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Abstract:

Accurate numerical simulation of flow over bodies, when there isan angle of attack, is challenging even
when the body is slender and axisymmetric. Two methods are widely used in such simulations, but no
study clearly compares the accuracies and the advantages and disadvantages of the methods. In the
body rotation method (BRM), the flow is along the axis of the domain, and the body is rotated such that
the angle between the main axis of the body and the flow direction is the angle of attack. In the flow
rotation method (FRM), the axis of the body is along the axis of the domain, and the direction of the
flowis changedto simulate the angle of attack. In the presentstudy,both methods are usedat a Reynolds
number of 12 x 106. The Computational Fluid Dynamics (CFD) package is used to simulate flow over
an axisymmetric three-dimensional (3D) bare hull submarine model, and the angle of attack is varied
from 0° to 18°. In both BRM and FRM approaches, steady Reynolds Average Navier Stokes (RANS)
equations are solved using the k — w Shear Stress Transport (SST) turbulence model, with non-
dimensional wall adjacent cell thickness (Y,}) kept below 1. The same domain and mesh commands are
used in both methods. The hydrodynamic forces, moments, coefficients of wall shear stress, and pressure
computed using the two methods differ by less than two percent. The distribution of the sizes of cells
and the number of cells of various shapes are also presented. When meshed with cells in the wall-
adjacent region having the same size, the number of cells and computation time are much less in the
body rotation method, and it is therefore preferred.

Keywords: Angle of attack, axisymmetric bodies, CFD, DARPA SUBOFF, non-axisymmetric flows, RANS
modeling.

1. Introduction

Analysis of turbulent axial flow over axisymmetric bodies using two-dimensional (2D) axisymmetric
Computational Fluid Dynamics (CFD) simulations provides quick results that are approximately equal to those
obtained using three-dimensional (3D) simulations but with significant savings in computational time and
resources (Krishnaet al., 2023). However, the 2D approach is not useful for modeling turbulent flow at various
angles of attack, even over axisymmetric bodies, as even the mean flows are inherently three-dimensional. For
Angle of Attack (AoA) simulations, two methods are in use. The body is rotated in the Body Rotation Method
(BRM), and the flow is aligned with the horizontal axis of the domain. For each angle of attack simulation, the
body is rotatedto the corresponding AoA. For each angle, a new mesh and boundary conditions, and perhaps a
new domain are needed. The flow is rotated in the Flow Rotation Method (FRM), and the body remains aligned
with the horizontal axis of the domain. Several authors report studies using one of the two methods. However, a
direct comparison of the effort needed to execute these methods and the results obtained using them has not been
done. In this paper, flows over the bare hull axisymmetric of the Defence Advance Research Project Agency
Submarine model (DARPA SUBOFF) at various angles of attack is studied using both methods to decide which
is more effective. The bare hull used in this study is the Anechoic Flow Facility (AFF -1) hull form mentioned in
Liu and Huang (1998). The hydrodynamic forces and moments are also computed by meshing the full (360°
bodies of revolution) and half bodies (180°bodies of revolution) to appreciate the effects of assuminga symmetry
plane. A detailed literature reviewof numerical works done using either method is presented first.

The Body Rotation Method is used by many for AoA studies. Sakthivel etal. (2011) used this method on a bare
hull configuration of the MAYA Autonomous Underwater Vehicle (AUV) using a cylindrical domain, and the
flowwas along the axis of the domain at a Reynolds number (Re) of 2.09x 106. The maximum angle of attack
was 20°. The study also highlighted the significance of circumferential pressure gradients in flow variables at
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higher angles of attack. Gomatam et al. (2012) used the BRM for a cuboidal domain to study the MAYA AUV
with control surfaces at AOA varying from -20° to +20°. Gross et al. (2013) used the BRM in direct numerical
simulations (DNS) to study unsteady three-dimensional flow over axisymmetric bodies at large angles of attack
and compared their results with those obtained using a water tunnel. Shereena et al. (2013) used the BRM
approach with a cylindrical domain to study the effect of injecting air jets in the boundary layer region on the drag
of an axisymmetric bare hull body. AcA of 0°, 5°, and 15°were considered. Leongetal. (2015) used a cuboidal
domainand the BRM for numericallysimulating the bare hull DARPA SUBOFF submarine model at various drift
angles ranging from 0° to +18°. Ray et al. (2016) used the BRM to study unsteady flow over the AUV-150 and
estimate hydrodynamic forcesand moments up to 20° angles of attack using a cylindrical domain. Mohamed et
al. (2017) used the BRM to study the effect of AoA, strut position, and free surface in determining the
hydrodynamic forces and moments for an axisymmetric body. A cubical domain was used and the results were in
good agreement with experimental values up to 15° AoA. Madan and Issac (2017) used the BRM to study the
effect of varying the slenderness ratio (Length to diameter ratio — I/d) of an AUV on the hydrodynamic forces and
moments for angles of attack up to 20°. A 3D model with a 360° body of revolution in a cuboidal domain was
used for the numerical simulations. Takahashi and Sahoo (2019) utilized the BRM on the 3D bare hull
configuration of DARPA SUBOFF with a 360° body of revolution with a cuboidal domain for simulating the
angle of attack cases upto 18°. Ray et al. (2009) have used the BRM method to determine non-dimensional sway
force and yaw momentat various angles of attack (transverse velocity) for the bare hull DARPA SUBOFF model.
Later, they used these results to estimate linear and non-linear hydrodynamic coefficientsof DARPA SUBOFF.
Kumar et al. (2023) used BRM to study the pressure, wvelocity, turbulence, wall shear stress behavior,
hydrodynamic forces, and moments on an appended Autonomous Underwater Vehicle at angles of attack ranging
from0°to 10°. Le and Hong (2021) applied this BRM method on a torpedo-shaped underwater glider to study the
hydrodynamic characteristics like drag and lift forces acting on the vehicle at varying angles of attack (2°, 10°,
and 30°) at glider speeds ranging from 0.9 — 1.1 m/s. Comsol Multiphysics software was used to carry out the
numerical analysis in their study. The BRM method is also used for non-axisymmetric bodies. Ebrahimnejad et
al. (2014) used the BRM for non-axisymmetric bodies, which are blunt, to estimate aerodynamic coefficients for
the angle of attacks up to 15° using unsteady simulations. Subburaj et al. (2018) used the BRM to study flowover
an elliptical cylinder neara free surface ata very low Re and investigated the effect of AoA (-45°,+45°,and +90°),
aspect ratio, submergence depth, and Froude number on the flow. Lin etal. (2024) used BRM to investigate the
hydrodynamic performance of afinite-length rotating column with two free ends at various angles of attack using
Large Eddy Simulation (LES).

