.00167 optimum results of the model with ANSYS

Karim et al. [5] 0.00104 Fluent software version 16.2.

Ray et al.[10] 0.00153
Present Study 0.00119

Table=2: Comparison of drag coefficient with experimental result for different number of unstructured
grids

Computed Drag

No. of Cells No. of Nodes C cient (Cp) Experimental [12]
595385 123418 0.0011737878
0.00123
714963 207031 0.001182085 £0.000314
1012048 272602 0.0011985613 )
5.0 RESULT AND DISCUSSION
Problem setup has been done on completion of grid syl
generation. Flow is solved using the ANSYS :::: D
Fluent software. Fig 5 shows residuals plot, where o |
the solution is found convergent after completing sooso ] |
275 iterations. Fig 6 and Fig 7 show convergence e
history of drag and lift coefficients respectively. voreo |
-D02s o |
s
9 i | e ;- 0 1 14 2 28 3 38 "
war | . | Flow Time
N f-_ | ' O - Fig 6: Drag coefficient {Cy) convergence history
i !

Iberet cns

Fig 5: Residuals plot
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Fig 7: Lift coefficient (Ci) convergence history

Table 3 shows computed value of drag coefficient
(Cq) around the body is 0.00119 for Re value
23003039 (velocity of 3.422 m/s). Viscous
coefficient dominates pressure coefficients because
of large body. Flux imbalance between inlet and
outlet is found less than 1%.

Table 3: Numerical Results

Reynolds Number (Re) 23003039
Pressure Coefficient (C;)  0.00046685576
Viscous Coefficient (C,) 0.00073170558
Drag Coefficient 0.0011985613
(Ca=CptCy)

Flux Imbalance (kg/sec) 5.2970085¢-07

Fig ¥ shows the contours of static pressure around
the body using unstructured grid. Fig 8(a) shows
that total pressure field located in the longitudinal
plane. The stagnation point of high pressure at the
front tip, the favorable pressure gradient at the bow
section and the adverse pressure gradient at the
stern section of the DREA body are clearly shown.
Fig 8(b) shows close-up view of the bow section,
Stagnation point and the favorable pressure
gradient are even more visible with red color.

Fig 8(c) shows close-up view of the stern section.

Fig 8(a): Pressure contours on xy plane of the domain

Fig 8(b): Enlarged view of pressure contours near
at the bow

Fig 8(c): Enlarged view of pressure contours near
at the stern
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Fig 8(d): Pressure contours lines on xy plane of the domain

Overall the pressures at the bow and stern sections are higher compared to the pressure along the

maimn DEEA body.

£

Fig8(e): Contours of static pressure around the
body

Fig 9 shows the velocity distribution around the
submarine body. It can be seen that the velocity
near the nose is lower and the flow is accelerated
as it reaches to the stern. This can be explained
from the conservation of energy, an increase in the
pressure of the fluid occurs simultaneously with a
decrease in the velocity. As the pressure at the nose
of the DREA is higher, therefore the velocity is
lower (at stagnation point is actually a point with
zero velocity) at this region. As the outlet gauge
pressure is set to zero, and also due to the shape of
tail, the flow-stream converges when it reaches to
the stern and velocity increases.

Welooay
L‘EHI_!I:H

[mgr-1])

TR T

Fig 9(a): Velocity contours on xy plane of the domain
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Fig 9(b): Velocity streamlines on xy plane of the domain

Fig 9(d): Enlarged view of velocity contour near Fig %(f): Enlarged view of velocity contour near

at the bow

8 HT.:-fr'E

at the stem
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Fig 10(a) shows pressure coefficient (C,) around
the body. Due to the blunt edge, the highest
pressure is found at bow area as expected. After
that pressure decreases and becomes constant
near the mid body. Near the aft body, the pressure
decreases for a while and then moves up. Fig
10{b) shows variation of skin friction coefficient
(Cy) around the body having opposite tendency
compared to Cr which is usual. Fig 10{c) shows
wall shear stress having similar trend of the curve
of skin friction coefficient. Fig 10(d) shows
variation of specific dissipation rate () around
DREA body. Turbulence increases both at
leading and tailing edge and remain constant
around mid body.
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Fig 10(a): Variation of pressure coefficient (Cp)
around DREA hull
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Fig 10(b): Variation of skin friction coefficient
(Cy) around DREA hull
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Fig 10(c): Variation of wall shear stress (1)
around DREA hull

1 00
| 4108
1204108

1a0a0d ]

Specilic woosis
Dissipation
Rate ronsus

LJW?&I H

e

11 e
Posilion I'I'I'I'I

Fig 10(d): Variation of specific dissipation rate
() around DREA hull

6.0 CONCLUSION

In this study, flow around DREA bare submarine
hull has been analyzed. Unstructured grid for the
box type domain around 3D hull at zero angle of
attack and S8T k-w turbulent model is used.
Obtained results show good agreement with
experimental and other researchers’ results. The
result of this study is important for understanding
the flow visualization around the submarine
shaped bodies that can be useful for improving
design of autonomous underwater vehicles. Also
the results show that numerical methods can be
employed for estimation of the drag forces acting
on 3D submarine shaped underwater bodies
within reasonable accuracy. This estimation on
drag force is useful for the calculation of power
requirements at the early stage of design. In
future, the simulation on similar types of body
may be carried out with structured mesh and at
various angles of attacks.
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