The FRM is used by a fewto study bare hull axisymmetric bodies. de Baross et al. (2008) useda 180° model to
analyze flow over the MAYA AUV to estimate hydrodynamic forces and moments up to 25° angle of attack.
Grossetal. (2011) used a180° model of the DARPA SUBOFF to investigate the coefficient of pressure and wall
shear stress, velocity, and eddy viscosity distribution at 18° angle of attack using the FRM method. Praveen and
Krishnankutty (2013) studied the effect of AUV body length up to a 10° angle of attack, and the results were
compared with solutions from Semi-Empirical (SE) methods. Ray (2010) has used both the BRM and FRM
methods for oblique tests on appended DARPA SUBOFF. He used BRM for determining hydrodynamic forces
and moments in the horizontal plane and FRM for determining these forcesand moments in the vertical plane. A
directcomparisonof BRM and FRM results was not done in this paper. Even though the FRM requires less human
time and effort than the BRM, it is used less often.

Seweral authors have reported studies utilizing either the BRM or the FRM. However, a direct comparison of the
computational effortrequired and the results produced by these two methods has not been previously undertaken.
This study addresses that gap, presentinganovel comparison between BRM and FRM. Additionally, the research
highlights the limitations of using a symmetry plane, specifically the emergence of scallops inthe coefficient of
pressure and shear stress distributions. These insights are expectedto guide future researchonunderwater vehicles
by helping researchers select the most suitable CFD method and apply it more effectively.

In the present paper, the benchmark underwater vehicle, the Defence Advance Research Project Agency
Submarine model (DARPA SUBOFF) with an axisymmetric bare hull isused. A rigorous comparisonofthe mesh
and the results obtained using the two methods is presented for the Angle of Attack up to 18°. It is shown that
there exist small differences between the drag, lift, coefficient of pressure, coefficient of wall shear stress, and
velocity field obtained using the BRM and the FRM methods. However, a detailed cell volume analysis reveals
that, for the same large domain and at the highest AoA, the FRM requires significantly more cells in mesh than
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the BRM. The effect of usingasymmetry plane in a 180° model is also studied. The studies are used to show that
itis more suitable to use the BRM.

The sections inthis paper are organized as follows. In Section 2, the methodology adopted for implementing the
3D numerical simulations using BRM and FRM methods is described. In Section 3, the convergence, uncertainty,
discretizationerror,and Richardson Extrapolationare presented. In Section4, the numerical results fromthe BRM
and FRM methods are presented. A rigorous comparison is done on the hydrodynamic forces and moments, the
coefficientof pressure andwall shear stress, and the velocity profiles obtained using the two methods. Verification
and validation are done at three levels. The conclusions are in Section 5.

2. Geometry and Computational Details

2.1 The DARPA SUBOFF

The bare-hull benchmark DARPA SUBOFF submarine model is a streamlined axisymmetric bodywith an overall
length of 4.356 m and a maximum diameter of 0.508 m (Growes et al., 1989), as shown in Fig. 1.

4356 m

Parts:
A-Nose B - Parallel Mid Body C - Afterbody
D - Afterbody Cap

Fig. 1: The axisymmetric benchmark DARPA SUBOFF with overall length, | =4.356 mand diameter, d =
0.508 m (Krishnaetal., 2023).

2.2 The flow rotation and body rotation methods

The 360° and 180° bodies of revolution models are used in the FRM. Only the 360° model is used in the BRM,
and the body is rotated about the center of volume located at 2.013 m aft of the nose along the body axis. Rotation
is in the horizontal x-y plane, by an angle of attack, «, as shown in Fig. 2. The flow is along the x-axis of the
domain. In the FRM, the flow is rotated and makes an angle a with the x-axis as shown in Fig. 2. The
hydrodynamic forces and moments are numerically computed about the center of volume, as the David Taylor
Research Center (DTRC) experimental measurements of these forces and moments are done at this point (Roddy,
1990). In Fig. 2, the blue coordinate system is aligned along the flow direction. It is used to find the Lift (L) and
Drag (D) forces. The red coordinate system is oriented along the axis of the body. It is used to find the Axial (X)
and Normal (Y) forces.

2.3 The computational domain

The same computational cuboidal domain is used for the BRM and the FRM, as shown in Fig. 2. The inletis 101
upstream of the nose, where [ is the length of the DARPA SUBOFF. For the 360° models, the transverse cross-
section of the domain is a square whose boundaries are at 61 from the axis of the body before rotation. In 180°
models, a symmetry plane that cuts the body in half and forms one face of the boundary of the domain is used. In
the transverse cross-section, one edge lies onthis plane and is 121 long and three planes are at 61 from the axis of
the body. The outlet is at 201 from the tail of the body. Therefore, the total length of the domain is 311 for all the
cases. These dimensions for the domainare recommendedbythe ITTC (2014) for non-zero angle of attack studies.
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Fig. 2: The top-view (x-y plane) of the domain and the boundary conditions for the Body Rotation Method
and the Flow Rotation Method. A transverse cross-section for a180° model is also shown.

2.4 Boundary conditions and physics models

The boundary conditions used in the BRM and the FRM are shown in Fig. 2. The flow is from left to right in the
BRM. On the left face of the domain, inlet conditions are specified, and the specified velocity is uniform. On the
right face of the domain, pressure outlet conditions are specified. Slip-wall conditions are specified on the four
other faces of the domain. For the FRM, the flowis rotated in the horizontal plane at the inlet. The top and bottom
faces of the domain are slip-walls for a360° model of DARPA SUBOFF, whereas the bottom face is asymmetry
plane for a180° model of DARPA SUBOFF. The left and front faces are inlets, and the flowangle is specified by
prescribing the three components of uniform inlet velocity on these faces. The z component of the velocity is zero
on both faces. Pressure outlet conditions are prescribed on the right and back faces. In both BRM and FRM, the
surface of the DARPA SUBOFF is treated as a wall under no-slip condition.

In the BRM and FRM approaches, the steady Reynolds Averaged Navier Stokes (RANS) equations are solved to
determine various flow parameters, including hydrodynamic forces, moments, pressure, velocity, and wall shear
stress distributions. The RANS model utilizes six Reynolds stresses, defined as functions of eddy viscosity, to
describe the flow. In STAR-CCM+TM, the finite volume method (FVM) is used. The primary variables solved in
each cell are pressure and velocity, employing the semi-implicit method for pressure-linked equations, commonly
known as the SIMPLE algorithm. The solution approach is segregated, addressing pressure and \elocity
sequentially in RANS. The closure of the RANS model involves employing a two-equation eddy viscosity model
known as k — w with a shear stress transport (SST) variant. This turbulence model resolves turbulent kinetic
energy (k) and specific dissipationrate (). The choice of this particular turbulence model is motivated by its
enhanced performance in the boundary layer region, particularly under adverse pressure gradients. Additionally,
the model is effective for very low values of the normalized thickness of the wall-adjacent cells (¥,}) treatments.
Default values for turbulent intensity and turbulent viscosity ratio in STAR-CCM+ ™ for BRM and FRM are set
at 0.01 and 10, respectively. The fluid is incompressible water at 15°C with density, p = 999.1026 kg/m? and
viscosity, u =1.14x 1073 Pass (ITTC, 2011).

2.5 Mesh

The same procedure for meshingisused in the BRM and the FRM. The meshesare shown in Fig. 3. A background
mesh is generated with a target size of 0.4 m and amaximum size of2 m. It is predominantly hexahedral in nature.
ITTC has recommended a domain size, but has not recommended the size of the largest cell in the domain. The
surface of the DARPA SUBOFF is refined using custom-type refinement. The target size for cell edge lengths is
6 mm in the nose and tail regions and 9 mm in the mid-body region. The x coordinates used to generate the
geometry of the body have a uniform spacing of 3 mm. This is one-half of the target edge lengths in the nose and
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tail regions and one-third of the target edge length in the mid-body region. Such a fine geometry definition is
necessary to obtain accurate results.

Flow Rotation Method (FRM) - 360" model TOP VIEW Flow Rotation Method (FRM) - 180" model TOP VIEW

Body Rotation Method (BRM) - 360° m()d‘cll TOP VIEW

FEHEE A ] ]
Fig. 3: Sectional top view of mesh used in the BRM and the FRM approaches. The arrow (A) points to the
very fine prism layer mesh.

Prism layers that envelope the body are used to mesh the boundary layer region. The wall-adjacent prism layer is
very thin in the direction normal to the wall and inherits its lateral dimensions from the surface refinement. Thus,
it has a high aspect ratio. The thicknesses of the prism layers form a geometric progression. The thickness of the
wall-adjacent layer is a, the growth factor is r, and the total number of layers is N,,. The initial values of these
parameters are estimated and then refined. As the k — w SST turbulence model is used, the normalized thickness

of all the wall-adjacent cells, Y, = yp”fshould be less than 1, where y,, = a/2 is the distance between the wall
and the centroid of the wall-adjacent cell, v is the kinematic viscosity, urz\/% is the frictional velocity, t,, is the

wall shear stress, and p is the density. The normalized thickness depends on the local wall shear stress. Therefore,
a small value of a is used to run the joband Y} is computed for all the wall-adjacent cells. Then, a revised value
of a is used to generate the mesh. In the final mesh, a = 7.26 micron. The total thickness of the prism layers is
Sy = a(r™ —1)/(r — 1). This total thickness shouldbe more than the thickness of the regionwithin which there
are large gradients in the flow, but it is not easy to estimate this thickness. Therefore, one option is to estimate the
thickness by using the expression for the boundary layer thickness of a flat plate with a length equal to that of the
DARPA SUBOFF. Then, the meshis generated and the simulation is executed. Then the velocity contour map is
inspected, a revised estimate of the thickness is made, and a new mesh is generated. In the final mesh, r = 1.11,
N,=68and Sy = 79.6 mm. The last cell inthe prism layer has athickness of b = ar™»~* = 7.9 mm, which helps
in maintaining a good aspect ratio outside the prism layer region. Volume refinement with a target size of 7.5 mm
is done in two cylinders whose dimensions are chosento ensure that the flow around the body is captured well.
The cylinders are co-axial with the body, and the radius of both cylinders is 0.4 m. The target size in the entire
domain is 400 mmand the maximum cell size is 2,000 mm. Therefore, to transition from the cells witha 7.5 mm
edge length within the two cylinders and a9 mm edge length in the mid-body region between them, to the outer
regionwith 400 mm, STAR-CCM+TM uses several intermediate sizes. Cells with edge lengths of 13.3, 26.6, 53.2,
106,213,426,852,and 1,704 mm are generated in both BRM and FRM. Hanging nodes are used for the transition
from one edge length to the next, and the cell edge length doubles at every transition step. In the FRM, the mesh
is generated such that it is sufficiently fine in a large volume for the highest angle of attack, «, of 18.11°, which
results in the most complex flow, and the same mesh is used for all the angles of attack. The meshes usedin BRM
and FRM are shown in Fig. 3. The mesh type for BRM and FRM approach is 3D unstructured automated trimmed
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cells with prism layers. Trimmed cells are predominantly hexahedral type and are high-quality cells with low
skewness. The meshes in BRM and FRM hawe a Y} value less than 1 with a max value of 0.72 in both methods.

2.6 Cell count

The total number of cells inameshis very important. Higher accuracy often comes at higher computational costs.
However, higher computational costs need not lead to higher accuracy. The total number of cellsin the BRM
360°, FRM 360°,and FRM 180° models are 24.43 M, 34.51 M, and 18.85 M, respectiwvely, at AoA = 18.11°.
Notably, the FRM 360° mesh has 41% more total cells than the BRM mesh. The details regarding the distribution
of the sizes of cells and the number of cells of various shapes are presentedin Tables 1 and 2.

The domain size remains the same in both BRM-360° and FRM-360° models and is not the reason for alowmesh
count in BRM-360° comparedto FRM — 360°. The FRM-360° mesh has 66% more hexahedral cells (31.50 M)
than the BRM mesh (18.97 M). The difference in the number of hex cells, 12.53 M, is the primary reason for the
extra 10.08 M of total number of cells that the FRM 360° mesh has compared to the BRM mesh (refer to Table
1). The number of cells whose volumes are between several sets of upper and lower thresholds is shown in Table
2. As explained inthe previous section, there are several cubical hexahedral cells. They have edge lengths of 13.3,
26.6,53.2,... 1,704 mm as shown in column 1 of Table 2. The volumes are cubes of these edge lengths and are
shown in column 2 of Table 2. A very small number of cells outside the prism layers are not cubical, as volume
refinement is done inside cylinders, and the domain is cuboidal. As there may be a few slightly large cells, the
thresholds for the volumes are set at 1% more than the volumes in column 3. The lower and upper bounds for
several volume bands are shown in column 4. The number of cells in these bands is shown in columns 5 and 6 for
the BRM and FRM (360°) meshes, respectively. The number of cells with volumes in the range of 1.52x 10~*to
1.22x 1073 m3is 1.99 M in FRM and 0.11 M in BRM, with volumes in the range 1.22x 1073t0 9.76x 10~3m3
is 9.08 M in FRM and 1.44 M in BRM, and with volumes in the range of 9.76 x 1073t0 0.078 m3is 6.26 M in
FRM and 4.53 M in BRM as shown in rows 3, 4, and 5 of Table 2. This accounts for the additional 10.08 M of
cells present in FRM compared to BRM. It is seen from Fig. 3 that the larger cells are near the corners of the
cuboids. For a lesser AoAthan 18.11°, the difference in the number of cells between BRM and FRM is less. For
zero AoA, the meshes are identical. In the longitudinal sections inFig. 3, it is seenthat in the BRM mesh, within
the rectangular region shown, the top left and bottom right corners have a low-density mesh. However, in the
FRM 360 deg mesh, the entire rectangle has cells of the same size. Having a slightly greater number of cells in
the prism layer region of BRM compared to FRM provides an additional benefit for accurately capturing the
turbulent boundary layer.

Table 1. Number and types of cells invarious regions in BRM and FRM meshes

Parameter BRM - 360 FRM - 180 FRM - 360
Cell Type

Hexahedral cells (18.97 M) (17.37 M) (3150 M)
Wedge cells (4.82 M) (0.89 M) (1.86 M)
Polyhedral cells (0.61 M) (0.56 M) (1.13 M)
Tetrahedral cells (0.034 M) (0.006 M) (0.01 M)
Cell Distribution

Prism Layer region (15.19 M) (7.08 M) (14.36 M)
Region between domain

Boundaries and last prism (8.12 M) (10.48 M) (17.23 M)
layer

Domain Boundaries

(Inlet, Outlet, surrounding (1.12 M) (1.73 M) (2.92 M)
Wall/symmetry plane)

Total Cell Count 24.43 million 18.85 million 34.51 million

3. Grid Sensitivity Analysis — Richardson Extrapolation

To quantify the uncertainty linked to the finest mesh, Richardson Extrapolation (RE) is used. RE allows the
assessment of how closely the results obtained using the finest mesh agree with those derived from an ideal mesh.
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In the presentstudy, highly refinedmeshcells are usedin the prism layer region, and the fine mesh has amaximum
value of ¥, less than unity. Three different representative cell sizes (4;) are selected here for RE study, and the
corresponding CFD solutions for axial force, normal force, and moment are ¢; where i = 1,2, and 3 represent
fine, medium, and coarse meshes, respectively. The wall adjacent layer thickness, a;, is chosen as the
representative cell size (h; = a;). The values of a;,a,, and ajare 7.260, 10.267, and 14.519 microns,
respectively.

Table 2: Number of cells in BRM and FRM

Nominal Nominal Volume Volume Threshold Cell count Cell count
celledge cellvolume  Threshold— (m3) (Millions) (Millions)
length (m) (m3) 1% more 4 ineach betweeneach

(1) (2) than nominal region of region of

cell volume threshold threshold

(m?3) volumein volumein

3) BRM-360 FRM-360

(5) (6)
1.7040 4.95 4,99 0.625-4.99 0.17 0.38
0.8520 0.619 0.625 0.078-0.625 0.61 0.27
0.4260 0.077 0.078 9.76x 1073-0.078 4.53 6.26
0.2130 9.66x 1072  9.76x 1073 1.22x 1073-9.76x 1073 1.44 9.08
0.1064 1.21x 1073  1.22x 1073 1.525x 10~*-1.22%x 1073 0.11 1.99
0.0532 151x 107*% 1.525x10™* 1.898x 107°>-1.525x 10~* 0.13 0.12
0.0266 1.88x 107> 1.898x 107>  2.37x 107%-1.898x 10~° 04 0.35
0.0133 2.35x 107¢  2.37x 107° PL-2.37x107° 1.84 1.69
Prismatic region (PL 15.19 14.36
region)

Total cell count 24.43 3451

The representative cell size is selected based on the guidelines (Celik et al. 2008 and Krishnaet al, 2023). The
value of a, is chosensuch that Y.} is less than 0.5. Then, the values of a, and a; are selected such that the
refinement factor (y; 41, = ai41/a;) = 1.414. The growth rate, r, is nearly 1.11. The value of N, is estimated
for constant values of Sy, = 0.09 and r =1.11. The values of N; for the fine, medium, and coarse meshes are 68,

66, and 63, respectively. The last cell thickness in the prism layer is = 9 mm for all the cases. As aresult, the ratio
of the volumes of cells just inside and outside the prism layers is satisfactory.

The RE method is used to determine the ideal solution, ¢,, when h; tends to zero. ¢, is calculated using ¢, =
P _ P _

Y1192 Here, P = L[lnlsn/snl +1In (yﬁ,l_s)] is the order of accuracy and S = sign(R), where R =
Y21 In(yz,) Y32~

€3/€ and £;,1; = @;.1 — @;. The convergence is monotonic if 0 < R < 1, oscillatoryif —1 < R < 0, and

diverges if |R| > 1. The uncertainty associated with the fine mesh used here is defined using the Grid

Convergence Index, GCI,; = ]fffml where f is the factor of safety taken as 1.25 (ITTC, 2021), and e, =
217
[(@, — @)/ @] is the relative error between fine and medium mesh.

4. Numerical Results

Verification and Validation (V&V) are done at three levels. At the first level, are the quantities that are integrals:
the drag, the lift, and the hydrodynamic moment onthe DARPA SUBOFF computed using the BRM 360°, FRM
360°, and FRM 180° models as a function of angle of attack. At the second level are functions that vary over the
surface of the body: the coefficient of pressure and the wall shear stress. The velocity field is at the third level as
it is function of space. Results are presented at angles of attack, «, ranging from 0 to 18.11°. The values of a are
the same as those inthe DTRC literature (Roddy 1990).

4.1 Y} - Normalized thickness of the wall-adjacent cells

For the finest mesh, Y,f < 1 everywhere. It is higher in the regions where the velocity near the body is higher.
The maximum value of ¥, for the finest mesh is about 0.72 as shown in Fig. 4, whereas the maximum values for
the medium and coarse meshesare 1.02 and 1.44, respectively.
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Body Rotation Method (BRM) Flow Rotation Method (FRM)

Wall Y+ Wall Y+
0.0402 0.21 3‘33 0.55 0.719 0.0389 0.209 0.38 0.551 0.721
I I

Fig. 4: Distribution of ¥, on the surface of DARPA SUBOFF in BRM and FRM (top view) when a =
18.11° and the finest meshis used (a = 7.260 microns).

4.2 Hydrodynamic forces and moments

The hydrodynamic forces and moments determined are shown in Fig. 5 for various angles of attack. The axial,
normal, and moment coefficientsare X' = X/(0.5pu*L2,), Y’ = Y/(0.5pu?L3,), and N' = N/(0.5pu?L3 ),
respectively, where X and Y are the axial and normal forcesalong the body nose-tail directionand normal to it,
respectively, and N is the moment about the center of volume and the length between perpendiculars, Lyp = 4.261
m. The forces and moments are first determined for the speed, u = 3.34 m/s, at which experimental results are
available and the highest angle of attack is 18.11°. The results, ¢;,i = 1, 2,3, are shown in Table 3.

Table 3: Grid sensitivity analysis using Richardson Extrapolation

Parameter Values

ay, a, and a;(um) 7.260,10.267 and 14.519

Total number of cells (in millions) 2443 M, 24.22 Mand 23.91 M

Max (y;}) 0.72,1.02and 1.44

Ny, N,, and N, 68,66 and 63

T 1.11

Y21, Y32 1.414,1.414

Solution Axial Force | Normal Force | Moment

) ) (Nm)

0, 72.80 611.864 1443.93

0, 71.99 609.682 1445.30

Q3 70.61 606.020 144752

[N 73.95 615.080 1441.72

Exp Value 67.90 745.860 1290.21

(% Difference between (-0.1%) (17.5%) (-11.7%)

Expvalueand ¢ )

€51 -0.81 -2.182 1.37

€32 -1.38 -3.662 2.22

R 0.587 0.596 0.617
(Monotonic | (Monotonic (Monotonic
Conwergence) | Convergence) | Convergence)

P (Order of accuracy) 154 1.50 1.39

€y 1.11% 0.36% -0.10%

€, 1.56% 0.52% -0.15%

GCI,, 2.0% 0.66% -0.19%

All iterations are done until five significant digits of the normal force converge and do not change for 1,000
iterations. The axial force computed using the finest mesh is 3% greater than that computed using the coarsest
mesh. This occurs even when the max (¥;;}) for the finest and coarsest are 0.72 and 1.44, respectively. The
difference isconsiderable and illustrates the importance of using a fine mesh. Richardson Extrapolation is used to
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find the forces and moment, ¢, when the meshsize is zero. The values of hydrodynamic forces (especially drag,
lift, axial and normal forces) and moments are monitored after every 500 iterations. The convergence is obtai ned
in 6,500 iterations. The residual values for continuity, momentum, specific dissipation rate and turbulent kinetic
energy are lowered below 1x 10~ for FRM, whereas it is below 1x 10~> for the BRM approach.
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attack.
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In Fig. 5,the forces andmoment computedat Re =12.5x 10%(u = 3.34 m/s) using BRM and FRM are compared
with the experimental results of Roddy (1990) which are at about Re =14x 10 and the CFD results of Takahashi
and Sahoo (2019) andLeong etal., (2015) whichare at Re = 14x 10°. Roddy presents results at the same velocity
but the Re is about 14x 10°. He notes “These experiments indicate that the non-dimensional hydrodynamic force
and moment coefficients vary with Reynolds number up to a Reynolds number based on the length of the hull of
about 10 to 15 million, but above this value the coefficients no longer significantly change with Reynolds
number.” Therefore, the comparison of results at various Re between 12.5 and 14.2 millionis reasonable.

At the highest AoA, a =18.11°, the maximum difference between the axial, normal, and moment coefficients
computed using the BRM 360°, FRM 360°, and FRM 180° model is less than 1%. Therefore, the internal
consistency inthe results is good. The normal force computed here is in very good agreement with those obtained
by Takahashi and Sahoo (2019) over the entire range of AoA. The axial force and the moment are also in good
agreement. When all the CFD and experimental results are considered, it is seen from Fig. 5a that as the Ao A
increases, the axial force coefficient and the spread in it decrease. At each AoA, the present axial forces are
approximately the mean of all the forces. As the AoA increases, the normal force coefficient in Fig. 5b starts at
zero but becomes about 10 times the axial force coefficient at AoA = 18.11°. The normal force coefficient
computed here is in good agreement with those obtained by Takahashi and Sahoo (2019) and by Leong et
al.(2015). The experimental results of Roddy (1990) and the results of Leong et al.(2015) are a little higher. The
moment coefficient is shown in Fig. 5¢. All the results are nearly the same for AoA< 5°. At higher AoA, the
spread increases. At A0A = 18.11°, the present results are about 10% more than the other results. The
hydrodynamic forces like drag and lift,and moments are shown in Fig. 5d to 5f. At AoA =18.11°,the drag is
about 2.5 times the drag at 0° AoA, and the normal force is a little more than 2 times the axial force. At the first
level of verification and validation, the functions that are obtained by integrating over the surface of the DARPA
SUBOFF are compared, and the agreement is good.

4.3 Pressure and wall shear stress

The pressure and wall shear stress are studied at the second level of verification. In Fig. 6, @ is measuredin the
clockwise directionfromthe y axis. In the BRM, the body is rotated anticlockwise to simulate AcA, whereas in
the FRM, the flow is rotated anticlockwise — as shown in Fig. 6. Therefore, @ = 0° is the windward side in the
BRM and the leeward side in the FRM. In the FRM (half body) method, z = 0 is the symmetry plane and @ = 0°
and 180° are on this plane.

@=90 deg
z @ = 0 deg in BRM - Windward side
@ = 180 deg in BRM - Leeward side
0=0deg ¥ @= 180 deg @ =0 deg in FRM - Leeward side
DARPA SUBOFF @ = 180 deg in FRM - Windward side

Cross sectional view of DARPA SUBOFF

(y-z plane)
oeoiet om0 dee Aeward side

Windward side

—_— e C @907 deg = 80 dee
------ < Windward side
i
BRM FRM
Top view of DARPA SUBOFF
(x-y plane)

Fig. 6: The description of the azimuthal angle, windward and leeward side on DARPA SUBOFF in FRM and
BRM method during angle of attack.

The distributions of pressure computed using BRM 360° and FRM 180° models at « = 18.11° are shown in Fig.
7at z= 0 (x-y plane intop view). The stagnation point is the point at which the inward normal to the convex nose
regionis along the flow direction, and the pressure is maximum here. The maximum pressure is 5586.30 Paand
5585.95 Pa for the BRM 360° and FRM 180° methods, respectively. The difference is about 0.0063%. The
minimum pressures are -3628.33 Paand -3872.80 Pa, and the difference is about 6.3%. Therefore, both methods
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yield very nearly the same maximum and minimum pressure, though the FRM 180° the model has 22.84% less
cells than the BRM 360° model.

(a) Pressure Contour - BRM Top View (b) Pressure Contour - FRM

Top View
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o
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o \ -
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e — -—' ’
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See T
-0.4
o 0.75 0.8 0.85 09
) o

Zoomed view of Tail
= = = Present BRM at ¢ = 0 deg - windward
= = = Present BRM at ¢ = 90 deg
= = = Present BRM at ¢ = 180 deg - leeward
Present FRM (Half body) at ¢ = 0 deg - leeward
Present FRM (Half body) at ¢ = 90 deg
Present FRM (Half body) at ¢ = 180 deg - windward
O  Grossetal(2011)at ¢ =0 deg - leeward
O Grossetal.(2011)at ¢ =90 deg
A Grossetal.(2011) at ¢ = 180 deg - windward
— — — DARPA SUBOFF profile curve

Zoomed view of Nose

Fig. 8: (a) Coefficient of Pressureat o= 18.11° and @ = 0°, 90° and 180° computed in the present study using
BRM 360°and FRM 180° modelsand by Gross etal. (2011) (b) zoom of the nose region (c) zoom of
tail region.

The coefficient of pressure, C, = (P — P,.;)/(0.5pu2,), where P, is the reference pressure or ambient
pressure equal to O Pa, P is the static pressure in Pa, p = 999.1026 kg/m? is the density of water and Uper =
3.344 mis is the reference velocity as it corresponds to Re = 12.5x 10°. The C,, obtained by using the BRM
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360° and FRM 180° models is shown in Fig. 8a at @ = 0°, 90°, and 180°. It is compared with numerical results
from Grossetal. (2011) at Re = 14x 10°, and there is good agreement for all the cases. The maximum value of
C, at the stagnation point is 0.99, and the minimum value of C,, is -0.69. Only the pressure computed using the
FRM (half body) model has scallops. They occur at @ = 0 and 180° which lie on the symmetry plane. The scallops
are clearly seen in the zooms of the nose and tail shown in Fig. 8b and 8c, respectively. They occur at
0 < x/1 < 0.15 inthe nose regionand 0.75 < x/l < 0.9 in the tail region even though the mesh in the regionin
the neighborhood of the symmetry plane is refined. They are not present in the mid-body region, where the surface
mesh is coarser (9 mm) than in the nose and tail regions (6 mm) because the field variables vary slowly here.

(m
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o
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Zoomed view of Nose Zoomed view of Tail

— — — Present BRM (Full body) at ¢ =0 deg - windward
— — — Present BRM (Full body) at ¢ = 10 deg - windward
— — — Present BRM (Full body) at ¢ =170 deg - leeward
Present BRM (Full body) at ¢ = 180 deg - leeward
Present FRM (Full body) at ¢ =0 deg - leeward
& Present FRM (Full body) at ¢ = 180 deg - windward
Present FRM (Half body) at ¢ =0 deg - leeward
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Present FRM (Half body) at ¢ = 180 deg - windward
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Fig. 9: (a) Coefficient of Pressureat « =18.11° and @ = 0°, 10°, 170°, and 180° computed in the present study
using BRM 360°, FRM 360° and FRM 180° models. (b) zoom of the nose region (c) zoom of the tail
region.

The distance between consecutive peaks and troughs in the scallops is non-uniform. The FRM 180° model has
only 45% less cellsthan inthe FRM 360° model asthe mesh near the symmetry plane is refined. The disadvantage
is the presence of the scallops. It is seen from Fig. 8 that the scallops are not present inthe interior of the meshed
volume. To show this C,,at @ = 0°, 10°,170° and 180° are shown in Fig. 9a and the zoomed views of the nose
and tail regions are shown in Fig. 9b and 9c.
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In our previous work (Krishna et al., 2023), numerical simulations were done using 2D axisymmetric and 3D
simulations at @ = 0°. The results show that adverse pressure gradient (0P /dx) > 0 exists in the regions 0.85
< x/1 <1.0. But in the present study, the regions vary with @, as seen in Fig. 8 and 9. (0P /dx) is greater than 0
at 0.0<x/1<0.72,0.9 < x/1<0.985, and 0.996 < x/I < 1.0 on the windward side, 0 < x/l < 0.01, and 0.86
<x/l<1.0at @=90°and 0<x/1<0.003,0.28 < x/l<0.44,and 0.85 < x/1 < 1.0 on the leeward side. The
largest value of (9P /dx) occurs at the nose on the windward side.

The coefficient of wall shear stress (C,) is computed using C, = Tw/(O.Spuﬁef)V\Mere, T,, 1S the wall shear

stress (N/m2). The contour map of wall shear stress on the surface of DARPA SUBOFF for BRM 360° and FRM
180°models at « =18.11°is shownin Fig. 10 and provides a big picture. In this figure, the minimum value is less
than 1% of the maximum value. There are large patches where itis very low on the leeward side. The maximum
obtained using the FRM 180° model is about 15% more than that obtained using the BRM 360° model.

(a) Wall Shear Stress Contour - BRM Top View (b) Wall Shear Stress Contour - FRM Top View
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Fig. 10: Wall shear stress contour for DARPA SUBOFF in BRM and FRM at a=18.11 °
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Fig. 11: (a) Coefficient of Wall Shear Stress at & = 18.11°and @ = 0°,90° and 180° computed in the present
study using BRM and FRM (b) zoom of the nose region (c) zoom of tail region.
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The details of C,, distributionat various x /! locations are shown in Fig. 11 at @ = 0°, 90°, and 180°. The stress
obtained using the FRM 180° model has scallops on the symmetry plane at 0.05 < x/1 < 0.3 (nose) and at 0.7
<x/l <0.9 (tail). The zoomed views of scallops in the nose and tail regions are shown in Fig. 11band 11c,
respectively.

J

Coefficient of Wall Shear Stress (C
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0.75 0.8 0.85
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— — —Present BRM (Full body) at ¢ = 0 deg - windward
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Present BRM (Full body) at ¢ = 180 deg - leeward
Present FRM (Full body) at ¢ =0 deg - leeward
Present FRM (Full body) at ¢ = 180 deg - windward
Present FRM (Half body) at ¢ =0 deg - leeward
Present FRM (Half body) at ¢ = 10 deg - leeward
Present FRM (Half body) at ¢ = 170 deg - windward
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Fig. 12: (a) Coefficient of Wall Shear Stressat o = 18.11°and @ = 0°,10°, 170°, and 180° computed in the
present study using BRM and FRM. (b) zoom of the nose region (¢) zoom of the tail region.

No scallops are present in the C, curve for BRM, and @ = 90° in FRM. At @ =90°, in the FRM 180° model
results, there isasmall discontinuity in the stress where the parallel mid-body begins and where it ends. It is again
concluded that the use of the symmetry plane leads to scallops in functions that are evaluated on the symmetry
plane. As scallops are seenon the symmetry plane, the wall shear stress is investigated near it. The stress computed
at @ =0°,10°,170°,180° isshown in Fig. 12. The stresses found using the 360° models are nearly the same on
the windward side as well as on the leeward side. However, when the FRM 180° modelis used, there are large
scallops onthe leeward side of the symmetry plane where the stress is high near the nose. Therefore, it is not good
to use the 180° model if the local stress is of interest. Scallops can occur due to asymmetry plane, improper mesh
refinement, or poor geometric tessellation density. Inthe present study, care was taken to make mesh refinements
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and tessellation density very fine. Hence, these parameters did not affect scallops. The main reasons for scallops
in the present study were due to the use of a symmetry plane.
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Fig. 13: Circumferential distribution of pressure and wall shear stress at various locations from the leading
edge of DARPA SUBOFF at o =18.11°. Azimuthal angle is @ in BRM and 180-@ in FRM.

At the second level of werification, the distributions of pressure and wall shear stress in the circumferential
directionare also studied. In Fig. 13, they are shown at various distances from the leading edge of the nose. These
distances are chosen based on local Re such that they are in the laminar, transition, and turbulent flow regimes. In
STAR-CCM+, a circumferential ring is created as a derived part that circumscribes the surface of the DARPA
SUBOFF. For the BRM 360° model, @ = 0°is on the windward side and @ = 180° is onthe leeward side. For the
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FRM model, @ = 0°is on the leeward side and @ = 180°is on the windward side. To compare the pressure and
wall shear stress, the FRM results at @ = 180°to 0° are plotted on top of the BRM resultsat @ = 0 to 180°. The
values shown on the x-axis are for the BRM results.

At x/1 =0.0023 and 0.023, the Reynolds number based on distance from the nose is 0.0293 and 0.293 million,
respectively. Therefore, the flow could be laminar and in transition, respectively. At x/l = 0.978, Re is 125
million, and the flow is turbulent. At x/I =0.0023 and 0.023, the pressure keeps dropping as @ increases. At
x/1 =0.0023, the wall shear stress also keeps dropping. The pressure at x/l = 0.978 and the wall shear stress at
x/1 = 0.023 and 0.978 have both positive and negative slopes. However, all the results obtained using the BRM
and FRM are in good agreement. Thus, the second verification level between FRM and BRM is also completed.

4.4 Velocity distribution

At the third level of verification, the velocity distributions around the DARPA SUBOFF were computed using the
BRM 360° and FRM 180° models at « = 18.11° and results are shown in Fig. 14a and 14b. The maximum
velocity value estimated using FRM is 4.270 m/s, whereas it is 4.304 m/s when BRM is used. The relative
difference is 0.80%. Streamlines using BRM and FRM are shown in Fig. 14c and 14d. They startonthez =0
plane but go over the DARPA SUBOFF. Streamlines that go over the tail start out forward of amidships. Huang
and Liu (1994) present experimental results for non-dimensional axial and radial velocity profiles at various stern
locations of DARPA SUBOFF at a = 0°. They are also computed using 2D axisymmetric and 3D simulations in
Krishna et al. (2023). However, experimentally determined velocity profilesat « = 18.11°could not be found in
the literature.

(a) Velocity Contour - BRM

(c) Streamlines - BRM

Top View Top View
- Slream{ms ;
| —— ~ DARPA SUBOFF
Velocity: Magnitude (m/s)
L] 1.06 212 318 424
(b) Velacity Contour - FRM Top View (c) Streamlines - FRM Top View

Streamlines

DARPA SUBOFF

Velocity: Magnitude (m/s)
07 213 32 426

Fig. 14: Velocity contours and streamlines around bare hull DARPA SUBOFF at « = 18.11°. (a) and (c) are
computed using BRM, and (b) and (d) are computed using FRM.

The axial velocity profiles, computed using the BRM 360°and FRM 180° models, at various stern locations of
the DARPA SUBOFF, at a = 18.11°, are shown in Fig. 15 on the windward and leeward sides. All line probes
used for computingthe velocityprofileslie onthe z =0 plane. The resultsare infairagreement, and the differences
are visible. The non-dimensional velocity profiles computed using the BRM 360°and FRM 180° models at the
tail where x/I = 0.978 are shown in Fig. 16. In the figure, Y* = yp% and U* = u, /u,, where u, is the axial

velocity and u. is the frictional velocity. The profiles are shown on the z = 0 plane and are similar to velocity
profiles for flat plate flow. The agreement is good at Y* < 10 and fair at higher values. On the windward side,
the velocity reaches a maximum value and then plateaus out at Y* > 500. On the leeward side, the disturbance
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due to the body is seen at large distances from the body. The BRM 360° and FRM 180° model results are similar,

but a small difference is seeninthe figure.
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------ @ = 180 deg in BRM - Leeward side
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Fig. 15: Normalized axial velocity profiles estimated using BRM and FRM at various locations from the
leading edge of DARPA SUBOFF in windward and leeward sides at o = 18.11°.
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4.5 Overview of comparison between FRM and BRM

An owverview of the BRM 360°, FRM 180°, and FRM 360° model results are shown in Table 4. The relative error
between BRM and FRM results in estimating the coefficients of hydrodynamic forcesand moments is less than
2%, whereas for estimating primary flowvariables like pressure and velocity fields, the relative error is less than
1%. The results estimated using BRM 360° is found to be much closer to FRM 360° than FRM 180° models.

Table 4: Comparisonof BRM and FRM results at « =18.11°

Parameter BRM FRM FRM

Body of Revolution(degrees) 360° 180° 360°
(Full body) (Half body) (Full body)

Axial force coefficient (X') 7.164%x 10~* 7.178%x 10~* 7.178%x 10~*
Normal force coefficient (Y") 5.954x 1073 6.033x 1073 5.964x 1073
Moment coefficient (M') 3.358x 1073 3.342x 1073 3.357x 1073
Drag (N) 256.73 259.38 257.21
Lift (N) 551.29 558.92 552.25
Computation Time for 6,500 steps (hrs.) 49 41 83
No of cells in mesh (Million — M) 24.43 18.85 34.51
Avg Y} 0.38 0.42 0.38
Stagnation Pressure (Pa) 5586.30 5589.45 5584.09
Max. velocity (m/s) 4.27 4.30 4.27

The overall computation time required for FRM 360° is 69% more than what is required for BRM 360° model.
The reason for this huge computational time is mainly due to the occupancy of 41% more cells in the FRM
360° model compared to BRM (reason for increase in cell count for FRM 360° model discussed in the previous
section 2). Also, using an FRM 180° model witha symmetry plane reduces the computational time by a factor of
16% only from BRM, but at the cost of the presence of visible scallops in pressure and wall shear stress plots,
which is not acceptable when near-wall physics is of interest. Hence, the best option to simulate angle of attack
studies will be BRM 360° method in terms of the accuracy of results and saving computational resources and
time.

5. Conclusions

A detailed comparison is presented for the results obtained using the BRM 360°, FRM 180°, and FRM 360°
methods for angle of attack studies for the DARPA SUBOFF submarine model. The details of the mesh,
computation time, and quantitative results are presented and used to draw broad conclusions regarding the
advantages and disadvantages of the BRM and FRM methods. BRM 360°and FRM 360° give nearly the same
results, but the FRM 180° method yields results on the symmetry plane with scallops. The BRM 360° models
require significantly fewer cells than the FRM 360° models. Though it requires alittle more user time to generate
amesh for each angle of attack, the iteration or solution time is less. Therefore, it is concluded that the BRM 360 °
method is the best.

Verificationand validation are given prime importance. Comparison of the BRM and FRM results is itselfaform
of wverification. The hydrodynamic forces and moments that are obtained by integrating over the surface of the
DARPA SUBOFF are at the first level. Richardson extrapolationis used to determine the relative error, order of
accuracy, and grid convergence index when the mesh size tends to zero. The pressure and wall shear stress
distribution on the surface is at the second level. Velocity profiles and their fields are at the third level of
verification. The differences between the results obtained using the BRM 360° and FRM 360° methods are small
and unlikely to be significant for practical applications. The k — w SST turbulence model is used, and a majority
of the wall-adjacent cells have Y,f< 1. All the computations are done using several million cells.

The computed hydrodynamic forces and moments results are validated by comparing them with experimental
results from DTRC. The present study results are also compared with BRM results from other CFD literature and
shown to be in fair agreement. All the details of the mesh are provided and can be reproduced by those with
interest. At the highest AoA, o = 18.11°, the difference between the axial, normal, and moment coefficients
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computedusing the BRM 360°, FRM 360°,and FRM 180°models is less than 2%. The pressure, wall shear stress,
and velocity fields, velocity profiles, and streamlines at windward and leeward sides are also presented, which are
rarely seenin any recent literature.

The differences between these functions of interest computed using the BRM 360° and FRM 180° are small but
not negligible. The FRM 180° model is appealing at first sight, but the results suggest that its use is not advisable.
Symmetry planes are used to model only a fraction of the full 360° in several publications and there are
recommendations for what the fraction should be. Here, it is shown that even if the mesh in the neighbourhood of
the symmetry plane is refined, functions such as the pressure and wall shear stress evaluated on the symmetry
plane have scallops, and this inference has not been previously reported inany other literature. These will affect
the computed forces and moments. Further, the refinement leads to extra cells, and the total number of cells is
55% of the full 360° model for the same mesh sizes and settings. Therefore, the use of symmetry planes is to be
avoided and, if computational resources permit, afull 360° models should be used.

The present study focuses oncomparing the BRM and FRM methods for a bare hull submarine model without
any fins or appendages. One of the major factors that might cause a difference between BRM and FRM results
will be the presence of the control surfaces or rudders on these underwater vehicles. To address this, future work
will extend the study by including numerical oblique test simulations on the appended DARPA SUBOFF
submarine model at various angles of attack using BRM and FRM methods.
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